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ear  Reader,  it  is our pleasure to present to you Pro-
ceedings of the 2010 International Multiconference on 

Computer Science and Information Technology (IMCSIT), 
which took place in Wisła, Poland, on October 18–20, 2010. 
IMCSIT 2010 and was co-located with the XXVI Autumn 
Meeting  of  the  Polish  Information  Processing  Society 
(PIPS ).

D

IMCSIT is a result of the evolutionary process. In 2005 a 
Scientific Session took place during the XXI Autumn Meet-
ing of PIPS and consisted of 27 refereed presentations. After 
this relative success  (we have advertised the Session very 
late in the year)  we have decided to expand and extend it 
into a full-blown conference but continue cooperation (co-
location) with the Autumn Meetings of PIPS. As a result of 
a steady growth, in 2010, IMCSIT consisted of the follow-
ing events (and Proceedings are organized into sections that 
correspond to each of them): 

• 5th International Symposium Advances in Artificial 
Intelligence and Applications (AAIA'10), 

• Workshop on Agent Based Computing: from 
Model to Implementation VII (ABC:MI'10), 

• International Workshop on Advances in Business 
ICT (ABICT'10), 

• Computer Aspects of Numerical Algorithms 
(CANA'10), 

• Computational Linguistics—Applications 
(CLA'10 ), 

• 10th International Multidisciplinary Conference on 
e-Commerce and e-Government 
(ECOM&EGOV'10), 

• International Symposium on E-Learning—
Applications (EL-A'10), 

• 6th Workshop on Large Scale Computations on 
Grids and 1st Workshop on Scalable Computing in 
Distributed Systems (LaSCoG-SCoDiS'10), 

• 2nd International Workshop on Medical 
Informatics and Engineering (MI&E'10), 

• 3rd International Symposium on Multimedia—
Applications and Processing (MMAP'10), 

• International Workshop on Real Time Software 
(RTS'10), 

• 4th International Workshop on Secure Information 
Systems (SIS'10), 

• International Symposium on Technologies for 
Social Advancement (T4SA'10), 

• Workshop on Ad-Hoc Wireless Networks 
(WAHOC'10), 

• Workshop on Computational Optimization 
(WCO'10). 

Each of these events had its own Organizing and Program 
Committee (listed in these Proceedings). We would like to 
express our warmest gratitude to members of all of them for 
their hard work in attracting and later refereeing 201 sub-
missions. 

Maria Ganzha, Conference Chair, Systems Research  
Institute Polish Academy of Sciences, Warsaw, Poland, and  
Gdańsk University, Gdańsk, Poland.

Marcin Paprzycki, Systems Research Institute Polish  
Academy of Sciences, Warsaw and Management Academy,  
Warsaw, Poland.
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he AAIA'10 will bring researchers, developers, practi-
tioners,  and  users  to  present  their  latest  research,  re-

sults, and ideas in all areas of artificial intelligence. We hope 
that  theory  and  successful  applications  presented  at  the 
AAIA'10 will be of interest to researchers and practitioners 
who want to know about both theoretical advances and latest 
applied  developments  in  Artificial  Intelligence.  As  such 
AAIA'10 will provide a forum for the exchange of ideas be-
tween theoreticians and practitioners to address the impor-
tant issues.

T

Papers  related  to  theories,  methodologies,  and  applica-
tions in science and technology in this theme are especially 
solicited. Topics covering industrial issues/applications and 
academic research are included, but not limited to:

• Knowledge management
• Decision Support System
• Approximate Reasoning
• Fuzzy modeling and control
• Data Mining
• Web Mining
• Machine learning 
• Combining multiple knowledge sources in an in-
tegrated intelligent system
• Neural Networks 
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Abstract—Breast cancer is the second most common form of
cancer amongst females and also the fifth most cause of cancer
deaths worldwide. In case of this particular type of malignancy,
early detection is the best form of cure and hence timely and
accurate diagnosis of the tumor is extremely vital. Extensive
research has been carried out on automating the critical diagnosis
procedure as various machine learning algorithms have been
developed to aid physicians in optimizing the decision task
effectively. In this research, we present a benign/malignant breast
cancer classification model based on a combination of ontology
and case-based reasoning to effectively classify breast cancer
tumors as either malignant or benign. This classification system
makes use of clinical data. Two CBR object-oriented frameworks
based on ontology are used jCOLIBRI and myCBR. A breast
cancer diagnostic prototype is built. During prototyping, we
examine the use and functionality of the two focused frameworks.

Index Terms—Case-Based Reasoning, Case-Based Reasoning
Frameworks, CBR, CBR Frameworks, jCOLIBRI, myCBR,
Breast Cancer

I. INTRODUCTION

B
REAST cancer classification, diagnosis and prediction

techniques have been a widely researched area in the past

decade in the world of medical informatics. Several articles

have been published which tries to classify breast cancer data

sets using various techniques such as fuzzy logic, support

vector machines, Bayesian classifiers, decision trees and neural

networks. Classification accuracy as high as 98.8% has been

achieved using a learning algorithm combining simulated an-

nealing with the perceptron algorithm. Another study involving

fuzzy modeling and cooperative co-evolution has gained an

accuracy of 98.98% over one of the widely studied Wisconsin

breast cancer database [16].

This research applies a new technique in the field of

breast cancer classification. It uses a combination of ontology

and case-based reasoning by using ontology based object-

oriented case-based reasoning frameworks. Two frameworks

are examined in building the classifier. One is the open source

jCOLIBRI [5] system developed by GAIA group and provides

a framework for building CBR systems based on state-of-the-

art software engineering techniques. The other is the novel

open source CBR tool myCBR [24] developed at the German

Research Center for Artificial Intelligence (DFKI). The objec-

tive of this classifier is to classify the patient based on his/her

electronic record whether he/she is benign or malignant.

This paper is organized in four sections. Section 1 is this

introduction. Section 2 gives a theoretical background about

breast cancer, ontology, CBR and object-oriented frameworks.

Section 3 illustrates the implementation of the breast cancer

classifier on the two frameworks. Finally, section 4 discusses

and concludes the results

II. THEORITICAL BACKGROUND

A. Breast Cancer

Breast cancer is the form of cancer that either originates

in the breast or is primarily present in the breast cells. The

disease occurs mostly in women but a small population of

men is also affected by it. Breast cancer is the most common

form of cancer amongst the female population as well as the

most common cause of cancer deaths [25]. Early detection

of breast cancer saves many thousands of lives each year.

Many more could be saved if the patients are offered accurate,

timely analysis of their particular type of cancer and the

available treatment options. Since the breast tumors whether

malignant or benign share structural similarities, it becomes

an extremely tedious and time consuming task to manually

differentiate them. As seen in Figure 1 there is no visually

significant difference between the fine needle biopsy image of

the malignant and benign tumor for an untrained eye. Accurate

Fig. 1. Fine needle biopsies of breast. Malignant (left) and Benign (right) [25]

classification is very important as the potency of the cytotoxic

drugs administered during the treatment can be life threatening

or may develop into another cancer. Laboratory analysis or

biopsies of the tumor is a manual, time consuming yet accurate
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system of prediction. It is however prone to human errors,

creating a need for an automated system to provide a faster

and more reliable method of diagnosis and prediction for the

patients.

B. Ontology

Ontology is a formal explicit description of concepts in a

domain of discourse (classes (sometimes called concepts)),

properties of each concept describing various features and

attributes of the concept (slots (sometimes called roles or

properties)), and restrictions on slots (facets (sometimes called

role restrictions)). Ontology together with a set of individual

instances of classes constitutes a knowledge base. In reality,

there is a fine line where the ontology ends and the knowledge

base begins [8].

C. Case-Based Reasoning

In case-based reasoning (CBR) systems expertise is em-

bodied in a library of past cases, rather than being encoded in

classical rules. Each case typically contains a description of the

problem, plus a solution and/or the outcome. The knowledge

and reasoning process used by an expert to solve the problem

is not recorded, but is implicit in the solution. To solve a

current problem: the problem is matched against the cases in

the case base, and similar cases are retrieved. The retrieved

cases are used to suggest a solution that is reused and tested

for success. If necessary, the solution is then revised. Finally

the current problem and the final solution are retained as part

of a new case.

The CBR process can be represented by a schematic cycle,

as shown in Figure 2 [1].

Fig. 2. The CBR Cycle

Representation: Given a new situation, generate appropriate

semantic indices that will allow its classification and catego-

rization. This usually implies a standard indexing vocabulary

that the CBR system uses to store historical information

and problems. The vocabulary must be rich enough to be

expressive, but limited enough to allow efficient recall [2].

Retrieval: Given a new, indexed problem, retrieve the best

past cases from memory. This requires answering three ques-

tions: What constitute an appropriate case? What are the

criteria of closeness or similarity between cases? How should

cases be indexed? Part of the index must be a description of the

problem that the case solved, at some level of abstraction. Part

of the case, though, is also the knowledge gained from solving

the problem represented by the case. In other words, cases

should also be indexed by some elements of their solution [11].

Adaptation: Modify the old solutions to confirm to the new

situation, resulting in a proposed solution. With the exception

of trivial situations, the solution recalled will not immediately

apply to the new problem, usually because the old and the

new problem are slightly different. CBR researchers have

developed and used various adaptation techniques [11].

Validation: After the system checks a solution, it must

evaluate the results of this check. If the solution is acceptable,

based on some domain criteria, the CBR system is done with

reasoning. Otherwise, the case must be modified again, and

this time the modifications will be guided by the results of the

solution’s evaluation [11].

Update: If the solution fails, explain the failure and learn

it, to avoid repeating it. If the solution succeeds and warrants

retention, incorporate it into the case memory as a successful

solution and stop. The CBR system must decide if a successful

new solution is sufficiently different from already-known solu-

tions to warrant storage. If it does warrant storage, the system

must decide how the new case will be indexed, on which level

of abstraction it will be saved, and where it will be put in the

case-base organization [11].

Retaining the case is the process of incorporating whatever

is useful from the new case into the case library. This involves

deciding what information to retain and in what form to retain

it; how to index the case for future retrieval; and integrating

the new case into the case library.

D. CBR Object-Oriented Frameworks

The concept of object-oriented frameworks has been intro-

duced in the late 80’s and has been defined as a set of classes

that embodies an abstract design for solutions to a family of

related problems, and supports reuses at a larger granularity

than classes [9].

The goal of a framework is to capture a set of concepts

related to a domain and the way they interact. In addition, a

framework is in control of a part of the program activity and

calls specific application code by dynamic method binding.

A framework can be viewed as an incomplete application

where the user only has to specialize some classes to build

the complete application [9].
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Frameworks allow the reuse of both code and design for a

class of problems, giving the ability to non-expert to write

complex applications quickly. Frameworks also allow the

development of prototypes which could be extended further

on by specialization or composition. A framework once un-

derstood, it can be applied in a wide range of domain, and

can be enhanced by the adding of new components [9].

Using frameworks for development of new applications

helps improve software quality. It improves programmers’

productivity and quality, performance, and reliability of soft-

ware. It also enhances extensibility by providing the required

methods that allow applications to extend its stable inter-

faces [20]. Figure 3 clearly shows the difference of the effort

required for developing an application from scratch and using

a framework [15].

Fig. 3. Development Effort Reduction by using Frameworks

CBR researchers agree that the best way to satisfy the

increasing demand of developing CBR application is by de-

velopment of frameworks. Recently, some efforts within the

CBR community have developed CBR frameworks [20]. This

paper focuses on two of them jCOLIBRI developed by GAIA

group and myCBR developed by DFKI group.

III. EXPERIMENTS

A. Breast Cancer Classifications

Breast cancer has become the number one cause of cancer

deaths amongst women. Once a breast cancer is detected, it

can be classified benign (not cancerous tissue) or malignant

(cancerous tissue). In this study, the two compared CBR

frameworks are tested by developing a CBR application that

classifies the condition of the breast cancer tumor whether

it is benign or malignant. Wisconsin breast cancer data set

was used for building the case-bases. It is obtained from

the University of Wisconsin Hospitals, Madison from Dr.

William H. Wolberg [14]. Samples inside the data set arrive

periodically as Dr. Wolberg reports his clinical cases. The

number of instances inside the dataset is 699 (as of 15

July 1992). Each record contains ten attributes plus the class

attribute. Table I shows the attributes and their possible values.

65.5% of the elements belong to the benign class and 34.5% to

the malignant class. 16 elements are incomplete (an attribute

is missing) and have been excluded from the database.

TABLE I
WISCONSIN BREAST CANCER DATASET

No. Attribute Possible Value

1 Sample code number id number

2 Clump Thickness 1 – 10

3 Uniformity of Cell Size 1 – 10

4 Uniformity of Cell Shape 1 – 10

5 Marginal Adhesion 1 – 10

6 Single Epithelial Cell Size 1 – 10

7 Bare Nuclei 1 – 10

8 Bland Chromatin 1 – 10

9 Normal Nucleoli 1 – 10

10 Mitoses 1 – 10

11 Class (2 for benign, 4 for malignant)

B. jCOLIBRI

1) Overview: jCOLIBRI is an evolution of the COLIBRI

architecture [7], that consisted of a library of problem solv-

ing methods (PSMs) for solving the tasks of a knowledge-

intensive CBR system along with ontology, CBROnto [8],

with common CBR terminology. COLIBRI was prototyped in

LISP using LOOM as knowledge representation technology.

This prototype served as proof of concept; was very useful but

it is not helpful for non-expert users. Then, people at GAIA

group have started to develop a new complete framework with

the name of jCOLIBRI. It stands for Cases and Ontology

Libraries Integration for Building Reasoning Infrastructures.

CBR ontology assumes the same vocabulary provided by any

CBR system. In jCOLIBRI, ontology is not represented as a

new source. All concepts of CBR are mapped into classes and

interfaces of framework. Classes that represent the concept of

ontology serve as templates where new CBR types should be

added. They also provide the tasks and abstract interface of the

methods. The design of the jCOLIBRI framework comprises

a hierarchy of Java classes plus a number of XML files. The

framework is organized around the following elements [2]:

Tasks and methods: The tasks supported by the framework

and the methods that solve them are all stored in a set of

XML files.

Case-base: Different connectors are defined to support several

types of case determination, from the file system to a database.

Cases: A number of interfaces and classes are included in the

framework to provide an abstract representation of cases that

support any type of actual case structure.

Problem solving methods: The actual code that supports the

methods included in the framework.

The jCOLIBRI comes in two major releases version 1 and

version 2. According to the tutorial [19], version 2 is a new im-

plementation that follows a new and clear architecture divided

into two layers: one oriented to developers and other oriented

to designers. Unfortunately, the only available distribution of

version 2 is the one that is oriented to the developers which

is out of scope of this paper. jCOLIBRI version 1 is the first

release of the framework. It includes a complete Graphical
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(a) Patient Case Definition in jCOLIBRI

(b) Managing Connectors in jCOLIBRI

(c) Configuration of Tasks in jCOLIBRI
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(d) jCOLIBRI Retrieval

Fig. 4. Implementation in jCOLIBRI

User Interface (GUI) that guides the user in the design of a

CBR system. This version is recommended for non-developer

users that want to create CBR systems without programming

any code which is exactly the scope in this study. As a result,

version 1 is selected to implement the required application.

Downloading of the jCOLIBRI is an easy task; it can be

obtained through the web page of GAIA group. It comes in

a compressed distribution that can be easily extracted to have

the full package. To run jCOLIBRI, there is a ready batch file

(we are using MS Windows R© platform) that can be invoked

directly to run jCOLIBRI. It is required to have JAVA Virtual

Machine installed before running the batch file. By invoking

this batch file we get the first screen of the framework GUI.

2) Implementation: By the help of the multimedia tutorials

provided and the GUI of the jCOLIBRI, users can go through

five steps to implement and deploy a CBR System. These steps

are

• Definition of case structures

• Building the case-base

• Managing similarity measures

• Configuring the behavior of the CBR process

• Testing and deploying the CBR application

Definition of Case Structures: By using jCOLIBRI GUI users

are able to create the case structure defining simple and

compound attributes that describe the cases together with

their types, weights, similarity measure -that is chosen from

a library of existing similarity functions and parameters. The

case structure can be saved or loaded in and from a XML file.

Figure 4(a) shows the definition of the patient case parameters.

Building the case-base: jCOLIBRI introduces the concept

of Connectors which cases persistence is built around. Con-

nectors are objects that know how to access and retrieve

cases from the storage media and return those cases to the

CBR system in a uniform way. Therefore connectors provide

an abstraction mechanism that allows users to load cases

from different storage sources in a transparent way [24] [21].

Defined connectors can work with plain text files, XML files,

or relational data bases. The graphical interface helps mapping

the defined case structure with the tables and columns from

the storage scheme. Figure 4(b) shows how the patient case

structure is mapped to columns in a text file containing the

Wisconsin data set patient records.

Managing similarity measures: When two cases are compared,

the local similarity functions are used to compare simple

attribute values. Global similarity functions are linked to

compound attributes and are used to gather the similarities of

the collected attributes in a unique similarity value. At last, the

similarity value of two cases is computed as the similarity of

their description concepts. The available similarity measures

are listed in a configuration file, and can be managed using

the GUI. Since our problem is simple, we leave the default

similarity assigned by jCOLIBRI.

Configuring the behavior of the CBR process: As introduced,

jCOLIBRI formalizes the CBR knowledge using CBR ontol-

ogy (CBROnto), a knowledge level description of the CBR

tasks and a library of reusable Problem Solving Methods

(PSMs) [21]. Configuration of tasks is done in an interactive

approach by choosing from a library of reusable methods

one that is suitable to solve the selected task. Constraints of

the selected task are being tracked during the configuration

process so that only applicable methods in the given context

are offered to users. In our comparison we focus only on the

retrieval task. Figure 4(c) shows the configured tasks in the

breast cancer application.

Testing and deploying the CBR application: The CBR appli-

cation is finished when all the tasks have been configured.

Users can test the system from inside the graphical interface.

The first task of the CBR system, (Obtain query task)ÿ obtains

the query that is going to be used to retrieve the most similar

cases. Figure 4(d) shows the GUI after a query. We tested

the 16 records that are excluded from the dataset according

to one missing value. Only two missed classifications are

obtained. Documentation mentions that it is possible to deploy

the developed CBR application by generating a code template

with most of the code required to run the developed system

as an independent application. We have tried this process but

it is completely failed.

C. myCBR

1) Overview: myCBR is an open-source plug-in for the

open-source ontology editor Protégé [6]. Protégé is based

on Java, is extensible, and provides a plug-and-play envi-

ronment that makes it a flexible base for rapid prototyping

and application development [4]. Protégé [4] allows defining

classes and attributes in an object-oriented way. Furthermore,

it manages instances of these classes, which myCBR interprets

as cases [22]. So the handling of vocabulary and case base

is already provided by Protégé. The myCBR plug-in provides

several editors to define similarity measures for an ontology

and a retrieval interface for testing [24]. As the main goal of

myCBR is to minimize the effort for building CBR applications

that require knowledge-intensive similarity measures, myCBR
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(a) Wisconsin Dataset in a CSV File

(b) Patient Case Data Representation in myCBR

(c) Retrieval of a Case Query with a Missing Attribute Value
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(d) Breast Cancer as a Stand-Alone Application

Fig. 5. Implementation in myCBR

provides comfortable GUIs for modeling various kinds of

attribute specific similarity measures and for evaluating the

resulting retrieval quality. In order to reduce also the effort of

the preceding step of defining an appropriate case represen-

tation, it includes tools for generating the case representation

automatically from existing raw data [22]. The novice as well

as the expert knowledge engineer are supported during the

development of a myCBR project through intelligent support

approaches and advanced GUI functionality [22]. Download-

ing myCBR requires two steps of downloading. The first is

to download myCBR plug-in files; this can be done directly

through myCBR web page. The second step is to download

the Protégé ontology editor; this can be done through the

Protégé web page. Downloading Protégé is not an easy task.

Users need to do some readings on the site to be able to

select the suitable version to download. Since myCBR is a

plug-in inside Protégé, users need to install Protégé first. It

is required to have JAVA Virtual Machine installed before

proceeding in installation, or users may choose to download

the version that includes the JAVA. To install the myCBR

plug-in for Protégé, users need to copy the myCBR plug-ins

into Protégé’s plug-ins directory. Then to start Protégé and

create new projects, users need to enable the myCBR plug-ins

from the configuration menu of Protégé. After installing and

activating the myCBR plug-in, the user interface of Protégé is

extended with additional tabs to access the myCBR modules.

After developing a CBR application using the Protégé plug-

in, myCBR can also be used as a stand-alone Java module,

to be integrated in arbitrary applications, for example, JSP5-

based web applications. In this application phase, the retrieval

engines of myCBR just read the XML files of the created

project generated using the plug-in interface and perform

the similarity-based retrieval [24]. For Protégé manuals and

tutorial, users may consult the documentation section of the

Protégé web site for available documentation. Among other

things, users may find the Protégé User’s Guide, a "getting

started" tutorial, and information on ontology development.

The manual for myCBR is available on its web page as HTML

version or a PDF version. The manual covers installation and

different usage issues. No multimedia tutorials are available

for the usage of myCBR.

2) Implementation: Four steps are required to develop a

CBR application:

• Generation of case representations

• Modeling similarity measures

• Testing of retrieval functionality

• Implementation of a stand-alone application

Generation of case representations: One powerful feature

provided by myCBR is the easiness of the case representation

by CSV data import module [24]. Users have the choice to

import data instances in an existing Protégé class or to create

a new class that is suitable for their raw data. Figure 5(a) shows

how Wisconsin dataset is arranged in a CSV file. myCBR

allows also slots to be added manually using Protégé. Figure

5(b) shows myCBR screen after importing the dataset into a

new class Patient which will be used as query and case values

for retrieval step.

Modeling of similarity measure: myCBR follows the local-

global approach which divides the similarity definition into

a set of local similarity measures for each attribute, a set of

attribute weights, and a global similarity measure for calcu-

lating the final similarity value. This means, for an attribute-

value based case representation consisting of n attributes, the

similarity between a query q and a case c may be calculated

as follows

Sim(q, c) =
N∑

i=1

wi × Simi(qi, ci) (1)

Here, simi and wi denote the local similarity measure and the

weight of attribute i, and Sim represents the global similarity

measure [24]. The dataset used in this experiment is simple

so we leave the similarity measure definition as the default of
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myCBR. We only change the weight values of the Id and Class

slots from one to zero. However, users may consult myCBR

tutorial for more options in defining local and global similarity

measure.

Testing of retrieval functionality: myCBR includes an easy

to use GUI for performing retrievals and for analyzing the

corresponding results. By providing similarity highlighting and

explanation functionality, myCBR supports the efficient analy-

sis of the outcome of the similarity computation. We tested the

16 records that are excluded from the dataset according to one

missing value. Only two missed classifications are obtained.

Figure 5(c) shows one query of these records after retrieving

the most similar cases. Another alternative of performing case

retrieval is to use a query from cases. This is also tested and

gives a similar result as shown in Figure 5(d).

Implementation of stand-alone application: myCBR can also

be used as a stand-alone Java module, to be integrated in

arbitrary applications. In this application phase, the retrieval

engines of myCBR just read the XML files of the created

project generated using the plug-in interface and perform the

similarity-based retrieval. Figure 5(d) shows the breast cancer

stand-alone application.

IV. DISCUSSION AND CONCLUSION

In this paper, we examined two object-oriented ontology

based CBR frameworks jCOLIBRI developed by GAIA group

and myCBR developed by DFKI group. A breast cancer

classifier is built by using the two selected frameworks.

During the implantation of the breast cancer diagnostic

application using jCOLIBRI we found that jCOLIBRI is user-

friendly and efficient to develop a quick application. The

classifier was successful in classification of the selected data

set. During the implantation of the breast cancer classifier

using myCBR we noticed that myCBR is a really a tool for

rapid prototyping of a new CBR application. In seconds, users

may have a running standalone CBR application by using the

CSV importing feature. myCBR is intelligent enough to build

the case structure and the case base by parsing the provided

CSV file. myCBR avoids reinventing the wheel by making the

development of a new CBR application done inside Protégé.

The classifier was successful in classification of the selected

data set.

In conclusion, two CBR frameworks are very useful to

develop CBR base breast cancer classifier that can play a very

important role to help for early detecting the disease and hence

right medications can be used to save lives.
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Abstract—Word Sense Disambiguation in text is still a difficult
problem as the best supervised methods require laborious and
costly manual preparation of training data. Thus, this work fo-
cuses on evaluation of a few selected clustering algorithms in task
of Word Sense Disambiguation for Polish. We tested 6 clustering
algorithms (K-Means, K-Medoids, hierarchical agglomerative
clustering, hierarchical divisive clustering, Growing Hierarchical
Self Organising Maps, graph-partitioning based clustering) and
five weighting schemes. For agglomerative and divisive algorithm
13 criterion function were tested. The achieved results are
interesting, because best clustering algorithms are close in terms
of cluster purity to precision of supervised clustering algorithm
on the same dataset, using the same features.

I. INTRODUCTION

W
ORD Sense Disambiguation (WSD) deals with con-

textual resolution of lexical ambiguity. Most words in

natural language have more than one lexical meaning (sense),

but usually only one of them is active in a given context.

Typical example of ambiguous word is line, which according

to WordNet (an electronic thesaurus, cf. [1]) has 36 senses.

WSD is important problem for applications in domain of Nat-

ural Language Processing (NLP). Machine translation cannot

work without some form of disambiguation, but WSD can be

helpful also for information retrieval, information extraction

and computer aided lexicography among others [2].

WSD is a hard problem. Most difficulties arise from the

fact that the concept of a meaning is vague. Usually, there

are no clear boundaries between one sense or the other [3].

Typically, the problem of defining meaning is tackled with

using dictionaries (which are called sense inventory in a

context of WSD). I.e., from the algorithmic point of view sense

inventories are used to enumerate all the meanings that a given

word has. Now, the goal of WSD can be stated as choosing

appropriate sense from sense inventory in a given context of

a word.

There are two main approaches to WSD based on machine

learning: supervised and unsupervised [2].1 Supervised learn-

ing focuses on the usage of manually disambiguated examples

of text snippets containing ambiguous words. We need to

choose an appropriate sense inventory in advance, at early

stages of the construction of supervised WSD system. Some

1There is a plethora of other approaches to WSD, e.g., based on translational
equivalence or hand-written rules. We omit those for brevity. For extensive
overview of other methods see, e.g., [2], [4].

features are extracted from those text snippets (or contexts2)

and classifiers are trained using this manually labeled data.

Most of the time, supervised approaches are superior to un-

supervised in terms of accuracy of automatic disambiguation

when used on the same type of texts that the systems were

trained on.

Nevertheless, there is another issue connected with the

problem of the definition of a meaning, i.e., an issue of creation

of other resources used for automatic system performingWSD.

This is especially evident in creation of corpora3 manually

annotated (tagged) with senses, which are used for training

machine learning classifiers in a supervised setting. There are

two important problems during manual sense tagging of a

corpus: low interannotator agreement (IA) and high cost of

annotation process. IA is a way of measuring how much an-

notations assigned by one annotator differers from annotations

assigned by another annotator. IA is used for estimation of an

upper bound on performance on automatic WSD. Typically, it

is not enough to give a value of percentage agreement, because

agreements and disagreements may arise by chance. Cohen’s

κ is widely used in computational linguistic community for

this purpose, but there are also other measures [5]. The cost

of annotation is high, because large effort is required during

manual annotation. Mihalcea estimated that a construction

of a corpus with sufficient amount of data for supervised

classification algorithms for 20 000 ambiguous words would

require 80 man-years of work [6].

On the other hand, unsupervised and semi-supervised algo-

rithms can be used. The amount of manual labor required is

much lower in learning without supervision. Unsupervised ap-

proaches to WSD tend to use unlabeled data and automatically

find sense distinctions. Usually those methods involve some

form of clustering. Harris’ distributional hypothesis [7] can be

used as a theoretical foundation for unsupervised methods of

WSD. It states that “meaning of entities (...) is related to the

restrictions on combinations of these entities relative to other

entities.”. In this context entities can be understood as words.

The main goal of this work is to compare various clustering

algorithms in the task of unsupervised Word Sense Disam-

biguation for Polish data. In unsupervised WSD system deals

with grouping of contexts for given word that express the

2We will use term context to denote a passage of text containing ambiguous
word.

3Here we define a corpus as a collection of texts prepared for linguistic
processing
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same meaning without providing explicit sense labels for each

group (e.g., without using a dictionary) [8]. Also, this work

is motivated by the fact that clustering is important for semi-

supervised WSD algorithm called Lexicographer Controlled

Semi-automatic word Sense Disambiguation [9], [10]. So far,

the selection of the algorithm used in LexCSD was motivated

by the performance of the given algorithm in other tasks and

its analytical properties, because analysis of the performance

of different clustering algorithms in similar settings (i.e., using

similar dataset and features) for Polish WSD is difficult to find.

There are a few differences when dealing with WSD data in

comparison to classical applications of clustering. To name just

a few: the distributions of classes (senses) are skewed4, data

is represented in spaces of very large number of dimensions

(thousands or even hundreds of thousands), for some classes

only very specific, often overlapping among classes features

are important and sometimes there is difficulty in distinguish-

ing between two close classes.

The paper is organized as follows. First the selected clus-

tering algorithms are briefly described. Evaluation section

starts with the analysis of evaluation metrics used. Next, the

corpus and experimental settings are described. Section III-D

provides discussion of results. Section IV gives a summary

of performed experiments and overviews direction of further

works.

II. SELECTED ALGORITHMS FOR TESTING

For this work we have selected a few classical clustering

algorithms, but we tried to choose algorithms representing

a few different approaches to the problem of clustering.

We started with K-means and K-medoids algorithms, which

represent simple, hard and flat clustering methods. We choose

Growing Hierarchical Self-Organising Map (GHSOM) as a

representative of family of clustering using neural networks.

GHSOM is also a hierarchical clustering algorithm. We ex-

periment with standard hierarchical clustering algorithms with

different criterion functions, both from agglomerative and

divisive families of algorithms. Last but not least, we test also

graph-based clustering algorithm. We have reimplemented K-

means, K-medoids and GHSOM and use existing implemen-

tation of other algorithms [11].

We are focusing on clustering for WSD so we will use

NLP-related terminology during description of algorithms. As

a task of WSD is a contextual one, we will cluster contexts

(text snippets) containing ambiguous word. From the context

some real-valued features are extracted. So the context is a

vector of features ~v in high dimensional space. We will use

term context and context vector interchangeably. The exact

nature of context and feature extraction process are described

in Sec. III-B.

A. K-means and K-medoids

K-means is one of the simplest clustering algorithm.

K-means defines cluster as a centers of mass of contexts being

4Not all senses are represented in the data equally; distribution of senses
is biased towards a few frequent senses.

clustered [12]. Those centres are represented as centroids.

Initially random contexts are chosen as centroids. Then we

assign most similar contexts to each centroid. After this step

new centroids are computed as a mean of all the contexts in

a group. This process is then repeated until some stopping

criterion is reached, e.g., number of iteration reaches some

predefined threshold or the clustering solution do not change

significantly between subsequent iterations.

K-medoids is similar in concept to K-means algorithm. The

most fundamental difference between the two algorithms is

that K-medoids uses real contexts from the dataset as a basis

for clustering in contrast to centroids used in K-means (which

are artificial contexts). One of the realisations of K-medoids

is an approach called Partition Around Medoids, or PAM [13].

In PAM one starts with randomly selection of initial medoids.

Then every swapping of every medoid with every context is

tested in terms of decreasing cost of whole clustering solution.

This approach has its drawbacks in terms of computational

complexity, i.e., O(k(n−k)2), where n is number of contexts

to cluster and k is number of medoids. Thus a few extensions

have been proposed that, e.g., employ sampling (CLARA)

or randomized search (CLARANS) [13]. Nevertheless, we

use classical PAM, as both mentioned algorithms can have

negative impact on quality in comparison to PAM. This

approach is applicable in our experiments, as we use relatively

small datasets.

B. Growing Hierarchical Self-Organizing Map

The Growing Hierarchical Self-Organizing Map (GHSOM)

[14] is a natural extension of Kohonen’s idea of Self-

Organizing Maps (SOM) [15]. SOM is an artificial neural

network consisting of many neurons. Every neuron consists

of a weight vector. Training SOM is done in an unsupervised

manner applying winner takes most strategy. Every feature

vector is delivered to the network input several times. For

every input vector the similarity with the neuron weight vector

is computed. Weights of the most similar neuron (the winner)

and its neighbourhood are updated to be even more similar to

the input pattern. The learning algorithm is constructed in such

a way, that the neighbourhood and the degree of the weight

updating is decreasing over time.

GHSOM address one of the most important drawback of

SOM — the a priori definition of the map structure. Rauber

et al. proposed an algorithm for growing SOM both in a terms

of the number of map neurons and the hierarchy [14]. After

the training stage of SOM mean quantization error for every

neuron i (mqei) is calculated as the average distance of every

context recognised by the neuron i to its weight vector. The

average MQEj for whole map on level j is computed, too. If

MQEj ≥ τ1 ·MQEj−1 then the additional row or column of

neurons is added to the map and the training stage is repeated.

In the other case the mqei for every neuron is compared to

MQEj . If meqi ≥ τ2 · MQEj−1 then another layer of the

map is created for contexts recognised by the neuron i.
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C. Agglomerative and Divisive Clustering

Agglomerative and divisive clustering algorithms produce

hierarchical clustering trees called dendrograms. Agglom-

erative clustering starts in a situation that each context is

contained in a separate cluster, then in each step two clusters

maximising criterion function are merged. On the other hand,

divisive algorithms starts with all contexts in one cluster which

are repeatedly bisected according to the criterion function. We

are using existing implementation of hierarchical algorithms

from CLUTO5 [11]. We use rbr variant of divisive algorithm,

i.e., standard bisecting clustering is employed and is further

optimized according to criterion function [16].

Criterion function is very important aspect of both agglom-

erative and divisive clustering algorithms as it drives the whole

process. There are many criterion function available [17]. We

have tested standard criterion functions used with agglomera-

tive algorithms, i.e.: single link (slink), complete link (clink),

average link (upgma) and weighted variants of single (wslink),

complete (wclink) and average links (wupgma).

The second group of criterion function including

i1, i2, ε1, G1, G
′
1, H1, H2 can be used with both agglomerative

and divisive algorithms. The exact form of those functions

are given by [11]:

I1 = maximize

k∑

i=1

1

ni
(
∑

~v,~u∈Si

sim(~v, ~u)) (1)

I2 = maximize

k∑

i=1

√ ∑

~v,~u∈Si

sim(~v, ~u) (2)

ε1 = minimize

k∑

i=1

ni

∑
v∈Si,u∈S sim(~v, ~u)

√∑
v,u∈Si

sim(~v, ~u)
(3)

G1 = minimize

k∑

i=1

∑
v∈Si,u∈S sim(~v, ~u)

√∑
v,u∈Si

sim(~v, ~u)
(4)

G′
1 = minimize

k∑

i=1

n2
i

∑
v∈Si,u∈S sim(~v, ~u)

√∑
v,u∈Si

sim(~v, ~u)
(5)

H1 = maximize
I1
ε1

(6)

H2 = maximize
I2
ε1

, (7)

where k is total number of clusters, S is total number of

contexts to cluster, Si is a set of contexts assigned to i-th
cluster, ni = |Si|, and sim(~v, ~u) is similarity between two

context vectors ~v and ~u.

D. Graph Partitioning Based Clustering

We use an implementation of min cut graph partitioning

algorithm from CLUTO [11]. This algorithm starts with cre-

ation of neighbourhood graph based on similarities between

5CLUTO is a free software package implementing several clustering
algorithms including partitioning, agglomerative and graph-based. Available
at: http://glaros.dtc.umn.edu/gkhome/views/cluto/

contexts and then applies min cut to partition the graph into

disjoint regions. Min cut uses approach that the size of graph

edges in a partition is minimal.

This approach achieved high quality in research on semi-

automatic extension of Polish WordNet [18] and was also used

in Polish WSD based on weakly-supervised settings using

LexCSD algorithm [10].

III. EXPERIMENTS

A. Evaluation Measures

Evaluation of clustering algorithms can be done in many

ways [19]. Some of them are based on external criteria, i.e.,

the comparison of the resulting clustering solution with some

pre-existing categories that were created manually. On the

other hand, one can use an internal criteria without resorting

to gold standard clustering. The most important drawback of

evaluation using internal criteria is that good score does not

always corresponds to good results of clustering in a given

application [20]. As we have developed semantically annotated

corpus (SCWSD, see Sec. III-B) we can use it for the need

of evaluation. The problem with SCWSD is its small size,

so there is a risk of not capturing all of the peculiarities and

biases of some large corpora in SCWSD.6

We used several measures for evaluation to capture different

aspects of created groups. For measuring how homogeneous

clusters are we used Purity:

Purity(Ω, C) =
1

N

∑

k

max
j

|ωk ∩ cj |, (8)

where Ω = {ω1, ω2, . . . , ωk} is a set of clusters, a C =
{c1, c2, . . . , cj} — a set of pre-existing categories. In our

setting C is a set of contexts with ambiguous word annotated

with the same sense. Purity(Ω, C) ∈ 〈0, 1〉, where 1 is the

best case. A drawback of Purity is its preference for solutions

with large number of groups. Assigning every context to a

singelton cluster gives Purity of 1 [20].

The Rand Index measures accuracy on the basis of decisions

performed for the subsequent context pairs. If we use TP for

true positive, TN for true negative, FN for false negative and

FP for false positive. the Rand Index is given by the following

equation:

RI =
TP + TN

TP + FP + FN + TN
(9)

One of the drawbacks of using RI for evaluation is the equal

treatment of false positives and negatives. Using decision for

context pairs we can also use standard measures of information

retrieval, i.e., precision P , recall R and the harmonic mean of

precision and recall Fβ :

6On the other hand, the total size of the dataset, i.e., 1344 contexts (Tab. I),
is not very small in comparison to, e.g., [16], where the smallest dataset has
878 elements and the largest — 4069 elements.
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P =
TP

TP + FP
(10)

R =
TP

TP + FN
(11)

Fβ =
(β2 + 1)PR

β2P +R
(12)

Another way of measuring clustering quality is to use

Normalized Mutual Information (NMI). NMI takes into ac-

count the trade off between quality and number of clusters as

opposed to Purity.

NMI(Ω, C) =
MI(Ω;C)

[H(Ω) +H(C)] /2
(13)

MI(Ω, C) =
∑

k,j

P (ωk ∩ cj)log
P (ωk ∩ cj)

P (ωk)P (cj)
(14)

H(Ω) = −
∑

k

P (ωk)logP (ωk), (15)

where mutual information MI(Ω, C) is normalized by en-

tropy H(Ω) and probabilities can be counted using maximum

likelihood estimation (MLE). The normalization by entropy

is performed for penalizing clustering solutions with large

number of clusters, as entropy tends to increase to maxi-

mum with number of clusters. Thanks to the normalization

NMI ∈< 0, 1 >, where 0 corresponds to random clustering.

Last method used for evaluation is a variation of F-Measure

used by Kulkarni and Pedersen in SenseCluster system [21].

Its main idea is contained in a sentence: "One sense—one

cluster". It means that each cluster must have unique sense

label. The label of each cluster is determined by most frequent

class of cluster members, but one sense label cannot be as-

signed to multiple clusters. In particular, having more clusters

than senses force us to treat members of unlabeled groups

as unclustered. With that assumption in mind the standard

measures of precision Pp and recall Rp are defined as:

Pp = Purity (Ω′, C) (16)

Where Ω′ is set of labeled clusters, C is set of classes

defined above.

Rp =
#hits

#total instances
(17)

Where #hits is number of elements with sense accordant to

cluster sense label, #total instances - number of all elements

including outliers.

Having Pp and Rp, we use Fβ , with β = 1:

F (P )1 =
2PpRp

Pp +Rp
(18)

B. Corpus Description

For the need of evaluation we have used recently devel-

oped, manually disambiguated corpus called Korpusik US7

7The corpus is available for browsing http://nlp.pwr.wroc.pl/webann

(rough English translation: Small Corpus for WSD, henceforth

SCWSD) [10].

The corpus consists of parts of IPI PAN Corpus [22].

Only 13 ambiguous words were annotated. The chosen words

represent the variety of different problems for WSD; some of

the senses have homonymous character, i.e., they represent

separate homonyms of the same morphological base form.

The sense inventory was based on extended version of Polish

WordNet [18]. Performing evaluation only on limited set of

words is called Lexical Sample Task [2]. The following words

were chosen for annotation:

• agent: a person who represents a company or artist, secret

agent, chemical agent

• automat: automaton, machine, telephone, a coin-operated

automatic machine, submachine gun, automatic car trans-

mission ;

• dziób: beak, bow, nose, front part of a ship, informal

mouth, face (semantically marked)

• język: tongue, natural language

• klasa: category, class, rank, classroom, mathematical cat-

egory, savoir-vivre, social class, subject, excellence

• linia: line, route, edge, line separating two areas, power

line, assembly line, telephone line, row, lineage, contour,

figure, ruler, line of defence, line of products for sale,

credit line, geometric line.

• pole: field, area, playing field, physical field.

• policja: police (organization), police station, ‘policemen’.

• powód: reason’, plaintiff.

• sztuka: art, act of craftsmanship, item, a beautiful girl,

dramatic play, theatrical performance of a play, an amount

of fabric (for example wool), bale, a piece of meat.

• zamek: castle, lock, zipper, breechblock, trap in hockey,

a part of machine or any device that stops its action.

• zbiór: set, group, mathematical set, collection, harvest, an

act of harvesting, an exercise book, file.

• zespół: team, band, group of machines, complex of build-

ings, syndrome, sport team, botanical ‘association’.

The annotation of the corpus was done by two native

speakers of Polish: a professional linguist and a computational

linguist. The exact corpus statistics are show in Tab. I. There

are 1344 annotated examples. After the annotation process we

measured interannotator agreement using Cohen’s κ [23]. The

agreement is surprisingly high, 0.88 for whole corpus. Such

an agreement is very high in comparison with other corpora

annotated with fine-grained WordNet-based senses [2].

SCWSD was previously used in research on WSD for

Polish [10]. Its previous version (sense inventory base on

early version Polish WordNet) was also used in [9], [24]. The

best reported precision in [10] using supervised classifiers is

72.42%. There is also a baseline associated with a corpus

called Most Frequent Sense baseline (MFS), i.e., using a

heuristic classifier that chooses always the most frequent sense.

For SCWSD the MFS baseline is 44.56% (weighted average

for all the words).
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TABLE I
SMALL CORPUS FOR WSD (SCWSD) — STATISTICS

Word No. of senses Annotated senses Examples κ
agent 5 1/9/3/47/10 70 0.80

automat 5 1/24/30/4/46 105 0.97

dziób 4 28/13/31/9 81 0.98

język 3 3/23/49 75 0.97

klasa 11 15/6/12/11/14/31/10/8/1/10/1 119 0.80

linia 13 13/3/2/2/4/2/11/13/4/3/1/2/21 81 0.72

pole 5 1/1/23/25/46 96 0.86

policja 3 17/25/22 64 0.73

powód 2 136/122 258 0.98

sztuka 6 12/10/2/11/41/19 95 0.84

zamek 4 18/19/36/19 92 1.00

zbiór 5 32/7/8/31/9 87 0.87

zespół 6 10/4/28/58/1/20 121 0.95

C. Experimental Settings

The experimental settings are the same as in experiments

presented in [10], where approaches based on supervised and

weakly supervised were tested. We use only small manually

annotated corpus because we want to have a clear point of

comparison with previous work. We use the same features as

in [10], i.e., bag of words, to simplify discussion. Contrary to

[10], there is no need to split the data into training and test

sets for evaluation because of unsupervised nature of clustering

algorithms, cf [16], [17], [20].

This features are extracted from text in the following

process. First a text window surrounding ambiguous word of

±20 segments (tokens) is constructed.8 Then the occurrence

of a word9 is noted in a feature vector. Every dimension

corresponds to different word. The resulting vectors are sparse.

Instead of using raw frequencies we tested a few weighting

schemes coupled with cosine function for measuring similar-

ities between contexts. The following measures were tested:

• Term frequency, inversed document frequency (hence-

forth, tf.idf ), see [20]. We assume, that document is the

same as context in this measure.

• Logent — values were scaled with logarithm and divided

by entropy of a context (standard Shanon entropy counted

as
∑

p log p, where p is estimated using MLE). This

technique was proposed in Latent Semantic Analysis by

Landauer and Dumais [26].

• Mutual information (definition following work of Lin

[27]). We use lin_cos for denoting this measure.

• Discounted pointwise mutual information (pmi), see [28].

The most important difference between pmi and lin_cos

is that pmi uses discounting factor to address the prob-

lem of overestimation of mutual information in case of

infrequent events.

• Rank Weight Function (RWF) based on mutual informa-

tion defined by Lin (rwf_lin), see [18].

• Rank Weight Function (RWF) based on pointwise mutual

information (rwf_pmi), see [18].

8A segment (token) is defined as word, words separators, but some words
can be split onto several segments. For discussion see [25].

9A word is a fuzzy concept, more specifically we use a base forms of a
word coupled with its flexemic class.

Both RWF function works by using ranks instead of exact

feature values. It allows for certain level of generalization

from word occurrence frequencies, which can be accidental.

RWF approach was previously used in a task of finding similar

words in large corpus with very good results [18].

D. Results

Tab. II-VII present results averaged for all the words using

different weighting schemes. The first thing to notice is that

the results are very hard to grasp. We have noticed several

regularities. Firstly, the results of GHSOM evaluation are high

in terms of Purity, NMI and Rand Index and very low in terms

of F-Measures. Secondly, the amount of data to analyse is very

high: 5 weighting measures × 5 evaluation measures × 25

algorithm variants. And last but not least, there is no "best"

algorithm, i.e., an algorithm that would rank highest in all the

different evaluation measures.

To tackle the first problem we will analyse GHSOM in

isolation from the other algorithms. We can observe, that the

Purity measure for GHSOM has always got the highest values

(over 70%). In case of growing hierarchical SOM, we cannot

simply define desirable number of clusters, which is strictly

determined by number of neurons in each layer. In our —

relatively small — set of input data, reading results from all

network layers leads to a number of singleton clusters. As

was written above, Purity of such clusters equals 1. This fact

artificially increases results and clearly shows the weakest side

of the Purity measure. Evaluation using F-Measures shows

totally opposite results, discarding GHSOM as a efficient

clustering method.

There are also some not available results (n/a) for logent

weighting in GHSOM rows. In this particular case, we ob-

served uncontrolled growing of first layer of neural network.

Tunning the parameters was also not helpful. The size of the

layer reaching 20x20 (which represents 400 clusters), while

having data set with only several groups was obviously too

big, so we decided to discard such results. The growth of the

network might be caused by the nature of logent weighting on

this particular dataset. By taking logarithms of feature values

the vectors become extremely sparse, because of large number

of ones in the features.

One of the most important properties of GHSOM, i.e., not

having to specify number of clusters in advance, becomes its

most important drawback using standard evaluation measures.

To overcome problems with GHSOM two steps can be taken:

analysing the resulting network for searching the desired

number of clusters or using evaluation measures that can

capture other positive properties of GHSOM, most importantly

the spatial relations between neurons.

For resolving the second problem with large amount of

data to analyse we tested whether some of the evaluation

measures are correlated to each other. We used Spearman rank

correlation coefficients10. The results of this evaluation were

10We tested also Pearson’s correlation coefficient. The results were also
suggesting high correlation among measures, but rank correlation coefficient
is more robust to outliers, in our case — GHSOM.
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interesting: in most cases correlation was very high between

Purity, NMI and RI. Average Spearman’s ρ = 0.83 and the

two-tailed p-value were always lower then 0.0001. Correlation
between F1 and F (P )1 is lower, but also high (ρ = 0.64),
where usually F1 is a little bit lower. As F (P )1 allows only

for assigning given sense label to cluster only once, we will

focus only on decision-based F1, which scores every pair of

clustered contexts.

Reducing the measures to only two (i.e., Purity and F1)

does not solve the problem of choosing the best combination

of clustering and weighting scheme. Thus we created two

rankings of all the pairs of <clustering algorithm, weighting

scheme> ordered by Purity (R1) and F1 (R2). To rank different

weighting schemes we use a sum of average of both ranks.

This approach can be interpreted as choosing a weighting

scheme for which on average the clustering solutions are

better then the other. The best weighting scheme is pmi,

followed by lin_cos, tf.idf, rwf_lin, rwf_pmi and logent. The

difference between pmi using discounting factor and without

discounting factor (lin_cos) is minor. The same applies to RWF

versions of mutual information based measures. The best re-

sults were achieved by agglomerative clustering with weighted

average link criterion function while using pmi weighting

(Agglo(wslink) in Tab. V). Following are measures using both

agglomerative and divisive clustering using (weighted and

unweighted) average link criterion for Agglo and e1, h2 and

g1 for Rbr. The worst performing algorithms are K-means

and K-medoids, which is not surprising—we are using them

as another way of setting a baseline.

Those results are interesting, because in related tasks graph

partitioning was performing better then the other algorithms.

Also, best result achieved for pmi-based weighting scheme is

interesting, but not as surprising as these family of measures

achieves very good results in the task of finding similar

words [18].

The results can be compared to precision of supervised

algorithms, because precision corresponds to Purity in our

evaluation. All the algorithms beat the baseline of selection

always most frequent sense. The best supervised classification

algorithm tested on the same dataset, using the same feature

set achieved precision of 72.42% as reported by [10], the best

clustering algorithm have Purity=71.36%. These results is very

high, as usually unsupervised approaches have troubles with

beating MFS baseline [2]. This can be explained with high

quality of corpus annotations, small corpus size and partially

balanced sense distribution in corpus.

IV. CONCLUSIONS AND FURTHER WORKS

This paper presented evaluation of selected clustering al-

gorithms in task of Word Sense Disambiguation for Polish.

We have used simple lexical features to represent contexts of

ambiguous words. The features were weighted using different

weighting schemes. Using pointwise mutual information as a

weighting scheme gave best results on average.

Evaluation of clustering was performed on manually disam-

biguated corpus using five standard evaluation measures [20],

TABLE II
AVERAGE RESULTS FOR TF.IDF WEIGHT

Purity NMI RI F1 F(P)1

Agglo(clink) 49,80 0,137 0,515 41,03 42,43
Agglo(e1) 63,85 0,281 0,679 41,50 50,46
Agglo(g1) 63,03 0,274 0,672 41,66 50,09
Agglo(g1p) 56,90 0,235 0,550 54,49 54,07
Agglo(h1) 57,66 0,243 0,638 41,49 44,57
Agglo(h2) 61,83 0,261 0,662 40,02 48,90
Agglo(i1) 53,36 0,211 0,512 45,37 45,77
Agglo(i2) 63,77 0,292 0,678 42,55 50,69
Agglo(slink) 48,17 0,090 0,385 48,68 45,64
Agglo(upgma) 61,50 0,301 0,637 58,32 58,07
Agglo(wclink) 49,80 0,137 0,515 41,03 42,43
Agglo(wslink) 48,17 0,090 0,385 48,68 45,64
Agglo(wupgma) 64,19 0,314 0,674 50,13 57,19
Graph 64,65 0,303 0,676 44,51 51,85
K-means 55,28 0,169 0,630 36,33 44,27
K-medoids 52,98 0,141 0,611 39,45 44,05
Rbr(e1) 68,38 0,342 0,707 44,97 53,73
Rbr(g1) 69,88 0,378 0,727 47,40 55,15
Rbr(g1p) 64,93 0,326 0,662 52,58 57,49
Rbr(h1) 66,00 0,332 0,685 43,88 51,80
Rbr(h2) 68,52 0,348 0,709 45,68 54,10
Rbr(i1) 58,72 0,275 0,561 47,18 50,76
Rbr(i2) 67,10 0,328 0,691 44,85 52,46

GHSOM 74,55 0,336 0,668 13,32 29,26
GHSOM – first 62,20 0,276 0,660 42,29 49,18

TABLE III
AVERAGE RESULTS FOR LOGENT WEIGHT

Purity NMI RI F1 F(P)1

Agglo(clink) 52,36 0,143 0,781 41,19 36,65
Agglo(e1) 51,99 0,142 0,768 44,59 37,98
Agglo(g1) 53,08 0,157 0,776 45,18 40,33
Agglo(g1p) 58,65 0,210 0,662 37,78 45,47
Agglo(h1) 53,38 0,168 0,800 34,96 33,53
Agglo(h2) 53,46 0,163 0,807 32,14 33,95
Agglo(i1) 52,42 0,154 0,777 44,59 39,15
Agglo(i2) 51,65 0,147 0,769 44,59 38,21
Agglo(slink) 52,23 0,145 0,778 43,82 37,80
Agglo(upgma) 51,84 0,143 0,773 43,05 37,69
Agglo(wclink) 51,14 0,126 0,778 40,99 35,53
Agglo(wslink) 52,76 0,151 0,779 43,86 38,11
Agglo(wupgma) 51,16 0,132 0,767 44,32 37,21
Graph 65,40 0,283 0,907 37,81 26,80
K-means 48,02 0,084 0,442 46,18 44,22
K-medoids 48,38 0,099 0,425 47,65 44,74
Rbr(e1) 53,70 0,170 0,792 34,53 34,79
Rbr(g1) 55,06 0,190 0,787 44,37 38,92
Rbr(g1p) 60,07 0,222 0,665 37,78 46,00

Rbr(h1) 52,40 0,164 0,788 34,43 33,78
Rbr(h2) 52,96 0,170 0,792 34,60 34,83
Rbr(i1) 51,64 0,156 0,782 35,94 34,01
Rbr(i2) 52,35 0,166 0,789 34,36 33,89

GHSOM n/a n/a n/a n/a n/a
GHSOM – first n/a n/a n/a n/a n/a

[21]. Interestingly, in our settings some of the measures are

highly correlated, thus it is only necessary to use two of them,

e.g., Purity and F-Measure. This might be caused by the fact,

that we know how many clusters are in the data in advance,

but one of the problem that the more elaborated measures

are trying to address is the problem with generation of large

number of clusters.
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TABLE IV
AVERAGE RESULTS FOR LIN_COS WEIGHT

Purity NMI RI F1 F(P)1

Agglo(clink) 51,29 0,141 0,561 40,58 44,59
Agglo(e1) 63,62 0,300 0,688 42,64 51,87
Agglo(g1) 56,69 0,232 0,563 54,49 54,31
Agglo(g1p) 60,07 0,217 0,670 37,94 47,43
Agglo(h1) 62,95 0,294 0,672 41,99 49,27
Agglo(h2) 62,50 0,261 0,667 40,41 49,41
Agglo(i1) 53,07 0,170 0,476 46,62 46,15
Agglo(i2) 64,37 0,295 0,686 43,03 50,46
Agglo(slink) 48,24 0,099 0,395 49,23 45,94
Agglo(upgma) 61,28 0,291 0,637 56,79 56,22
Agglo(wclink) 51,29 0,141 0,561 40,58 44,59
Agglo(wslink) 48,24 0,099 0,395 49,23 45,94
Agglo(wupgma) 67,19 0,344 0,682 51,97 58,48
Graph 65,17 0,306 0,682 45,64 52,83
K-means 54,54 0,162 0,629 35,68 43,30
K-medoids 52,24 0,155 0,608 39,23 44,80
Rbr(e1) 69,57 0,367 0,722 46,81 55,44
Rbr(g1) 66,36 0,339 0,657 53,54 58,92
Rbr(g1p) 64,44 0,291 0,709 41,91 51,63
Rbr(h1) 67,71 0,337 0,694 44,91 52,54
Rbr(h2) 68,90 0,368 0,722 46,61 54,77
Rbr(i1) 59,91 0,287 0,576 47,53 52,26
Rbr(i2) 68,15 0,332 0,695 45,07 52,83

GHSOM 73,51 0,323 0,666 12,70 28,09
GHSOM – first 56,47 0,210 0,641 39,38 45,77

TABLE V
AVERAGE RESULTS FOR PMI WEIGHT

Purity NMI RI F1 F(P)1

Agglo(clink) 50,47 0,133 0,572 39,24 41,68
Agglo(e1) 61,53 0,268 0,661 40,53 48,29
Agglo(g1) 60,03 0,253 0,658 39,85 47,91
Agglo(g1p) 62,58 0,258 0,663 39,83 48,07
Agglo(h1) 65,33 0,303 0,686 43,94 53,30
Agglo(h2) 63,56 0,300 0,686 42,22 50,99
Agglo(i1) 56,85 0,240 0,560 49,08 49,71
Agglo(i2) 64,14 0,280 0,676 42,50 50,55
Agglo(slink) 48,32 0,096 0,391 48,81 45,79
Agglo(upgma) 61,66 0,311 0,641 56,75 58,39
Agglo(wclink) 50,47 0,133 0,572 39,24 41,68
Agglo(wslink) 48,32 0,096 0,391 48,81 45,79
Agglo(wupgma) 68,38 0,368 0,710 52,78 59,46

Graph 62,27 0,268 0,662 42,50 49,85
K-means 56,32 0,181 0,635 36,83 45,38
K-medoids 53,42 0,155 0,614 40,10 44,87
Rbr(e1) 70,92 0,399 0,736 48,64 55,60
Rbr(g1) 69,05 0,358 0,721 46,29 53,37
Rbr(g1p) 68,98 0,370 0,723 46,58 54,26
Rbr(h1) 67,19 0,316 0,683 44,03 51,05
Rbr(h2) 71,36 0,393 0,732 48,28 55,82
Rbr(i1) 64,45 0,338 0,646 50,49 56,04
Rbr(i2) 68,07 0,331 0,696 45,06 52,17

GHSOM 74,71 0,329 0,667 12,98 28,93
GHSOM – first 59,82 0,241 0,651 41,24 49,02

The results of evaluation are interesting. Divisive clustering

algorithm are not worst then agglomerative. Previously used

graph partitioning approach is sub-optimal. Not surprisingly,

K-means and K-medoids produce clustering of lowest quality.

In the future we are planing to extend this work in a few

ways. We want to evaluate some clustering algorithms that

were tailored to a problem of Word Sense Disambiguation

(e.g., Clustering by Committee [29]). Testing using more

TABLE VI
AVERAGE RESULTS FOR RWF_LIN WEIGHT

Purity NMI RI F1 F(P)1

Agglo(clink) 49,29 0,121 0,578 38,16 42,45
Agglo(e1) 60,57 0,240 0,680 39,35 48,69
Agglo(g1) 52,10 0,133 0,775 43,84 38,19
Agglo(g1p) 55,39 0,204 0,625 38,15 44,40
Agglo(h1) 61,15 0,250 0,680 40,36 48,78
Agglo(h2) 60,07 0,214 0,669 37,89 47,65
Agglo(i1) 57,13 0,215 0,621 42,92 45,90
Agglo(i2) 61,44 0,246 0,676 39,23 47,95
Agglo(slink) 49,35 0,123 0,473 46,79 45,07
Agglo(upgma) 58,80 0,221 0,655 42,11 48,17
Agglo(wclink) 49,51 0,121 0,572 38,85 42,52
Agglo(wslink) 49,35 0,123 0,473 46,79 45,07
Agglo(wupgma) 60,36 0,226 0,670 38,89 48,34
Graph 61,48 0,248 0,677 42,00 50,24
K-means 57,21 0,185 0,637 37,03 45,01
K-medoids 53,42 0,176 0,563 43,53 43,53
Rbr(e1) 64,12 0,271 0,694 41,13 50,34
Rbr(g1) 54,06 0,182 0,795 35,39 34,75
Rbr(g1p) 63,43 0,289 0,687 43,83 52,51
Rbr(h1) 62,55 0,266 0,687 42,15 50,72
Rbr(h2) 63,58 0,280 0,700 41,45 49,96
Rbr(i1) 64,26 0,301 0,700 44,62 53,18
Rbr(i2) 63,28 0,285 0,701 42,11 50,71

GHSOM 71,66 0,298 0,663 11,09 26,65
GHSOM – first 54,17 0,149 0,615 35,02 42,88

TABLE VII
AVERAGE RESULTS FOR RWF_PMI WEIGHT

Purity NMI RI F1 F(P)1

Agglo(clink) 51,30 0,137 0,586 39,14 42,80
Agglo(e1) 58,11 0,201 0,658 37,74 46,67
Agglo(g1) 57,36 0,235 0,560 51,54 52,08
Agglo(g1p) 58,91 0,219 0,649 41,56 48,45
Agglo(h1) 59,14 0,218 0,661 38,12 46,36
Agglo(h2) 57,29 0,203 0,652 37,14 43,46
Agglo(i1) 58,05 0,236 0,648 42,64 45,25
Agglo(i2) 60,72 0,238 0,670 40,77 47,93
Agglo(slink) 47,90 0,085 0,416 47,94 44,38
Agglo(upgma) 55,81 0,205 0,627 45,52 48,28
Agglo(wclink) 51,14 0,143 0,594 38,44 42,88
Agglo(wslink) 47,82 0,089 0,415 47,91 44,16
Agglo(wupgma) 60,12 0,221 0,664 38,58 46,95
Graph 62,11 0,251 0,674 40,66 49,22
K-means 58,27 0,207 0,649 38,88 46,44
K-medoids 52,60 0,160 0,565 44,26 44,88
Rbr(e1) 60,23 0,219 0,666 37,85 46,53
Rbr(g1) 66,13 0,333 0,672 51,53 56,24

Rbr(g1p) 60,85 0,227 0,657 39,06 46,08
Rbr(h1) 60,30 0,224 0,666 38,25 45,55
Rbr(h2) 60,30 0,226 0,668 38,46 46,59
Rbr(i1) 61,60 0,241 0,675 41,56 49,14
Rbr(i2) 60,32 0,220 0,665 38,30 46,23

GHSOM 72,24 0,308 0,664 10,93 27,85
GHSOM – first 54,61 0,167 0,622 36,52 43,59

elaborated features can give more insight into nature of

different clustering schemes. Evaluation of the algorithms on

large corpus is needed (f.e., using whole IPI PAN Corpus

[22]), because used corpus is small and potentially does not

capture peculiarities of large amount of unrestricted texts.

Of course, such evaluation has to be performed manually,

based on examination of only statistical significant samples

of results.
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Application-based evaluation of clustering in performing

WSD in weakly-supervised settings is also needed. We plan

to use LexCSD algorithm for this purpose [9], [10]. This

is especially important, as we have used graph partitioning

clustering, which occurred to be a sub-optimal according to

evaluation presented in this work.

ACKNOWLEDGMENT

Work financed by Innovative Economy Programme project

POIG.01.01.02-14-013/09.

REFERENCES

[1] C. Fellbaum et al., WordNet: An electronic lexical database. MIT press
Cambridge, MA, 1998.

[2] E. Agirre and P. Edmonds, Eds., Word Sense Disambiguation: Algo-

rithms and Applications. Springer, 2006.
[3] A. Kilgarriff, “Word senses,” in Word Sense Disambiguation: Algorithms

and Applications, E. Agirre and P. Edmonds, Eds. Springer, 2006.
[4] R. Navigli, “Word sense disambiguation: A survey,” ACM Comput. Surv.,

vol. 41, no. 2, pp. 1–69, 2009.
[5] R. Artstein and M. Poesio, “Inter-coder agreement for computational

linguistics,” Computational Linguistics, vol. 34, no. 4, pp. 555–596,
2008.

[6] R. Mihalcea, “The Role of Non-Ambiguous Words in Natural Language
Disambiguation,” in Proceedings of the Fourth RANLP, 2003.

[7] Z. S. Harris, Mathematical Structures of Language. New York:
Interscience Publishers, 1968.

[8] T. Pedersen, “Computational approaches to measuring the similarity of
short contexts: A review of applications and methods,” South Asian

Lang. Review, to appear.
[9] B. Broda and M. Piasecki, “Semi-supervised word sense disambiguation

based on weakly controlled sense induction,” in 4rd Int. Symp. Adv. in

AI and Applications, 2009.
[10] M. M. B. Broda and M. Piasecki, “Evaluating lexcsd — a weakly-

supervised method on improved semantically annotated corpus in a large
scale experiment,” in Proceedings of Intelligent Information Systems,
S. T. W. M. A. Kłopotek, A. Przepiórkowski and K. Trojanowski, Eds.,
2010.

[11] G. Karypis, “CLUTO a clustering toolkit,” Univ. of Minnesota, Tech.
Report, 2002.

[12] C. D. Manning and H. Schütze, Foundations of Statistical Natural

Language Processing. The MIT Press, 2001.

[13] R. Ng and J. Han, “Efficient and effective clustering methods for spatial
data mining,” in Proceedings of the International Conference on Very

Large Data Bases. Citeseer, 1994, pp. 144–144.
[14] A. Rauber, D. Merkl, and M. Dittenbach, “The growing hierarchical

self-organizing maps: exploratory analysis of high-dimensional data,”
2002.

[15] T. Kohonen, S. Kaski, K. Lagus, J. Salojrvi, J. Honkela, V. Paatero, and
A. Saarela, “Self organization of a massive document collection,” IEEE

Transactions on Neural Networks,, vol. 11, pp. 574–585, 2000.
[16] Y. Zhao, G. Karypis, and U. Fayyad, “Hierarchical clustering algorithms

for document datasets,” Data Mining and Knowledge Discovery, vol. 10,
no. 2, pp. 141–168, 2005.

[17] Y. Zhao and G. Karypis, “Empirical and theoretical comparisons of
selected criterion functions for document clustering,” Machine Learning,
vol. 55, no. 3, pp. 311–331, 2004.

[18] M. Piasecki, S. Szpakowicz, and B. Broda, A wordnet from the ground

up. Oficyna wydawnicza Politechniki Wroclawskiej, 2009.
[19] R. Forster, “Document clustering in large german corpora using natural

language processing,” Ph.D. dissertation, University of Zurich, 2006.
[20] C. D. Manning, P. Raghavan, and H. Schütze, Introduction to Informa-

tion Retrieval. Cambridge University Press, 2008.
[21] A. Kulkarni and T. Pedersen, “Senseclusters: unsupervised clustering

and labeling of similar contexts,” in ACL ’05: Proceedings of the ACL

2005 on Interactive poster and demonstration sessions, Morristown, NJ,
USA, 2005, pp. 105–108.

[22] A. Przepiórkowski, The IPI PAN Corpus: Preliminary version. Institute
of Computer Science PAS, 2004.

[23] R. Artstein and M. Poesio, “Inter-coder agreement for computational
linguistics,” Computational Linguistics, vol. 34, no. 4, pp. 555–596,
2008.

[24] R. Młodzki and A. Przepiórkowski, “The wsd development environ-
ment,” in Proc. 4rd Language and Technology Conference, Poznań,
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Abstract—This paper describes an application for computing
first-order semantic representations of English texts. It is based
on a combination of hybrid shallow-deep components arranged
within the middleware framework Heart of Gold. The shallow-
deep semantic analysis employs Robust Minimal Recursion
Semantics (RMRS) as a common semantic underspecification
formalism for natural language processing components. In order
to compute efficiently first-order representations of the input
text, the intermediate RMRS results of the shallow-deep analysis
are transformed into the dominance constraints formalism and
resolved by the underspecification resolver UTool. First-order
expressions can serve as a formal knowledge representation of
natural text and thus can be utilized in knowledge engineering
or textual reasoning. At the end of this paper, we describe their
application for recognizing textual entailment.

Index Terms—recognizing textual entailment; logical inference;
HPSG-based text analysis; first-order logics

I. INTRODUCTION

M
ANY applications depend on a formal representation

of natural language sentences in form of first-order

logic (FOL). For instance, in recognizing textual entailment

[1] the approaches based on logical inference depend on FOL

formulas as a semantic representation of the input texts. Fur-

thermore, enhanced first-order knowledge representations of

natural language sentences can be accomplished by integrating

knowledge from resources like the lexical base WordNet [2] or

the ontological database YAGO [3] into FOL formulas. Other

applications can be found in the area of knowledge engineering

and information integration (see, e.g., [4]).

Basically, for a production of fine-grained FOL expressions

a broad coverage of syntactic structures and English words

is preferable. To this end, the English Resource Grammar

(ERG, see [5]), a broad-coverage, linguistically precise Head-

driven Phrase Structure Grammar (HPSG) of English can be

used. ERG utilizes Minimal Recursion Semantics (MRS, see

[6]) as a formalism for building scope underspecified semantic

representations from HPSG grammars.

Combining deep parsing techniques with shallow ones can

make parsing processes more robust, i.e., less error-prone and

faster [7]. For that reason, we use Heart of Gold (HOG, see

[7]), a framework for combining NLP components like, e.g.,

shallow statistical parsers, named entity recognizers, and deep

syntactic parsers.

Neither literature nor implemented systems producing FOL

from an HPSG grammar with RMRS as semantic formalism

could be found so far. For that reason, we decided to build

such a system which we present in this paper.

Related work: Other approaches of wide coverage syntactic

and semantic analysis with FOL output as input for textual

entailment were presented in [8]. However, in contrast to

our approach they are not based on a purely linguistically

motivated grammar formalism with a broad coverage like,

e.g., ERG. Furthermore, our formula generation system has

successfully been employed as underlying analysis basis in a

framework for recognizing textual entailment (see [9]).

II. SEMANTIC REPRESENTATION FORMALISMS

In this section we describe shortly the semantic formalisms

MRS and RMRS on which our application builds.

Minimal Recursion Semantics: Scope underspecification is

a well-known technique in computational semantics of natural

language [10]. MRS is a description language over formulas

of FOL languages with generalized quantifiers. For instance,

the sentence “Every wizard acts in a circus” illustrates the

well-known problem of scopal ambiguity. Is it one and the

same circus in which every wizard acts or are there possibly

several different circuses in which the wizards act? Thus, the

sentence has two scopal readings which can be represented by

the following FOL formulas:

a(x9, circus(x9), every(x5, wizard(x5), (1)

and(act(e2, x5), in(e2, x9))))

every(x5, wizard(x5), a(x9, circus(x9), (2)

and(act(e2, x5), in(e2, x9)))).

MRS allow multiple formulas, which differ only in their

scopal configuration like, e.g., (1) and (2), to be expressed with

exactly one single compact formula. To achieve this, in MRS

predicates of the formulas are decoupled from each other by

removing any nesting of predicates, assigning different labels

l1, l2, ... to them, and adding holes h1, h2, ... to scope relevant

predicates. A single scope underspecified representation of (1)

and (2) above can then be given as an MRS by

< {l3 : every(x5, h6, h4), l7 : wizard(x5),

l8 : act(e2, x5), l8 : in(e10, e2, x9),

l11 : a(x9, h13, h12), l14 : circus(x9)},
{h6 qeq l7, h13 qeq l14} > (3)
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More specifically, (3) contains a set of labeled (decoupled)

first-order predicates (l3 : every, l7 : wizard, ...) with holes

(h6, h4, ...) and a set of qeq-constraints (h6 qeq l7, ... ). A qeq-

constraint states a directive enforcing a particular label l to

be in the scope of a particular hole h. In (3), the first qeq-

constraint enforce label l7 to be in the scope of h6. Scope

specified formulas are obtained by assigning, or plugging,

labeled predicates to holes in a manner that is consistent with

the qeq-constraints. For instance, (1) is obtained by plugging

l7 into h6, l14 into h13, l3 into h12, and l8 into h4. Such

formalized assignments are called also pluggings.

Robust Minimal Recursion Semantics: RMRS is a general-

ization of MRS. It can not only be underspecified for scope

as MRS, but also partially specified, e.g., when some parts

of the text cannot be resolved by a given NLP component.

Furthermore, in RMRS due to possible lack of morphological

analysis, predicates are allowed to lack for their arguments.

Hence, it can be used as a semantic representation formalism

of shallow NLP components. HOG supports integration of

shallow NLP components by using RMRS as an exchange

format. Additionally, RMRS defines an in-group relation ing
which describes conjunctively connected labels, e.g., the in-

group relation {h8 ing h10001} in Figure 2. For a detailed

description of MRS and RMRS see [6] and [11], respectively.

III. GENERATION OF FOL FORMULAS

The application for generation of FOL formulas illustrated

in Figure 1 consists of two parts:

a) Semantic analysis with the shallow-deep approach real-

ized by HOG, and

b) Resolving of RMRS realized by UTool.

Aditionally, a graphical user interface (GUI) enclosing these

parts was developed to control the analysis process and to

inspect the results of the analysis components.

HOG is configured to control the overall workflow of the

hybrid shallow and deep analysis. In particular, it transforms

and transports data among various NLP components of the ap-

plication. First, HOG processes the input text and computes its

semantic representation as RMRS. Afterwards, the generation

of pluggings representing readings of the RMRS is performed

with the underspecification solver UTool [12]. Finally, the FOL

formulas are constructed out of the computed pluggings and

the original RMRS. In the following the processing steps are

described in more detail.

Syntactic-semantic analysis: Shallow parsing techniques are

used to retrieve superficial information from the sentences

without a deep structure. In our system shallow parsing begins

with tokenization by JTok (distributed with HOG) which splits

the sentence by its tokens. Those tokens are passed to the

statistical part-of-speech tagger TnT [13]. In parallel to these

two components, SProUT [14], a finite state machine named

entity recognizer, prepares information about named entities

found. The results from TnT and SProUT are merged together

via XML-transformation from HOG and prepared for input

to the deep HPSG parser PET [15]. In that manner, PET is

supplied with information for words which possibly are not

input

text

Transformation of RMRS to MRS

Plugging enumeration by UTool

RMRS

Tokenization
with JTok with SProUT

NE−Recognition

 

Resolving RMRS

to application

Semantic analysis

POS−tagging

with TnT

Deep parsing with PET

Fig. 1. Overall system for formula generation.

contained in the deep HPSG lexicon (e.g., unusual named

entities). Afterwards, PET parses the pre-annotated input text

by employing the HPSG grammar ERG. With the help of

this processing step, a fully syntactic annoted phrase structure

is computed, from which predicate argument structures can

directly be established. During the deep HPSG analysis, PET

composes (robust minimal recursion) semantics according to

the semantic algebra for HPSG grammars [16]. According to

the analysis procedure described above, HOG produces the

RMRS in Figure 2 for the following example sentence:

A wizard acts in a circus show in Paris.

Resolving RMRS: Unfortunately, a sentence with n quanti-

fiers can have up to n! readings [6], e.g., RMRS in Figure 2

with the quantifiers a_q, udef_q, and proper_q has 4! scopal

readings. More adverse is that about 8% of the sentences of the

Rondane treebank provided with ERG have more than 100,000

readings according to the ERG analyses, and about 4% have

more than one million readings [17]. Thus, it is required to

enumerate all readings efficiently and to eliminate those which

are logically equivalent. These tasks are performed by UTool

in time of O(n2) per solved form (see [18]).

As in Section II described, for MRS the scopal readings

are obtained by plugging labels l to holes h. RMRS has to be

resolved analogously. However, in its standard configuration,

UTool resolves only MRS. Therefore, by following the in-
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TEXT

TOP h1

RELS








_a_q
LBL h3
ARG0 x5
RSTR h6
BODY h4




[
_wizard_n
LBL h7
ARG0 x5

]

_act_v
LBL h8
ARG0 e2
ARG1 x5







_in_p
LBL h10001
ARG0 e10
ARG1 e2
ARG2 x9







_a_q
LBL h11
ARG0 x9
RSTR h13
BODY h12







compound_rel
LBL h14
ARG0 e16
ARG1 x9
ARG2 x15







udef_q_rel
LBL h17
ARG0 x15
RSTR h19
BODY h18




[
_circus_n
LBL h20
ARG0 x15

]

_show_n
LBL h10002
ARG0 x9
ARG1 u21







_in_p
LBL h10003
ARG0 e23
ARG1 e2

ARG2 x22







proper_q_rel
LBL h24
ARG0 x22
RSTR h26

BODY h25






named_rel
LBL h27
ARG0 x22
CARG Paris








HCONS {h6 qeq h7, h13 qeq h14, h19 qeq h20, h26 qeq h27}
ING {h8 ing h10001, h8 ing h10003, h14 ing h10002}




Fig. 2. RMRS of shallow deep analysis of the example sentence as attribute
value matrix.

structions from [11], we developed an XSLT-based procedure

for transforming RMRS into MRS to make the output RMRS

of HOG suitable for resolving with UTool. Afterwards, UTool

can automatically compute the assignments according to which

the labels should be linked to holes. In particular, the following

procedure is applied (see [17] for details):

1) Translation of MRS into dominance constraints [17], a

closely related underspecification formalism, and

2) Efficient enumeration of solved forms of the dominance

constraints.

Dominance constraints can be represented as dominance

graphs. Thus, an MRS corresponds to a dominance graph. In a

dominance graph originating from an MRS, nodes correspond

to MRS labels h whereas (dashed drawn) dominance edges

correspond to MRS qeq-constraints. For instance, the RMRS

from Figure 2 which was produced by HOG is translated

by UTool into dominance constraints which is shown as a

dominance graph in Figure 3.

UTool computes all solved forms of the dominance graph

according to the algorithm that is based on graph connectivity

(see [17]). One possible reading of the dominance graph from

Figure 3 (and simultaneously of the RMRS in Figure 2) is

given as a solved dominance graph in Figure 4.

Consequently, from each solved dominance graph, UTool

recursively generates a set of pluggings. The plugging for

Figure 4 looks like the following one:

h24(h27,h11(h17(h20,h14),h3(h7,h8)))

Finally, we parse all pluggings sequentially and replace each

label by its corresponding predicates according to the original

MRS. After that procedure is finished, we get the formula for

the first plugging:

(h26) (h25)

h24:proper_q_rel

(h6) (h4)

h3:a_q_

(h19) (h18)

h17:udef_q_rel

(h12)(h13)

h11:a_q_

h27:named_rel

h8:act_v_

h7: wizard_n

h14:compound_relh20:circus_n

Fig. 3. Dominance graph.

(h26) (h25)

h24:proper_q_rel

(h12)(h13)

h11:a_q_

(h6) (h4)

h3:a_q_

(h19) (h18)

h17:udef_q_rel

h27:named_rel

h7: wizard_n h8:act_v_

h14:compound_relh20: circus_n

Fig. 4. Solved dominance graph.

proper_q_rel(X22,

named_rel(X22,paris),

a_q_rel(X9,

udef_q_rel(X15,

circus_n_1_rel(X15),and(

compound_rel(E16,X9,X15),

show_n_of_rel(X9))),

a_q_rel(X5,

wizard_n_1_rel(X5),and(

act_v_1_rel(E2,X5),and(

in_p_rel(E10,E2,X9),

in_p_rel(E23,E2,X22))))))

IV. APPLICATIONS USING FOL EXPRESSIONS

There are many applications depending on a logical rep-

resentation of natural language (see, e.g., [1] or [4]). The

application presented here was successfully implemented in

our experimental system for recognizing textual entailment

(RTE) [9]. In RTE [19], the aim is to identify the logical

relations between two texts, thesis T and hypothesis H , e.g.,

T: A wizard acts in a circus show in Paris.

H: Some magician remains in a capital

town of France.
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In particular, given a pair {T,H}, our system was designed

to find answers to the following conjectures [20]:

1) T entails H ,

2) T ∧H is inconsistent, or

3) H is informative with respect to T , i.e., is H a new and

consistent information in relation to T ?

In the example above, T entails H . To prove it, our

system uses model-theoretic approach combined with logical

inference. Syntax and semantics of the texts representing T
and H are first analyzed with HOG and the resulting semantic

representations in form of RMRS are translated into FOL

as described in Section III. Afterwards, they are passed to

external automated reasoning tools like model builders and

theorem provers which check what kind of logical relation

between T and H holds.

V. CONCLUSION AND FUTURE WORK

In this paper an application based on a combination of

linguistic resources and tools is presented that enable for an

efficient generation of first-order logic formulas from a broad

coverage HPSG grammar combined with shallow analyses.

Since the semantic composition is performed by a deep HPSG

parsing, it is required for a successfull generation of FOL

expressions that the deep parsing succeeds. Unfortunately, it

can fail if well-formedness of syntactical structures is too

weak, e.g., in SMS dialogues or transcriptions of spontaneous

speech.

The application can be improved through integration of

coreference resolvers, so that different object variables point-

ing to the same individual can be identified. Finally, the

application could be supplemented with statistical models de-

scribing scopal position settings in natural language sentences,

so that scope resolved readings are produced in order of

descending probability of their occurrence.

Furthermore, RMRS is the common semantic formalism

for the HPSG grammars within the context of the LinGO

Grammar Matrix [21] like the Japanese HPSG grammar JaCY

[22], the Korean Resource Grammar [23], the Modern Greek

Resource Grammar [24], the Norwegian NorSource Grammar

[25], and the Spanish Resource Grammar SRG [26]. Because

all of these grammars interface to RMRS, an exchange of the

ERG in our system can be considered and a high degree of

multilinguality achieved.
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Abstract—Modeling of optimized motion controller is one of
the interesting problems in the context of behavior based mobile
robotics. Behavior based mobile robots should have an ideal
controller to generate perfect action. In this paper, a nonlinear
identification Takagi-Sugeno fuzzy motion controller has been
designed to track the positions of a moving object with the mobile
platform. The parameters of the controller are optimized with
Particle swarm optimization (PSO) and stochastic approximation
method. A gray predictor has also been developed to predict the
position of the object when object is beyond the view field of the
robot. The combined model has been tested on a Pioneer robot
which tracks a triangular red box using a CCD camera and a
laser sensor.

I. INTRODUCTION

O
BJECT detection and tracking is an essential ingredient

of any motion planning controller employed for mobile

robot navigation. Mobile robot navigation is known as the

ability of a robot to act based on its knowledge and sensor

values in order to reach its goal position as efficiently and as

reliably as possible [1]. Wide variety of sensors such as sonar,

laser range finder, infra-red, Global Positioning System (GPS)

and vision are used for mobile robot navigation. The vision

based navigation is widely used [2], since vision gives the

rich information about the surroundings. Vision is an attractive

sensor as it helps in the design of economically viable systems

with simpler sensor limitations. It facilitates passive sensing

of the environment and provides valuable information about

the scene that is unavailable to other sensors [3].

An ample of work has been done on vision based object

tracking. Ramesh et.al. in [4] proposed the Mean shift al-

gorithm for object tracking that can be used for the images

with static distribution. The Continuously Adaptive Mean

Shift Algorithm (CAMShift), which is an adaptation of the

Mean Shift Algorithm has been proposed by Bradski [5]

to track the head and face movement using a one dimen-

sional histogram (hue) consisting of quantized channel from

the HSV color space. CAMShift operates on a probability

density image obtained by histogram back-projection. In this

paper, a hybrid CAMShift algorithm [6], that overcomes the

assumption of single hue, has been used for object tracking.

The computational cost of mean matching algorithm used in

the hybrid CAMShift algorithm is high. So, instead of using

mean matching algorithm for the detection of object when

the CAMShift fails to detect the object, a gray predictor has

been used to predict the position of the object. Gray predictor

re-initializes the CAMshift window not only when CAMshift

fails to detect the object but also when the object goes out

from the robot’s view.

The outputs of the hybrid CAMShift algorithm are the

centroid coordinates of the object in the image frame. In

order to obtain the global position and orientation of the

object or even just to determine their relative pose, various

algorithms of calibration and transformation are required. All

the proposed approaches formulate the vision-based navigation

problem as a two-step process: first, to transfer the visual

features back to pose information, and then make a motion

plan in the pose space. The calibration techniques, that transfer

the visual features from image space to pose space introduce

unnecessary uncertainty into the system. In this paper, a

simple transformation technique has been proposed to transfer

centroid coordinates of the object from image frame to the

robot frame.

Once the coordinates of the object centroid are known in

the robot frame, the next task is to design motion controller

to effectively track the object. Since the primary focus of

machine intelligence and advanced robotics is to capture the

human faculties in the robot, fuzzy logic controllers are often a

good choice. These controllers are developed to utilize human

expert knowledge in controlling various systems and they have

capability to express knowledge in the form of linguistic rules.

Among various fuzzy modelling themes, the Takagi-Sugeno

(T-S) model has been one of the most popular frameworks as

it exhibits both high nonlinearity and simple structure [7][8]. In

this paper, a T-S fuzzy controller has been modeled to control

the motion of the robot while tracking the object. The structure

identification of the premise part (i.e. membership functions)

of rules of T-S fuzzy controller is carried out using PSO

[9], while the identification of consequent part (i.e. weight

parameters) of rules of T-S fuzzy controller is carried out using

stochastic approximation method [10].

II. OUTLINE OF OUR APPROACH

The goal of this work is to design a vision and laser sensor

based optimized motion controller for the mobile robot to

make it track the moving object in an effiecient manner. The
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outline of our approach for tracking the moving object is

illustrated in figure 1. The first step inculdes the initialization

of the robot and selection of object in the current frame.

Next, frames are captured from the resulting video stream

and the hybrid CAMShift algorithm is run over to detect the

presence of the object in the scene. In case object is detected

the algorithm returns the centroid coordinates of the object

in image frame. If hybrid CAMShift fails to detect the object

then the output of algorithm will be origin coordinates. Failure

of the algorithm occurs either due to fast motion of the object

or when the object goes out from the robot’s view. In case of

failure of the algorithm, a gray predictor is used to predict

the centroid coordinates of the object. If the predicted x-

coordinate lies in the range of image width, then the failure of

the algorithm is due to fast motion of the object. In this case,

the center coordinates of the CAMShift window are replaced

by the predicted coordinates of the gray predictor. In case,

when predicted x-coordinate does not lies in the range of

image width, the reason of the algorithm failure is the absence

of the object in the robot’s view. The robot is then commanded

to turn by an angle, calculated using the predicted x coordinate

as follows:

β = −φ

2
+

x

xmax
.φ (1)

where, β is the required turning angle, xmax is the maximum

x coordinate of the image (width of the image in pixels), φ is

the view angle of the camera.

The CAMShift window is then reinitialized with the cen-

ter x coordinate of the window as (xmax/2) and center y
coordinate of the window as the predicted y coordinate of

the gray predictor. In both the cases, the CAMShift window

size is taken to be equal to its initial window size. Once the

object centroid coordinates are obtained in the image frame,

a coordinate converter, as described in section IV, is used

to transform the object centroid coordinates from the image

frame to the robot frame. The object centroid coordinates

in the robot frame are then sent to an optimized T-S fuzzy

motion controller, described in section VI, to generate desired

translational and rotational velocities for the robot. The robot is

then commanded to move with the translational and rotational

velocities as generated by the controller.

Rest of the paper is organized as follows. In section III,

the gray fuzzy predictor is discussed to predict the position

of the object when it goes out from the robot’s view or the

hybrid CAMShift algorithm fails to detect the object. Section

IV gives the details of the transformation of object coordinates

from the image frame to the the robot frame. Section V

briefly explains the PSO method and the T-S fuzzy model.

Section VI presents modelling of the T-S fuzzy controller for

the object tracking using PSO and stochastic approximation

method. Experimental results are presented in section VI and

finally the paper is concluded in section VII.

III. GRAY PREDICTOR

A system with partial known information and certain un-

known information is defined as a gray system. The gray

  

Robot Initialization
Select the Object

Optimized T-S fuzzy
Motion controller

Object
detected ?

Object
in view ?

Gray predictor

Hybrid CAMShift
Algorithm

Start

Yes

CAMShift window
Reinitialize

No

No

translational velocity
Move robot with

velocity ω
v and rotational

Yes

Turn the robot by
an angle β

robot frame
from image frame to
coordinates of object

Convert centroid

Fig. 1. flow diagram of our approach

theory, originally developed by Deng [11], employed the

method of data generation instead of statistic regulation, to

obtain more regular generating sequence from those initial

random data. The gray prediction is to establish a gray model

extending from the past information to the future based upon

the past and present known or undeterminate information.

Then the gray model can be used to predict the future variation

trend of the system.

Gray Prediction model for tracking The procedure of gray

prediction model is as follows:

• Establish the initial sequence from observed data

x(0) = (x(0)(1), x(0)(2), x(0)(3), ..., x(0)(n) (2)

where, x(0)(i) represent the base line data with respect

to time i.
• Generate the first-order accumulated operation sequence

(AGO) sequence x(1) based on the initial sequence x(0)

x(1) = (x(1)(1), x(1)(2), x(1)(3), ..., x(1)(n) (3)

where,

x(1)(k) =

k∑

i=0

x(0)(i) (4)
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• Compute the mean value of the first-order AGO sequence:

z(1)(k) = 0.5x(1)(k) + 0.5x(1)(k − 1) (5)

• Define the first-order gray-differential equation of se-

quence x(1) as:

dx(1)(k)

dk
+ az(1)(k) = b (6)

where, a and b express the estimated parameters of gray

prediction model.

• Utilize the least square estimation, we can drive the

estimated first-order AGO sequence x̂(1)(k + 1) and the

estimated inversed AGO sequence x̂(0)(k+1) as follows:

x̂(1)(k + 1) =

[
x(0)(1)− b

a

]
e−ak +

b

a
(7)

x̂(0)(k + 1) = x̂(1)(k + 1)− x̂(1)(k) (8)

where, parameter a and b can be conducted by following

equations: [
a
b

]
= (BTB)−1BT y (9)

B =




− 1
2 (x

(1)(1) + x(1)(2)) 1
− 1

2 (x
(1)(2) + x(1)(3)) 1

... ..
− 1

2 (x
(1)(n− 1) + x(1)(n)) 1


 (10)

y =
[
x(0)(2), x(0)(3), x(0)(4), ...., x(0)(n)

]T
(11)

In this paper, we modeled two gray predictor to predict the

x and y coordinate of the object centroid. We used last

six centroid coordinates to generate accumulated operation

sequence.

IV. TRANSFORMATION OF THE OBJECT COORDINATES

FROM THE IMAGE FRAME TO THE ROBOT FRAME

To design any motion controller for the robot, it is necessary

to transform the coordinates of the gravity center of the object

from the image frame to the robot frame. As x coordinate of

the object in the image frame is invariant to the size (width)

of the object, it can be used to calculate the direction of the

object with respect to the robot. But y coordinate of the object

in the image frame varies with the size (height) of the object,

so, it cannot be used to determine the distance of the object

with respect to the robot. To get the accurate coordinates of the

gravity center of the object in the robot frame, x co-ordinate

of the object in the image frame and laser sensor data are used.

As view angle of the camera and size of the image are known,

direct relationship between the x coordinate of the object in

the image frame and angle of the object w.r.t. the robot can

be established as:

α = −φ

2
+

x

xmax
φ (12)

α is the angle of the of the object w.r.t. the robot at a particular

x coordinate of the object in the image frame. In our case,

camera view angle is 40◦, and size of image is 640× 480.

Once the angle of the object w.r.t. the robot is obtained, the

distance of the object can easily be measured with the help

of the laser data. Laser can give the distance reading from

−90◦ to +90◦ with a resolution of 0.5◦. The nearest integer

value of the angle α is choosen and the minimum of the three

laser reading at α − 1,α and α + 1 is taken. As the object is

in motion, so it may happen that at a particular angle α, the

laser ray may not come back from the object. So, 1◦ offset is

put to get the accurate reading. Using this transformation, the

polar coordinates (α, r) of the gravity center of the object in

the robot frame are obtained.

V. DESCRIPTION OF PARTICLE SWARM OPTIMIZATION

AND T-S FUZZY MODEL

A. Particle swarm optimization

PSO is an optimization technique developed by Kennedy

and Eberhart [9]. It is inspired by the formation of swarms by

animals such as bird flocking and fish schooling. The principle

behind PSO is that each individual in the swarm, called a

particle, will move towards the best performing particle in

the swarm while exploring the best experience each particle

has [12]. The particle update their velocities as follows [13]:

v(k + 1) = η(k + 1).v(k)

+c1(k + 1).r1.(P
lbest(k)− P (k))

+ c2(k + 1).r1.(P
gbest(k)− P (k)) (13)

where, k is the generation number, v denote the particle

velocities, η denotes the inertia weight, r1and r2 are random

numbers between 0 and 1, c1 is the cognitive parameter, c2
is the social parameter, P lbest is the local best solution and

P gbest is the global best solution of the group.

The inertia weight η represents the degree of momentum

of the particles. This parameter is used for balancing be-

tween local and global explorations. In early generations, it

is set higher, so that the particles are allowed to have much

exploration capability and pursue an aggressive search of

the solution space. Once the algorithm is found to converge

towards the optimum, this coarse tuning is gradually converted

to finer tuning by making η smaller in later generations. In this

paper, a linearly adaptable inertia weight is employed [14],

which starts with a high value ηmax and linearly decreases to

ηmin at the maximum number of generations. This means that

η(k + 1) is calculated from

η(k + 1) = ηmax − ηmax − ηmin

Genmax
.Gen (14)

where, Genmax is the maximum number of generations and

Gen is the current generation number.

The constants c1 and c2 represent the weights of the stochas-

tic acceleration terms that pull each particle toward the local

best and global best positions. With a large cognitive compo-

nent and small social component at the beginning, particles are

allowed to move around the search space, instead of moving

toward the best solution. In the latter part of the optimization,

a small cognitive component and large social component
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are used, to allow the particles to converge on the global

optima. In this paper, we use linearly time-varying acceleration

coefficients over the evolutionary procedure. Therefore, the

acceleration coefficients c1(k + 1) and c2(k + 1) can be

expressed as follows [15]:

c1(k + 1) = c1max − c1max − c1min

Genmax
.Gen (15)

c2(k + 1) = c2min − c2min − cmin

Genmax
.Gen (16)

To limit the searching space v is limited to be within a

certain range of vmin ≤ V ≤ vmax.

The particle positions is updated as:

P (k + 1) = P (k) + v(k + 1) (17)

Where, P is the positions of the particle. P should also be

limited to be within a certain range of Pmin ≤ P ≤ Pmax for

limiting the searching space.

The evaluation of the particle performance is based on a

problem specific fitness function that decides the ‘closeness’

of the particle to the optimal solution. The particle which has

the best fitness in any generation till the current generation

is known as global best particle and its position is known as

global best solution (P gbest). For each particle, there is a local

best solution (P lbest), which is the position of the particle at

generation g in which that particle has the best fitness till the

current generation.

B. The T-S Fuzzy Model

The T-S fuzzy model constructs a map from input space

to output space through a fuzzy average of local models. The

local models can be either linear or nonlinear. In this paper,

the map is built using local linear models. The ith rule in a

T-S fuzzy model with k inputs has the following form:

Ri : IF x1 is Ai
1 and x2 is Ai

2 ....xk is Ai
k

THEN yi = wT
i x+ bi

where, Ri is the ith rule (i = 1,2....m); m-is the number

of rules; x =[x1,x2,.....xk]T is a input vector; wi ǫ R1×k;

bi is the constant; Ai
1,Ai

2,....,Ai
k are fuzzy sets and yi is the

consequence of the ith rule.

The possibility that the ith rule will fire is given by the

minimum of all the membership functions associated with the

ith rule (Mamdani’s implication [16]).

µi = min(µi
1, µ

i
2, .....µ

i
k) (18)

where, µi is the membership value for the ith rule and µi
k is

the membership value of the kth input in the Ai
k fuzzy set.

The weighted membership value for the ith rule is given by:

σi =
µi

Σk
i=1µi

(19)

By using center of gravity method for defuzzification, the

overall output of the T-S fuzzy system is given by:

y =

k∑

i=1

σi ∗ yi (20)
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VI. MODELLING OF THE T-S FUZZY CONTROLLER FOR

OBJECT TRACKING

Modelling of the T-S fuzzy controller required the follow-

ings steps:

1) Acquisition of real-time data for training and testing the

T-S fuzzy model.

2) Design and develop the T-S fuzzy model using training

data.

• Identification of the parameters of the premise part

of the rules.

• Identification of the parameters of the consequent

part of the rules.

3) Verification of the designed T-S fuzzy controller to

demonstrate the desired object tracking behavior on the

Pioneer robot.

A. Acquisition of real-time data for training and testing

To collect the training and testing data, the robot had

driven manually using a joystick to set both translational and

rotational velocities, guiding the robot to follow the moving

red box. The human driver had no visual contact with the

object and the robot, he used the robot’s camera video stream

and his sensor motor coordination to steer the robot towards

the box.

The robot was driven in this manner for one hour. During

this time, the placement angle of the object w.r.t. the robot and

the distance of the object from the robot, and the robot’s trans-

lational and rotational velocities were logged every 500ms.

The robot’s maximum translational velocity is set to 750

mm/sec.The object position w.r.t. the robot was estimated with

the hybrid CAMShift algorithm and laser data, as discussed

in section II and IV.

B. Design of T-S fuzzy controller

For object tracking behavior the inputs to the T-S fuzzy

model are the object position in the robot frame, i.e., object

placement angle w.r.t. the robot and the object distance from
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the robot, and the current translational and rotational velocities

(V (t),ω(t)) of the robot. Outputs of the T-S fuzzy model are

desired translational and rotational velocities (V (t+ 1),ω(t+
1)) of the robot required to reach the object.

Placement angle (α) and distance (d) of the object are

fuzzified into four zones each as shown in figure 2 and 3

respectively. Initially, a Gaussian membership function is taken

for each zone and later on membership functions are updated

using particle swarm optimization. The total number of rules

(k) is equal to the product of number of zones for α and

number of zones for d ,i.e., 4 ×4 = 16. For each rule the

membership value is calculated as follows:

µi =
∏

(µαi , µdi) (21)

where, µαi is the membership value of α in ith rule and µdi

is the membership value of d in ith rule.

For each rule the outputs are given as:

Vi(t+ 1) = wT
i x+ bi (22)

ωi(t+ 1) = w
′T
i x+ b′i (23)

where, x = [d,α,V (t),ω(t)]T is a input vector; wi and w′
i are

parameter vectors to be updated to make the model for a given

behavior and bi and b′i are constants.

The overall outputs of the T-S fuzzy system are given as:

V (t+ 1) =

k∑

i=1

σi ∗ Vi(t+ 1) (24)

ω(t+ 1) =

k∑

i=1

σi ∗ ωi(t+ 1) (25)

After defining the structure for the T-S fuzzy controller, the

parameters of the structure are identified as follows:
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1) Identification of the parameters of the premise part of

the rules using particle swarm optimization: The membership

functions used in the premise part of the T-S fuzzy controller

are all of Gaussian forms. The parameters that define the Gaus-

sian membership function are mean m and the deviation σ.

The Gaussian membership function is defined as:

Gmf (x) = e−
(x−m)2

2σ2 (26)

Since, we have defined 2 inputs each having 4 zones, so there

are 8 membership functions and a total of 16 parameters that

need to be updated. Therefore, in the PSO, each particle is

to have 16 dimensions. We have defined 20 particle in the

swarm and total searching iterations has been set to 2000. The

minimum and maximum value of inertia weight have been set

to be 0.1 and 0.9 respectively. For weights of the stochastic

acceleration minimum and maximum value have been set to

0.5 and 2.5 respectively. The fitness function that evaluates

the fitness of each particle has been defined as:

f(x(k) =

Gmax∑

g=0

ǫ2 (27)

where, x(k) is the kth particle of the swarm, Gmax is the

maximum number of generation and ǫ is the output error. At

the completion of the all iterations, the membership functions

for the inputs of the T-S fuzzy controller have been modified

significantly as shown in figure 4 and 5.

2) Identification of parameters of the consequent part of

the rules using stochastic method: There are several methods

described in the literature for the parameters estimation [17].

Least-mean square algorithm based on the idea of stochastic

approximation is widely used. It was developed by Widrow

and Hoff [18] and is used for adjusting the weights in a liner

adaptive system. For consequent part parameters identification

we have used stochastic approximation method, as described

by the Jelena in [10]. Once the training is over, the learned

T-S fuzzy model with 16 rules is validated using test data. One

sample rule of the learned T-S fuzzy model is given here:
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• If α is Negative big and d is Near, then

V1(t+ 1) = 0.6506d− 0.00009α− 0.00173V (t)

+0.00007ω(t)− 0.0169

ω1(t+ 1) = 0.0046d+ 1.37α− 0.0295V (t)

−0.026ω(t)− 0.173

C. Experimental results and Observations

We applied the testing data set and observed the error. The

RMS error during testing of the model is shown in figure 6.

Figure 7 shows the desired and actual translational velocities

of the robot for the object tracking behavior during testing.

Desired and actual rotational velocities of the robot for the

object tracking behavior during testing is shown in figure 8. As

compared to our previous work [19], the rms error has reduced

significantly. The reason of error reduction is the updation

of the parameters of the membership functions in this work.

Searching mode for the robot, which is a slow process is not

required in this case, as the grey predictor predict the position

of the object quite efficiently, when the algorithm fails to detect

the object. A test run of the designed model in action can be

seen in the following video [20].

VII. CONCLUSION

This paper has presented a T-S fuzzy model based sensor-

motor coordination scheme for object tracking. The object is

detected using vision sensor and the laser is used to transform

the image coordinates of the object into the robot frame

coordinates. Particle swarm optimization is used to optimized

the parameters of membership functions of the T-S fuzzy

model. Since the robot behavior is expressed as if-then rules,

the behavior modelling can be easily interpreted. A gray

predictor is developed to predict the position of object, when

it is not in the view of the robot. The control scheme has

been implemented on a Pioneer robot for tracking a triangular

box. The experimental result shows that the robot is able to

track any object in any arbitrary trajectory using the proposed

controller.
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Abstract—In this paper, we have introduced a hierarchical 

object categorization method with automatic feature selection. 

A hierarchy obtained by natural similarities and properties is 

learnt by automatically selected features at different levels. The 

categorization is a top-down process yielding multiple labels for 

a test object. We have tested out method and compared the 

experimental results with that of a nonhierarchical method. It is 

found that the hierarchical method improves recognition 

performance at the level of basic classes and reduces error at a 

higher level. This makes the proposed method plausible for 

different applications of computer vision including object 

categorization, semantic image retrieval, and automatic image 

annotation.

I. INTRODUCTION

N computer vision, object categorization is the problem 

of deciding the class of an object present in a given 

image. The major challenge in object categorization is the 

extraction of suitable features from the images with 

consideration of geometric and photometric transformations 

of an object in different image planes, intra class variations, 

object deformations, partial occlusions, and background 

cluttering etc. Different kinds of extractable features have 

been proposed over the last three decades [1]. It is generally 

agreed that a particular feature may not be suitable for all 

classes of objects. Some features may be specialized for 

discriminating between certain classes while being useless in 

the general cases. Hence, dividing the problem into sub-

problems and selecting the appropriate subset of extractable 

features for each of them may be useful.

Different classes of objects could be clusterized by their 

natural superclass-subclass relationships and can be 

represented by a hierarchical (parent-child) structure. For 

example, taxonomy of biological objects is generally 

arranged in such a structure. In a hierarchy, a subclass by 

definition has the same properties and constraints as the 

superclass plus some additional properties or constraints. 

Human is capable to perceive such superclass-subclass 

relationship. Findings of visual neuroscience [2] also show 

that a combination of several kinds of features is used in 

primate cerebral cortex for categorization. Features are used 

in a hierarchical fashion starting from simple features and 

later using a combination of several features. Our work is 

                                                          
ҏ This work was not supported by any organization

motivated by these two observations: firstly it is assumed 

that there exists a hierarchical relation between object classes

and secondly visual categorization is a hierarchical process 

by using a combination of suitable features. 

In general, a hierarchy (e.g. taxonomy) is a result of long

time research in the scientific community. The hierarchies,

discovered by different researchers, may vary depending on 

the available data, resources, and method of analysis of data 

using striking features. Learning of a hierarchy (e.g. 

taxonomy of biological objects) is a different problem than 

discovering it. Basically, the learning is a supervised process 

- it is a process of becoming a specialist in the domain. Such 

a specialist can be relied on for authentic specification of an 

unknown instance of an object class (i.e. determining 

Kingdom, Phylum, Class, Order, ..., Species). In visual 

object categorization, we learn a given hierarchy by 

automatically selecting a suitable subset of extractable 

features and a classification function for each of the 

superclasses. Once such a hierarchy is learnt the 

classification method provides a detail specification of an 

unknown test object (e.g. the given sample is a ‘fruit’ and an 

‘apple’). An overview of the method can be found in Fig. 1.

In this work, we have proposed a method of learning a 

given hierarchy by automatic selection of a set of suitable 

features for each of the superclasses. The main contribution 

of this work is to automatically select non uniform features 

for categorization of diverse class of objects. We consider

the superclasses at different levels of hierarchy as 

independent multi-class classification problems. Then an 

appropriate classification function (model) is learnt with the 

selected features. The specification process is carried out in a 

top-down approach which starts from the root of the 

hierarchy and follow a single branch of the hierarchy 

depending on the decision at each internal node until we get 

a decision about the basic class. This yields a detail 

specification of the given sample. The proposed method has 

been tested on different hierarchies and promising results

have been obtained. 

There are several potential advantages of a hierarchical 

method [2], [3] such as faster model selection and flexible 

features choice for improved classification. However, an 

important objective of hierarchical categorization is to 

achieve better classification performance on the basic 

classes. In addition to this we get a detail specification of a 

I

Hierarchical Object Categorization with Automatic Feature 

Selection

Md. Saiful Islam, Andrzej Sluzek
Centre for Computational Intelligence, School of Computer Engineering

  Nanyang Technological University, Singapore-639798

Email: saiful@pmail.ntu.edu.sg, assluzek@ntu.edu.sg

Proceedings of the International Multiconference on
Computer Science and Information Technology pp. 45–51

ISBN 978-83-60810-27-9
ISSN 1896-7094

978-83-60810-27-9/09/$25.00 c© 2010 IEEE 45



given sample with multiple labels. In many applications the 

ontology of a certain domain may be encoded in terms of 

object class hierarchy based on their semantic meanings [4]. 

That is why, hierarchical categorization may be useful for 

such applications including object classification, semantic 

image retrieval, image annotation by assigning multiple 

concepts (i.e. labels) etc. 

The outline of the remaining of the paper is as follows. 

We first review the related work in Section II. We discuss 

recent advances in hierarchical methods of object 

classification and learning of such a hierarchy. In Section III

we describe our method of hierarchical object categorization. 

In this section, we also briefly discuss about features and 

hierarchies used. In section IV, we present the experimental 

setup, database used, and results. Section V concludes the 

paper with a discussion of the limitations of current work and

our future directions.

II.RELATED WORKS

Hierarchical approaches for object categorization have 

become increasingly popular over the years as it has been 

regarded as a mean to improve the performance of object 

classification [3], [5]. Particularly, in pursuit of a general 

categorization system capable of recognition a vast number 

of object categories, a need for such a hierarchical 

structuring has emerged. Hierarchical systems combine 

existing classes into more complex entities (i.e. superclasses) 

to achieve more compact object representation enabling fast 

and robust categorization with better generalization 

properties [6].

Decision tree [7] based approach is an earlier example to 

exploit hierarchical feature selection method. Decision tree 

use heterogeneous and diverse types of features and select 

them dynamically at different levels. However, this obtained 

structure does not necessarily follow the semantically 

meaningful hierarchy (e.g., the subtrees of a decision tree not 

necessarily correspond to semantically meaningful 

superclasses.) An extension of this method can be found in 

[8] where the classification system rather pursuits the 

hierarchy which is obtained by the semantic information of 

object class. However, this method uses manually selected 

features at different levels of hierarchy. In order to improve 

classification performances, several classification models are 

also combined together by using them at different levels [5].

The primary concern is how to find the hierarchical 

relation among the basic classes. Natural hierarchy could be 

a good choice. Handcrafted hierarchy based on the natural 

similarity is used for classification in [5]. Hierarchy is 

constructed through a statistical analysis of elementary 

similarity in [8]. Some works are also dedicated to discover 

such a relation automatically. Both supervised and 

unsupervised learning methods have been investigated. 

Supervised learning has shown a significant generalization 

for small sample sets by sharing features between object 

classes [9]. Recently, unsupervised learning, based on 

common visual elements also shows comparable 

performance [4].

III. HIERARCHICAL CATEGORIZATION

There are two basic steps in object categorization: training 

and testing. In a regular nonhierarchical object recognition 

method some train samples for each of the classes are 

provided. Features are extracted from the training samples 

and used to learn a classifier (a pre-specified function). For 

example, n SVMs (assuming one-versus-rests approach) are 

learnt for an n class problem. In the testing process, the 

classifier determines the class of a test object and assigns a 

label to it. In a simple model, a few specific features 

(sometimes only one) are used for classification [10], [11]. 

Recently, automatic feature selection method has emerged 

[12], where a subset of features from a given set is selected 

before the training process. However, these selected features 

remain fixed and are used to learn the classification function. 

Briefly, in these methods of categorization, all the classes are 

treated equivalently with the same set of features.

In hierarchical categorization, we assume that a 

hierarchical relation of the basic object classes is provided in 

addition to the training samples of each of them. Then, the 

original classification task is divided into some 

(hierarchically defined) superclasses. Each of these 

superclasses is learnt with a suitable subset of features. The 

two basic steps of hierarchical learning are as follows:

1. Automatic selection of a set of features for each of the 

superclasses

2. Learning the appropriate classification function for each 

superclass with the selected features.

Unlike in the regular method, the automatically selected 

features become non uniform for different superclasses. 

Once the hierarchy is learnt, a novel test object is 

categorized in a top-down fashion by assigning multiple 

labels. Hence we rename the testing process as 

‘specification’ which gives a detail description of the test 

object. The basic idea of hierarchical categorization is show 

by the block diagram in Fig. 1.

µ1
µ2

µ3

µ4

µ1
µ2

µ3

µ4

T

r

a

i

n

i

n

g

Sp

ec

ifi

ca

tio

n

Hierarchy

Class 1 

Class n

Feature 

Extraction

Extracted 

Features

Feature 

Selection

Function 

Learning

Selected 

Features

Multiple 

Labels

Input 

Image

Feature 

Extraction
Extracted 

Features Learned Features & Functions 

Learned Functions 

Fig.  1 Block diagram of hierarchical object categorization

46 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



We describe the different steps of hierarchical object 

categorization below. The first step of learning and 

classification is the extraction of features for respective 

images. A brief introduction about the image features is 

given in subsection A. A short description of hierarchical 

representation is given in subsection B. The learning and 

specification methods are described in subsection C and D

respectively. Finally, we discuss the computation cost of the 

proposed method in subsection E.

A. Image Features

For object categorization, we consider locally defined 

low-level image features. For the recognition of a partially 

occluded object in cluttered environment, local image 

features are preferable. These features are generally invariant 

to different kinds of geometric and photometric 

transformations as well.

Features are generally extracted from affine covariant 

interest regions (image patches) by computing different 

kinds of descriptors of such an image patch. They are 

represented as a vector of m dimensional features space m. 

An up-to-date review of different methods of local feature 

detection and description can be found in [1]. All these 

features are indeed quite successfully used for many 

applications such as wide baseline matching for stereo pairs 

[13], content based image and video retrieval (CBIR) from 

large databases [14], model based object recognition [15], 

etc. However, it is generally believed that the local-feature-

based nearest-neighbor classification method can overcome 

the intra-class variation of objects to some extent.

Local features are utilized in two different ways in 

different applications: (i) unquantized features, which 

comprises two basic steps: feature extraction and feature 

matching; (ii) quantized bag-of-features and hyperfeatures,

which includes the following four steps: feature extraction, 

feature clustering, frequency histogram construction, and 

feature matching. Matching approaches depend on distance 

matrices. For unquantized features, Euclidean distance and 

Mahalanobish distance are generally preferred. On the other 

hand Chi-squared (2
) distance and Earth Movers Distance 

(EMD) are popular for histogram comparison [11].

B. Hierarchical Representation

As discussed in section II, three approaches can be 

identified in the literature to obtain a hierarchy for a given 

set of object classes: handcrafted, statistical, and learning-

based. The final outcome depends on the similarity and 

dissimilarity among object classes. These similarities and 

dissimilarities are rather abstract ideas. However, given a 

measure of similarities and dissimilarities, we can obtain a 

hierarchy for a give dataset following any of these methods. 

The hierarchy could vary depending on the designer’s 

perspective and application as well. 

In this work, we intuitively group some of the apparently 

similar classes into a superclass. Two alternative hierarchies 

are depicted in Fig. 2 for ETH-80 [7] database. As shown in 

Fig. 2(a); dog, cow, and horse classes are put into a 

superclass named ‘animal’ which shares some common 

shapes. These superclasses always may not have common 

perceivable shape features rather some other common 

properties. For example, different types of artefacts may not 

have any shape similarity; instead they share a common 

properties of being man-made (e.g. car and cup). Similarly 

‘small’ and ‘big’ (Fig. 2(b) superclasses have vague shape 

similarities. These super-classes can be further clustered into 

the higher-level super-superclasses, and so on. Eventually, 

we obtain a multilevel hierarchy. For simplicity, we consider 

only a two-level hierarchy in this work.

A hierarchy can be represented by a general tree where 

each node can have a different number of children. The root 

(considered as the first level of decision making) 

corresponds to the world under consideration. The leaves are 

the basic classes and each of the internal nodes represents a 

superclass. Suppose, we have a set of n classes {Ci | i = 

1…n}, i.e. a tree with n leaves. We clusterize the set {Ci} 

into k subsets (superclasses) {Sj | i = 1…k}. Thus we form a 

subtree for each superclass where the root is represented by 

the superclass, and the basic classes under the superclass 

become leaves. We may further cluster superclasses into 

super-superclasses and add another level in the hierarchy and 

so on. Finally, we add the root which corresponds to the 

world (database) to form the tree.

C. Automatic Feature Selection

Suppose we have a categorization function (ȝ) and the 

input image X of an object belonging to class y  {+1, -1}. If 

ǔ = ȝ(X) then for an ideal classification function we always 

expect that |y – ǔ| = 0. As discussed above, the function may 

have different choices of features. Let us assume we have l

features {f1, …, fl} extractable for the function, and an 

arrangement of features Į({f1, …, fl}) is feasible. We wish to 

find an Į which minimizes categorization error. Now the 

problem of feature selection is to automatically decide an 

arrangement Į on a given training set such that

ˆ| |arg min y y


 (1)

Fig.  2 Two different object class hierarchies for ETH-80 database.

(a) HRC-1, (b) HRC-2
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The arrangement Į could be defined in many ways such as a 

subset of the features or a weighted contribution of all the 

features [12], [16].

In this work, we consider the use of SVM classification 

with multiple kernels as proposed in [12]. Each of the 

kernels uses a particular feature. The k-th kernel using

feature fk can be written as Kk(x, y)=exp(-Ȗkfk(x, y)), where 

the kernel matrices are strictly positive definite. The basic 

idea of multiple kernel method is to concatenate the 

contribution of the features by summing up the individual 

kernels. The contribution of each of the features is weighted

as follows:

k kk
K d K (2)

An optimal kernel K is learnt from a given training set by 

leaning the weight parameters dk; k = 1, …, l. The 

optimization is carried out in the SVM framework to achieve 

the best classification on the training set.

D. Learning a Hierarchy

Suppose we are given a hierarchy and a set of training 

images of each of the n basic classes. The hierarchical 

structure divides the learning problem into O(n-1) 

independent sub-problems. We consider each of the internal 

nodes (superclasses) including root of the tree as a separate 

learning problem. Suppose S is such a node having c

children. For a child Ci  Children(S) we obtain the training 

set Ti by concatenating the training samples of all basic 

classes under this branch. Now it becomes a c class problem 

with Ti training images for each, where i = 1, …, c. If we 

consider the one-versus-rest method, we need to train c

SVMs. The learning consists of the following two steps

1. Feature learning: in this step the weights dk, k = 1, …, l

for the features are learned from the training samples. 

The features having significant contribution are 

retrained and associated with the node.

2. Function learning: in this step the parameters of c

SVMs are learnt and associate them with the node.

The learning process of a hierarchy is summarized in the 

following Algorithm 1. Here, the input is the hierarchy (H) 

represented as a tree and the set of training features (F) for 

all basic classes. The algorithm returns the tree with 

associated features and functions for each of the internal 

nodes.

E. Specification

In this step, we obtain a detail specification of a given test 

object. We start from the root of the hierarchy tree. From the 

learning process we already know the relevant features for 

this node and we extract only them for the input object. 

Then, the associated learned function is used to decide the 

subclass (the next level super-class in the hierarchy). We 

repeat the process until we reach a leaf (the basic class). 

Hence, the method follows a particular branch of height 

O(log2n) of the tree (i.e. goes through O(log2n) decision 

processes) yielding a specification with O(log2n) labels.

The specialization method is described by Algorithm 2. 

Here we supply the hierarchy associated with learned 

features (H) and classification functions (H) together with 

a test object X. The algorithm returns a list of labels denoted 

by the set S.

F. Computational Cost

Consider the one-vs-rests method used in a regular 

nonhierarchical categorization process we need to train n

SVMs for a n class problem. Similarly, we need to evaluate 

n function for testing process. The hierarchical method does 

not decrease the computational efficiency for the learning 

process which still remains O(n). However, the real 

computational cost in the train process is multiplied by a 

constant depending of the branching factor of the tree. One 

the other hand, the specification process become O(log2n) 

instead of O(n) in a nonhierarchical categorization process. 

This is a desirable property in many cases of categorization 

problem where training is merely an off-line process but the 

specification is rather online.

Algorithm 1:

Hierarchy_Learning (H, F)

Initilalize(Q) // initializes an empty queue

H= H = H;        // initialization

T = Root(H)            // function Root returns the root of tree H

EnQ(Q, T)          // function EnQ enqueues T into the queue

while Q ≠ Empty
T = DeQ(Q)   // function DeQ returns top element in the queue

if Is_Leaf(T) = false  // Is_Leaf determines whether T is a leaf 

for all Ci  children (T)    // for all children of the node T

      EnQ (Q, Ci)

       // union of all training features of leaves for the subtree 

                    Fi = Find_all_Training_Features (Ci)

dk = Learn_weight ({Fi})  // learn weight dk for k = 1, …, l

Į = {}                   // initialize Į (a set of selected features)

for all k = 1 to l

if dk > Threshold   // user defined threshold 

Į = {Į  fk}      // adding significant features in the set 

H = Associate (Į, H, T)    // associate Į with the node T

µ = Learn_Function (Į, {Fi}) // learn classifier for the node T

H = Associate (µ, H, T)  // associate µ with the node T

return H, H.

Algorithm 2:

Specification (H, H, X)

     T = Root(H) // function Root returns the root of tree H

S = {} // initialize the empty set of labels

while Is_Leaf(T) == false  

// function Is_Leaf determines whether T is a leaf or not.

Į = Get_Ftrs (H, T)  // Get_Ftrs returns learned features at T

F = Extract_features (Į, X) //extracting relevant features

µ = Get_Func (H, T) // Get_Func returns learned function 

T = µ(F)    // decision at current node

S = S  Label (T)    // append the node label 

S = S  Label (T)    // append the leaf label

return S.
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IV. EXPERIMENTAL SETUP

We have tested the hierarchical method and compared the 

performance with a regular nonhierarchical method of object 

categorization. We have chosen a multiple kernel learning 

(MKL) SVM framework with automatic features selection. 

An implementation of this method is available online 

(http://www.robots.ox.ac.uk/~vgg/software/MKL). It combi-

nes SIFT [17], self-similarity [18], and geometric blur [10] 

features with the multiple kernel learning of Varma and Ray 

[12] to obtain state-of-the art performance. SIFT and self-

similarity features are quantized into Bag-of-Words and then 

spatial histograms are computed. Geometric Blur feature is 

used without any quantization. Here, seven RBF kernels are 

combined linearly. For matching, 2
distance is used for 

former two features and correlation-based distance measures 

[10] are used for the later feature. One-versus-rests SVMs 

are trained and classification results are obtained by 

assigning each image to the class that obtains the largest 

SVM discriminant score.

Our implementation of hierarchical categorization was 

based on this MKL implementation. Algorithms 1 and 2 

were implemented on the top of this implementation with the 

same set of parameters for the SVMs. For the convenience of 

comparison, we used the same set of features and kernels. 

The basic difference was that the features are selected 

independently for each node of the hierarchy and it was non-

uniform. We tested the method on ETH-80 database for the 

two hierarchies (HRC-1 and HRC-2) in Fig. 2 and compared 

the results with the nonhierarchical MKL method.

A. Database

The methods were tested on ETH-80 database [7]. In this 

database, there are eight classes of both biological and 

artificial objects. In each of the classes there are ten objects. 

Fig. 3 shows the eight classes with ten objects for each of 

them. Each object is represented by 41 views with uniform 

background spaced evenly over the upper viewing 

hemisphere. 

For this database, the suggested test mode is leave-one-

object-out crossvalidation. Here all the 79 objects (i.e. 

7941 images) are used as training set and test is carried out 

with the remaining one unknown object (i.e. 41 images). The 

results are averaged over all 80 possible test objects. 

For more effective evaluation, we carried out experiments 

with different numbers of training objects. For three different 

sets of experiments we use two objects, five objects and 

eight objects of each class. The remaining objects are used as

a test set for the respective experiment. For instance, with the 

eight training objects, for each class we use 841 images as 

the training set and 241 images as the test set. In all these

experiments we carried out multiple tests for a particular 

number of training objects. These training objects were 

selected randomly but kept the same for all the 

corresponding experiments.

Fig.  3 Ten objects of each of the eight classes in ETH-80 database

B. Results

Fig. 4 shows the recognition rate for both of the methods. 

This was obtained by averaging the two tests for each 

experiment with different numbers of training objects. Here 

we carried out experiments with 2, 5, and 8 training objects. 

The performance of MKL method is compared with our 

hierarchical method using two hierarchies (HRC-1 and HRC-

2). It can be seen that the hierarchical method has performed 

somewhat better than the regular MKL method in most of the 

cases. In these three experiments HRC-1 and HRC-2 are in 

average superior by 1.0% and 0.8%, respectively, than the 

nonhierarchical MKL method.

In Fig. 4 the comparison is performed on the basic classes. 

We have also performed some analysis on the higher levels 

of hierarchy (only the level just above the leave exists in the 

given hierarchies). For example, in HRC-1 in Fig. 2(a) there 

are three superclasses (fruits, animals, artifacts). We 

compared the recognition error at this level with MKL 

method. For the nonhierarchical MKL method we obtained 

equivalent results just by concatenating (bottom-up) the 

results on basic classes. Here a misclassification within the 

same superclass is not counted. For example, if an apple is 

classified as tomato, it is not considered as a 

misclassification.

Fig. 5 shows the error rate for the second level of 

hierarchy. Here we need to put the results in separate graphs 

due to the difference in superclasses in second level. For 

example, the superclass fruit has three basic classes but the 

superclass small has four. Thus, to make the result 

comparable with MKL method, we concatenate the results of 

the respective three and four classes. It can be seen that 

hierarchical methods results less error in the higher level of 

hierarchy. It means that if we wish to retrieve objects of a 

superclass (e.g. fruits) we will achieve better accuracy. In 

these three experiments HRC-1 and HRC-2 have average 

error rates lower by 2.7% and 2.3%, respectively, compared 

to a nonhierarchical MKL method.

MD. SAIFUL ISLAM, ANDRZEJ SLUZEK: HIERARCHICAL OBJECT CATEGORIZATION WITH AUTOMATIC FEATURE SELECTION 49



0

10

20

30

40

50

60

70

80

90

100

2 5 8

R
e
co

gn
it

io
n
 R

at
e
 (
%

)

# Train Objects

Performance of MKL vs HRC methods

MKL

HRC-1

HRC-2

Fig.  4 Comparison of recognition rates between MKL and hierarchical 

methods

0

2

4

6

8

10

12

2 5 8

Er
ro

r 
R
at

e
 (
%

)

# Train Objects

Error at Second Level (MKL vs HRC-1)

MKL

HRC-1

(a)

0

1

2

3

4

5

6

7

2 5 8

Er
ro

r 
R
at

e
 (
%

)

# Train Objects

Error at Second Level (MKL vs HRC-2)

MKL

HRC-2

(b)

Fig.  5 Comparison of error rate between MKL and hierarchical 

method at second level

V.CONCLUSION

This paper describes a method of automatic feature 

selection for hierarchical object recognition. Automatic 

feature selection and hierarchical object categorization 

techniques have evolved recently. We are motivated by 

biological vision systems to put them together to improve 

recognition performance. In this work, we have tested our 

proposed method on two hierarchies, given for an ideal 

database. The hierarchies are based on natural similarities 

and properties of the basic object classes. We wanted to 

investigate feasibility of the proposed method. In fact, the 

experimental results are found consistent with our 

expectation. With the same parameters of a SVM based 

classification framework, we achieved better categorization 

performance without any increase in computational costs. 

This was true for both of the hierarchies. More importantly, 

we obtained less error in categorization on the superclass 

level. All these implicate the potentiality of this method 

especially in object categorization, semantic retrieval, 

automatic annotation, and other areas.

At the primary stage, we have tested our method on a 

small database. Here we assumed that the objects in all basic 

classes and superclasses are unimodal. This is an unrealistic 

assumption indeed. So trying with multimodal classification 

method at different levels of hierarchy should further 

improve the categorization performance. Furthermore, we 

have used the same classification model at different levels of 

hierarchy. A method which is capable to automatically select 

different models of categorization could further improve the 

results.
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Abstract—In this paper, we propose the use of the pairwise
comparisons (PC) method for selection of strategies for software
certification. This method can also be used to rank alternative
software certification strategies. The inconsistency analysis, pro-
vided by the PC method, improves the accuracy of the decision
making. Some current methods of software certification are
presented as they could be modified by the proposed method.
Areas of potential future research are discussed in order to make
the software certification process more feasible and acceptable
to industry.

I. INTRODUCTION

THE PROCESS of software certification is time consum-

ing and hence expensive. Most software systems, since

they are usually not critical, never go through a certification

process. Thus software is still being developed without any

consideration given to software certification [1]. In most mod-

ern systems, software is one of the most complex components.

At the same time it is considered as one of the most error

prone, despite the increasing demand for reliable software. As

a result, there is an apparent need for a viable dynamic soft-

ware certification process which can adjusted to the dynamic

demands of the rapidly evolving software industry [2]. We

propose to use the pairwise comparisons method as a means

of selecting a strategy for a software certification process. It is

quite likely that a certifying body would need to adjust their

certification strategy for almost every project. This is because

projects are different, especially when they are designed for

different domains. A better software certification strategy may

require a smaller amount of resources in order to adjust to

new scenarios. The use of this approach will provide insight

and understanding of the software certification process. For

every project, some properties will be more important than

others, while some properties will be completely irrelevant.

The pairwise comparisons method can provide a scheme where

the software certification strategy can be modified easily and

adapted to different scenarios.

II. PRODUCT BASED CERTIFICATION

The objective of product based certification is to deduce

whether the product conforms to requirements and provide an

evaluation of the developers abilities to produce new prod-

ucts while conforming to requirements [3]. ISO IEC 14598

provides instructions on how to evaluate a software product.

It uses the ISO IEC 9126 standard which describes how

general attributes can be subdivided into less general attributes.

In practice, both standards are applied in parallel. ISO IEC

14598 has four phases: defining the evaluation requirements,

identifying the evaluation, building the evaluation schedule and

executing the evaluation schedule. In defining the evaluation

requirements, attributes and sub-attributes for the product

evaluation are defined. These attributes and sub-attributes

could be taken from the McCall’s and Blundell’s quality

models [4], [5]. In identifying the evaluation, a collection

of metrics are defined for the evaluation of all attributes

and sub-attributes. In addition, metrics which will evaluate

relationships between a product and its environment are also

defined. While building the evaluation schedule, a detailed

evaluation plan is constructed. Finally, the evaluation schedule

is executed [6].

III. PROCESS BASED CERTIFICATION

The IEC 61508 (Functional safety of electri-

cal/electronic/programmable electronic safety-related systems)

and DO-178B (Software Considerations in Airborne Systems

and Equipment Certification) standards follow a process

based methodology and thus implicitly view the software

certification process as one that places the emphasis on

checking that an approved process was adhered to. These

standards describe the collection of practices which should

be followed during software development. They claim that

it would be easier to achieve validation and verification of

software by following the proposed practices. The IEC 61508

and DO-178B standards should be followed in correlation

with other regulations where they outline the significance

of software failure. The Development Assurance Levels

(DALs), from the domain of civil aerospace, are an example

of this correlation which dictate levels of criticality. The

automotive and European rail industries use Safety Integrity

Levels (SILs). The (DALs) and (SILs) are not similar in their

applications, despite the strong tendency for them both to

focus on risk reduction. The more critical the software, the

greater the need for risk reduction to be an essential attribute

of the software. Greater demands upon the (SILs) and (DALs)
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lead to stricter demands from the software development

process. The DO-178B argues that the verification of a

system should be accomplished through extensive testing,

while highly emphasizing the need for a good traceability

process and a manual review of the components [7]. The

verification process supported by DO-178B is subdivided into

four levels. There are twenty eight properties at the lowest

level, D. They validate tools, high level requirements, and

the configuration of the development process. The next level,

C, deals with twenty nine properties. They validate low level

requirements, testing and code coverage. The next level, B,

deals only with eight properties and logic. The highest level,

A, is responsible for sixty six attributes. At this level, while

the overall quality of the product is evaluated, a significant

focus is allocated to traceability [7].

IV. MOTIVATION

In situations where it is difficult or infeasible to use an

algorithm, we revert to the use of heuristics in order to find

solutions. There are a large number of attributes which should

be considered during the certification process. As projects

evolve rapidly and grow in complexity we need mechanisms

to assign consistent weights to attributes and properties. The

pairwise comparisons method is ideal for this task because

it can reduce inconsistencies while still maintaining some

acceptable margin of error. We describe a process on how

to assign consistent weights to attributes and properties. Once

inconsistency is minimal, preferably not zero, the developed

software certification strategy can be used as a dynamic entity

in the software certification process [8], [9].

V. PAIRWISE COMPARISONS METHOD

The pairwise comparisons method was used for the first

time in 1785 by Condorcet. He used this method in the

election process where voters rank candidates based on their

preference [10]. The method was a voting system which

used matrices for particular pairwise comparisons with rows

representing each candidate as a runner and columns rep-

resenting each candidate as an opponent. It was Fechner

who specified pairwise comparisons as a scientific method in

1860, although only from the psychometric perspective [11].

Thurstone, in 1927, provided a mathematical analysis of this

method and called it the law of comparative judgments [12].

The law of comparative judgments can be used to scale a

collection of attributes based on simple comparisons between

attributes taken two at a time. Although, Thurstone referred

to it as a law, it can be more appropriately identified as

a measurement model which could be of important use for

software certification. This model allows experts to synthesize

diverse procedures involved in software certification. The

hierarchy reduces the number of comparisons from O(n2)
to approximately O(n lnn), making it applicable to a wide

variety of problems. For example, a moderate case with 49

features would require 1,176 comparisons without a hierarchy

and only 168 comparisons if these 49 features are arranged

into a hierarchy by grouping seven features. Measurements

TABLE I: Comparison scale

Code Definition of intensity or importance

1 Equal or unknown importance
2 Weak importance of one over another
3 Moderate to essential importance
4 Demonstrated importance
5 Absolute importance
3.5 etc Intermediate importance

of length, such as a meter or foot, or by mass and weight are

commonly used and accepted. Society has become accustomed

to having standards for the majority of tasks, and sometimes

it is difficult to understand standards, which often occur in the

software industry, without an acceptable universal measuring

method. In the case of software certification, many strategies

may need to be developed for a single project. It is safe to

conclude that developing a single certification strategy is not

feasible and would not work for all types of projects, because

some projects have very little in common [9], [13], [14].

A. Inconsistency Analysis

The pairwise comparisons method does not impose any limit

on the number of criteria. Setting the maximum number of

entities on one level to seven is accepted as a heuristic, because

seven items gives 21 distinct pairs to compare. The first step in

pairwise comparisons is to establish the relative preference of

two criteria for situations in which it is impractical or irrelevant

to provide absolute estimations. The relative comparison coef-

ficients aij for criteria C1, C2, . . . , Cn are expected to satisfy

aii = 1 and aij = 1/aji. The first constraint is related to

comparing a given attribute with itself. The second constraint

is a consequence of the obvious fact that x/y = 1/(y/x) for
x, y 6= 0. A scale from 1 to 5, as demonstrated in Table I, is

used for expressing the importance of one attribute over others.

This is accomplished in a pair. Other scales also exists, but as

described by [8] larger values lose meaning in the comparison

process.

The absolute estimation of the weights defining the impor-

tance of analyzed software certification criteria is practically

unobtainable through either statistical or formal procedures. It

would be beneficial to have experiments which may contribute

to the accuracy of the estimates. However, it is unrealistic

to expect such experiments to take place. This approach

allows us to improve the processing of often subjective expert

assessments in the certification process. We propose the use

of a comparison scale that is demonstrated in Table I for the

subjective expression of relative preference.

Reference Criterion

C1 Functionality
C2 Reliability
C3 Usability
C4 Efficiency
C5 Maintainability
C6 Portability
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Fig. 1: Relative importance of considered software quality

attributes

The values of relative importance, which are given in

Figure 1, have been entered by a single person solely for

demonstration of the method. We have used the concluder

software which can be download from the website that is

maintained by W. W. Koczkodaj. 1 The values were deduced

from the comparison in pairs. In a real scenario, the values

should be reasoned about by a team of experts. The attributes

have been taken from the ISO/IEC 9126 software standard.

They are also known as the top six level attributes, which are

considered to be key attributes for software quality [15]. Now

we consider the process to identify the best alternative. Let us

denote the attributes by A1, A2, . . . , An (n is the number of

compared attributes), their actual weights by γ1, γ2, . . . , γn,
and the matrix of the ratios of all weights by Γ = [γi/γj].
The matrix of pairwise comparisons M = [aij ] represents

the assessments between individual pairs of alternatives (Mi

versus Mj, for all i, j = 1, 2, ...n) chosen usually from a

given scale. The elements aij are considered to be estimates

of the ratios γi/γj , where γ is the vector of actual weights

of the attributes. All the ratios are positive and satisfy the

reciprocity property aij = 1/aji, i, j = 1, 2, . . . , n. The

inconsistency concept was explained in [16]. The distance

based inconsistency indicator is defined as the maximum over

all triads {aik, akj , aij} of elements of M (with all indices

i, j, k distinct) of their inconsistency indicators. It is defined

as:

ii = min

(∣∣∣∣1−
aij

aikakj

∣∣∣∣ ,
∣∣∣∣1−

aikakj
aij

∣∣∣∣
)

(1)

Three is the minimal number of attributes which may cause

inconsistency. Comparing two attributes will often lead to

inaccuracy. The distance based inconsistency is the minimum

1website to download concluder: http://www.cs. laurentian.ca/wkoczkodaj/

distance from three ideal triads with no inconsistency when the

third value is substituted using the consistency condition aij×
ajk = aik. Since we are not in a position to determine which

ratio is incorrect, all three assessments must be reconsidered

before we attempt finding a consistent approximation for a

given pairwise comparisons matrix. The stress on localizing

the most inconsistent assessments is expressed by adding the

consistency-driven to the name of the method since it is easier

to remedy implications of an error when we are able to localize

it. There is no practical reason to continue decreasing the

inconsistency indicator to zero. Only the high values of the

inconsistency indicator are considered as unacceptable and

harmful. A very small value, or zero, may indicate a faked

result rather than a true estimate. The practical challenge in

working with the pairwise comparisons method comes from

the lack of consistency of the pairwise comparisons matrices.

Depending on the strategy it may take some time to get the

matrix consistent [9], [13], [14], [17].

VI. DEMONSTRATION OF THE MATRIX ADJUSTMENT

Assume the following attributes are considered for evalua-

tion: safety, security, reliability, resilience, robustness, know-

ing, testability, adaptability, modularity, complexity, portabil-

ity, usability, reusability, efficiency and learn-ability. They

are considered in [18] as a general group of attributes of

any software. All the attributes are subdivided into two

main categories, such as development and maintenance. These

groups are subdivided further and weights are assigned as

demonstrated in Table II. It is safe to assume that some areas

of software evolution are based on intuition and experience.

In situations where there is more than just one person making

decisions there is a greater possibility for inconsistency to

occur. Industry must rely on the subjective judgments of

experts in situations where practical methods of measure are

unknown [9], [13].

TABLE II: On the left inconsistent strategy and on the right

consistent strategy

Attribute Percent

development 80%

efficiency 17.40%
resilience 8.66%
robustness 4.96%
adaptability 3.78%

modularity 46.23%
complexity 26.58%

portability 14.06%

reusability 5.58%

reliability 16.37%
knowing 9.14%
safety 5.23%
security 2%

maintenance 20%

usability 11.49%
learn-ability 4.95%
testability 3.56%

Attribute Percent

development 80%

efficiency 17.40%
resilience 8.66%
robustness 4.96%
adaptability 3.78%

modularity 46.23%
complexity 19.19%

portability 17.29%

reusability 9.74%

reliability 16.37%
knowing 9.14%
safety 5.23%
security 2%

maintenance 20%

usability 11.49%
learn-ability 4.95%
testability 3.56%
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Fig. 2: Inconsistent strategy.

Fig. 3: Consistent strategy.

From Table II we can evaluate the complexity, portability

and reusability triad where C1 = complexity, C2 = portability

and C3 = reusability. This triad has an inconsistency of 0.75

which is shown in Figure 4. As described in [8] it is not

recommended. According to [8] the acceptable inconsistency

is around 0.33. We have to adjust the values in order to

bring the inconsistency down. After the adjustment, and as

demonstrated in Figure 5, the inconsistency has decreased to

0.3 which is more acceptable.

In Table II, the weights of the attributes are allocated

based on the significance of each attribute, and the most

important criteria is complexity. After the correction we can

see a new percentage redistribution, which is shown in Ta-

ble II. The appropriate concluder’s strategy models which

demonstrate the percentage redistribution are given in Fig-

ure 2 and Figure 3. The redistribution could be evaluated

and adjusted by many experts in order to achieve a situation

in which the redistribution is accepted by all experts [19].

We think the consistency method is a preferred choice for

the construction of consistent software certification strategy.

The statistical evidence of the accuracy improvement with

pairwise comparisons from approximately 15% to 5% for

the one dimensional case (randomly generated bars) in [20],

and from approximately 25% to 15% for randomly gener-

ated 2D shapes [21] support our expectations of improve-

ment.

VII. CONCLUSIONS

This study demonstrates how the use of pairwise compar-

isons to relate such intangible software attributes as resilience
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Fig. 4: Inconsistency analysis for a group with three attributes.

The inconsistency is 0.75.

Fig. 5: Inconsistency analysis for a group with three attributes.

The inconsistency is 0.3.

or reusability can result in computing weights that may be

useful in establishing a software certification strategy.

Software systems are developed for different purposes.

Properties such as safety, reliability and modularity could have

different priorities for different projects. Software providers

are obliged to provide a guarantee that their software will

operate reliably, but a certification process can not imply

nor guaranty that the software will not fail in all unexpected

situations [22].

The desire for companies to certify their software may

be driven by their ability to increase sales and to maintain

a competitive advantage in the industry. This comparative

advantage could be achieved if companies would develop

their products while conforming to the product’s requirements

and industry regulations [23], [24]. A more effective software

certification strategy, in terms of better resource allocation,

contributes to software development cost savings. We expect

that certification methods which were utilized for past projects

would fit, with some minor modifications, into our software

certification strategy where we use the pairwise comparisons

(PC) method. This may allow for a more accurate and consis-

tent software certification process.
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[16] S. Bozóki and T. Rapcsák, “On Saaty’s and Koczkodaj’s inconsistencies
of pairwise comparison matrices,” Journal of Global Optimization,
vol. 42, no. 2, pp. 157–175, 2007.

[17] R. Janicki, “Ranking with partial orders and pairwise comparisons,”
Lecture Notes in Computer Science, vol. 5009, pp. 442–451, 2008.

[18] I. Sommerville, Software Engineering, 8th ed. Edinburgh Gate, Harlow
Essex, CM20 2JE, England: Pearson Education Limited, 2007.

[19] W. Hasselbring and R. Reussner, “Toward trustworthy software sys-
tems,” Computer, vol. 39, no. 4, pp. 91–92, 2006.

[20] W. W. Koczkodaj, “Statistically accurate evidence of improved error rate
by pairwise comparisons,” Percept Mot Skills, vol. 82, pp. 43–48, 1996.

WALDEMAR KOCZKODAJ, VOVA BABIY ET AL.: SELECTING THE BEST STRATEGY 57



[21] P. Adamic, V. Babiy, R. Janicki, T. Kakiashvili, W. W. Koczkodaj, and
R. Tadeusiewicz, “Pairwise comparisons and visual perceptions of equal
area polygons,” Perceptual and Motor Skills, vol. 108, no. 1, pp. 37–42,
2009.

[22] J. Voas and K. Miller, “Software certification services: Encouraging trust
and reasonable expectations,” IT Professional, vol. 8, no. 5, pp. 39–44,
2006.

[23] F. G. Keith and I. Vertinsky, “Antecedents to certification of software
development processes,” in Standardization and Innovation in Informa-

tion Technology, 2007. SIIT 2007. 5th International Conference, Oct.
2007, pp. 81–90.

[24] P. Caliman, “Software product quality evaluation and certifica-
tion: the qseal consortium methodology,” http://www.cse.dcu.ie/ essis-

cope/sm4/qseal.doc., Aug. 2009.

58 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



�

�����������������	��A��BC�D���DCE�F��A�D��D������D����A�����
�������DF���A�C��E��A�C�����CDC���A����D�CEF���D�����F�C��E�����
�����F���EF�C����D�C�E����F�E��������E����C��CE	���E����C���D����
����������D��������FC���D��EF�CDF�����A����DCE�F��������C���C��C���
��F��D�����DCE�F��D�����D������������F�CE�F���A����DCE������DCE�F���
�D�D	�C�E�����DCE�F��DF��F�F���C��	EFE�CE�����DCE�F���D������F�
EFC��������������BC�D���DC������������CDC���D�����	�FC����DCE���
����E�E�EC����������A���������C�D���C��E���D��������������D�EDFC��
�A � �E���C � �F���C��� � EF�E���C � �F���C�� � DF� � �E���C � 	��CE��C���
���������BC�D���DCE�F�D��������E���������	�C����E��E����C�DC���
���F�	��E�D���BD	�����

�� ������	A����

B��CD�EC����F ��F���������F�� F� F�����F��F��������F
������F ��F������ ! F����������! F��������������! F����� F

���"��F��������� F� ������!F��#������!F����F��$�% &F�����'
���!F��F��������F��FF����������F�$�$��F������F��F�F�������F��F�%�F
�����F��F���F���(�F�$�����F���F����F������F��F(�  F��F��F����F
���( ���� F ���������� F ��� $������ F �%� F ������� F ����$�'
�������� F )#�� F �*����� ����� F �� F ������������� F ���������!F
(%���F����F���F�F������F��F�� �$ ����F$����F����F��� &���� F
�$ ��! F ��&F ������ F � F ���'���#�� F ���� ��� F C F ������� F ��'
�������F�&F��� �����F����������� F�+$������F��&F���F�� &F����F
%��%F����$������� F�����FF���F�����F���������F�$�FF��F�������F
�����F��F������F��F���F ���F�������F�*��� &F���������FF����$��F
�� F �*����� F �+$������, F �������#��& F �� F �%� F ������ F ����������F
(%��%F(��%F ������F���$���&F�� &F���F��F����� ��%��F-./�FF)*'
����� �����F��F���'�������������F���������F��F�%�����F�&F��'
�#���� �F$���������&�F��F�%�F���� ���F����F��F����%�����F���'
������F�*����� �����F�%�F$���������&F�����F�%�F����FF��F�FF���'
������� F�*����� �����F�����F-0/�F�%�F����F��F�%�F�����F���F��F
�� �$ ����F(%��F�%�F������� ��&F�������$����F��F�%�F�������F��F
�F������F���(�1F��%��(���!F��F�%�$ �F��F�*���������  &F�#� $'
����F-2!F3/�F4�(�#��!F(%��FF���'������� �����F�������������F
��F�%�F���������F�����F� ���!F�%�F���� ��F��F�����F��F�%�F��'
������F������!F��� $����F�*����� �����!FF�������F�$�%F����F
���� ������F-5/�F��F�%�F��%��F%���!F���� &F���'����������'
��� F ��������� F (%��� F �$�$�� F ������ F ��� F�� F �� F ���������

)

��%��F(���F(��F������  &F�$�������F�&F�%�F6������&F��F7������F���F4��%'
��F)�$������F��FD� ����

��F���&F��� �������F�����F� �&F��F���������F�� ��F�%�F�������'

#�����F��F���������� F���%���F��F�������F�*����� �����F��F�����'

������&F(%��F�%�F��� &8��F F�������,�F��%�#���F�������F��F

�$����$� F $����(� F ������� F �� F �����*����� & F �������� �F

�������%� F �� F�F����F������ F����F��F���'������������� F���'

������!F����F��F�%�F�������F��&F��F����������!F(%� �F�%���F

�$����F���FF����#��$� F����������FF9����F���$��!FF����������!F

(�&F��F��� $����F��F�%�F�*����� ����FF�������!F����:F F������F

$����(�F�%���F�*�������F�&F���� F�������F�� &F�����F F����'

�������F)������#�F����������F��F�$�$��F������F��F�$�%F���������!F

��F���F%���!F�������F��F������FF$��F��F�  F�#�� �� �F���F�� '

�#���F�����������!F���F��F�%�F��%��F���!F��F F��� ������F�  F

����F�����������F������F�%�F����������F����������F��  F��(!F

��F������ &F��������F����������F��F���'�������������F���'

������!F�*�������F����F��F�%���F������$ ��F�����!F�*�����F F��F

�%��F�����F��F�������F��F���'�������������F���������F�*�����'

 �����F�����F��F�*������F�%���&F��F�� ������F-;!</F��F�������'

���F��$�% &F��������!F��F��F���$���F�%��F�%�F����!F�$�����F���F

�$�$��F������F��F��FF��� &8��FF�������FF��F� ������F��F��FF$��'

#���� F�F���F���������F��F�F�$88&F�$ ��#����� �F�� �����1F F�%�F

���� ��F��F�������F�*����� �����F���F�%$�F��F�����������F��F

�%� F ��� F�� F ���������� F �� ����� F �������������� F(%��F ��� F ��'

�������F��� F������  &F���(�� F6����#��! F����F������ F���'

�����F��F�� ���#�F ����F9����F(��� &F���������F��F-=!.>/:F��F

��F�#� $�����F��F�%�F�*����� ����F������F��F�%�F���������F���F

$����F�%�F���F��F�%��F�����F��F��F�%�(F�%��F�*����� �����F��F

���'������������� F��������� F �#�� F �� F�� F�$������ F �%��� F ��'

�������,F ����� F#� $�F��F�#�� �� �F��F���  F������ ��F7$�%F���'

� $����F�����F��F��F���������F��F�%�F����F��F�*����� &F%��%F

�������������F �#� F��F�%�F����������F����������F

�%�F�����F��F������8��F��F��  �(�?F��� ������&F�*������F

�� �����FF�%���&F��������F���F���������FF��F7���F��1F��F7��F��� F

�������F�*����� �����FF�$ ��F�����F��F F�� ������F���F�������'

���FC�F�*��� �F��F�������F�*����� �����F$����F$���������&F��F

� ��F��#��F�%����FA��� $�����F���F�$���������F����������F�$'

�$��F(����F���F���������F��F7���F�@�

A$ �$�8FE�FB$ ���(���

6�F�� ��8F������$��F��FC���&���������F���F
C�������� F)����������!FDC7F

3!FB��F���D����F����
>0'.>=FE����(!FFD� ���

)��� ?FD$ �$�8��$ ���(���F�����(�(�� 

�BC�D���DCE�F��A� �F���C��	EFE�CE��!��������
"D�����F�#�F�ECE�FD��$��DCE�F�

Proceedings of the International Multiconference on
Computer Science and Information Technology pp. 59–65

ISBN 978-83-60810-27-9
ISSN 1896-7094

978-83-60810-27-9/09/$25.00 c© 2010 IEEE 59



 

 

 

II.   EXTENDED FUZZY RELATIONS 

It will be considered a countable and  linearly ordered 

family F of mutually isomorphic sets U
(i)

, i  […–2,–
1,0,1,2,…].  Within this paper the indices i will be 

interpreted as discrete:  negative – past, null – current, 

positive – future time-instants. The family F will be called 

an universe,  the sets U
(i)

 –  instant state repertories and their 

elements u
(i)

k – instant states. Any subfamily F
(m)

 F,  m = 

1,2,3,…,  preserving the linear order of F will be called its 

sub-universe; the family of all sub-universes of F (including 

F itself as well as empty subfamily ) will be denoted by 

F.  For each sub-universe F
(m)

 a Cartesian  product of  its 

instant state repertories:  

C
(m)

 = (i) U
(i)

,   U
(i)

 F
(m)

 ,  F
(m)

  F ,          (1)  

                             

 will be called  a repertory of scenarios. Any subset  

 

    R
(m)

  C
(m)

                                   (2) 

 

is a relation described in the sub-universe F
(m)

 called below a 

process while its instances  y  R
(m)

 will be called process 

trajectories. A process is thus defined as a set of trajectories 

described in a given universe F or in any its sub-universe 

F
(m)

. Any subset R*  R
(m)

 is called a partial  process (a 

partial relation) of R
(m)

 while any projection R
(p)

 = R
(m)

C(p) of 

R
(m)

 on a repertory of scenarios C
(p)

 corresponding to a sub-

universe F
(p)

 F
(m)

 is called a sub-process (a sub-relation) of 

R
(m)

. A partial process consists thus of selected trajectories 

while a sub-process consists of cancelled (e.g. to a shortened 

time- interval) sub-trajectories of R
(m)

. In the above-

mentioned cases R
(m)

 is called a broadening of R* and an 

extension of R
(p)

. 

For a given sub-universe F
(m)

 we denote by 
(m)

 the 

family of all processes, including an empty process 
(m)

  and 

a “trivial” process C(n)
, that on F

(m)
 can be defined. Similarly, 

it will be denoted by F  the family of all processes that can 

be defined on any sub-families F
(m)

 of the universe F. Then, 

an extended algebra of relations that can be described on F 

and its sub-universes is given by a quintuple [7 ]: 

 

AF = [F, F, , , ,]                       (3) 

 

where , , , stand, respectively, for extended sum, 

intersection and negation of relations.  Let us remark that an 

extended difference of relations  R
(m)

 \  R
(n)

 is given by the 

formula: 

R
(m)

 \  R
(n)

 =  R
(m)

  ( R
(n)

).                   (4)  

                                 

All concepts of the extended algebra of relations can thus 

directly be applied to the processes.  

 

Example 1 

Let  I  be a countable set of real integers i called time-

instants and  let U  be a countable set of elements uk , k  

[…,-2,  -1, 0, 1, 2,…] called states. Then any function: 

 

f  :  I  U                                     (5) 

 

  N, where N denotes a set of natural numbers, describes  

a  discrete process trajectory (whose interpretation depends 

on a given application  area). We take into consideration 

four time-instants: i1, i2, i3, i4  I  such that  i1 < i2  i3 <  i4   

and two discrete time-intervals: I‟, I”  I,  I‟ = [i1,…,i3],  I” 
= [i2,…,i4]. Evidently, it is I„  I”   where   denotes an 

empty set. We shall denote by f |I‟ and f |I” the function f  

cancelled, respectively, to the time-interval I‟ and I”.  The 

above-described  notions can also be interpreted  in the 

relations theory terms. For this purpose an universe takes the 

form of linearly ordered family of sets F =  U 
I
.  Their 

Cartesian product CF plays the role of a multidimensional 

discrete space whose elements (discrete vectors) correspond 

to the process trajectories. We also shall denote by F‟= U I‟
 

and F”=U I”
 the sub-universes of F consisting of the sets 

marked by indices belonging, respectively, to the discrete 

time-intervals I‟ and I”; the corresponding Cartesian 

products (repertories of scenarios) will be denoted by C‟ and 

C”. Any process trajectory y  CF outlines thus in unique 

way in C‟ and C” process sub-trajectories y’ and y” called, 

respectively, the projections of y on the intervals I‟ and I” as 

shown in Fig. 1 (the sub-trajectories are marked in gray,  

their common part is shown in black color). On the other 

hand, the process trajectory y will be called an extension of 

y’ (respectively, of y”) on the interval I. 

 
Fig. 1. Example of a discrete process trajectory y and its sub-

trajectories y’ and y”. 

Any set of discrete process trajectories Y* = {y
( )

},  

 N, described on a given interval I*  I, is a subset of 

Cartesian product  Y*  C*; hence, it  defines a relation  in 

the family of sets F*. On the other hand, each relation 

defined in F* describes a discrete process whose trajectories 

constitute the instances of the relation. As it has been 

mentioned above, on the basis of the family F  of all 

relations that can be defined on the sub-families of F it can 

be defined  an  extended algebra AF of relations;  it  also 

becomes an algebra of discrete processes described in CF.  

Let us denote by Y’ and Y”  two discrete processes 

described, respectively, on the (not obviously disjoint)  

intervals I‟ and I”. Then: 

a) an extended sum Y’   Y” of the processes is a 

discrete process defined on the interval I‟  I” as a set of all 

trajectories y
( )

 such that their projections on I‟ are the 
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trajectories of Y’ or their projections on I” are the 

trajectories of Y”; 

b) an extended product Y’   Y” of the processes is a  

c) discrete process defined on the interval I‟  I” as a 

set of all trajectories y
( )

 such that their projections on I‟ are 

the trajectories of Y’ and their projections on I” are the 

trajectories of Y”; 

d) an extended difference Y’ \  Y” of the processes is a 

discrete process defined on the interval I‟  I” as a set of all 

trajectories y
( )

 such that their projections on I‟ are the 

trajectories of Y’ and their projections on I” are not  the 

trajectories of Y”. 

The following example will illustrate the above-given 

notions. Two discrete time-intervals are defined as follows 

(see Fig. 1): 

I‟ = [1,2,3,4,5],   I”= [4,5,6,7,8,9,10]; 

 

(the intervals are overlapping at the time-instants 4 and 5). 

In these  intervals two discrete processes are given by 

their trajectories: 

 

Y’ = {[3,2,4,5,5], [2,3,4,5,4], [5,3,4,6,5]}, 

Y” = {[3,2,4,5,5,6,4], [5,5,4,3,2,3,1], [6,5,0,3,4,5,5],  

          [1,2,0,3,4,6,7]}. 

 

Their algebraic combinations will be described as 

processes in a joint time-interval: 

 

I = [1,2,3,4,5,6,7,8,9,10]. 

 

Then one obtains the following algebraic combinations of 

the processes: 

 

Y’  Y” = {[3,2,4,5,5,*,*,*,*,*], [2,3,4,5,4,*,*,*,*,*],  

                    [5,3,4,6,5,*,*,*,*,*],  [*,*,*,3,2,4,5,5,6,4],  

                    [*,*,*,5,5,4,3,2,3,1], [*,*,*,6,5,0,3,4,5,5],  

                    [*,*,*,1,2,0,3,4,6,7]; 

 

where * denotes any element (instant state) of U; 

 

Y’  Y” = {[3,2,4,5,5,4,3,2,3,1], [5,3,4,6,5,0,3,4,5,5]}; 

Y’ \  Y” = {[2,3,4,5,4,*,*,*,*,*]}, 

Y”  \  Y’ = {[*,*,*,3,2,4,5,5,6,4], [*,*,*,1,2,0,3,4,6,7]}. 

 

Negations of relations (complements of  relations)  can 

be defined as extended differences of trivial relations and the 

relations under consideration: 

 

         Y’  CF \  Y’, 
   Y”  CF  \  Y”, 

 

It can be remarked that the extended sum Y’  Y”  

represent  bunches of trajectories satisfying Y’ in the time-

interval I‟ or Y” in the time-interval  I” (or satisfying both of 

them), while  the extended intersection Y’  Y” can 

geometrically be interpreted as a consistent prolongation of 

Y’ by Y”. The intersection of relations defines also the 

following two sub-relations of Y’ and Y” called their 

conditional relations: 

 

Y’|Y” = (Y’  Y” )F‟  CF” \F’ =  

          =  {[3,2,4,5,5,*,*,*,*,*], [5,3,4,6,5,*,*,*,*,*]},  

Y”|Y’ = CF‟ \F”  (Y’  Y” )F” =   

                ={[*,*,*,5,5,4,3,2,3,1], [*,*,*,6,5,0,3,4,5,5]},  

 

 (lower indices at the Cartesian products and relations denote 

their projections on the given sub-families of sets)  read, 

respectively, as:  “Y’ assuming  that  Y” ” and  “Y” 

assuming that Y’ ”. 
A pair of relations  Y’ and Y” is called mutually 

independent if Y’  Y”  Y’  Y”;  in  such  case  it  is  

(Y’|Y” )F‟  Y’  and (Y”|Y’)F”  Y”  

The conditional relations play a substantial role in 

process extrapolation. From a formal point of view all 

algebraic operations illustrated in Example 1 can also be 

interpreted as super-relations (relations between relations): 

a/ described on a composite Cartesian product C‟  C”  

CF”  F” in the case of extended sum, intersection or 

differences and b/ on C‟  CF”  F”  or on C”  CF”  F” in the 

case of complementary relations. 

Till now, deterministic relations and their application to 

deterministic processes description were considered. A 

notion of parametric relation is a step to non-deterministic 

relations definition. Let W
(m)

 be a set of real parameter 

values. We take into consideration  a Cartesian product C
(m)

 

and a relation R
(m)

 as defined by (1) and (2). A Cartesian 

product 

D
(m)

 = C
(m)

W 
(m)

                         (6)                

and a relation 

P
(m)

  D
(m)

                               (7)                               

 

such that: 1) the projection P
(m)

|C
(m)

 of P
(m)

 on C
(m)

 is 

identical to R
(m)

, 2) to each instance of R
(m)

 exactly one value 

w, w W
(m)

, is assigned.  Apparently, if additional parameters 

are considered as other relations’ variables, the nature of the 
relation is not changed and the extended  relations algebra 

rules hold as well. However, this means that following from 

this algebra rigid rules of inheritance of parameter values on 

algebraic combinations of the trajectories are imposed.  For 

the sake of practical utility parametric relation should be 

defined rather so that parameter transformation rules are 

defined independently on the algebraic operation rules. 

Parametric relations are then created by parameterization of 

some ordinary relations consisting in: 1
st
 choosing the  sets 

of parameters W,  2
nd

 assigning parameter values to the 

instances of the relations, and 3
rd

 establishing  a set Q of 

functional relations: 

q    W
(m)

W
(n)

W,                    (8a)                                                           

q    W
(m)

W
(n)

W,                    (8b)                                                                

                                       q\   W
(m)

W
(m)

 W,                    (8c)     

                       

assigning in unique way the values of parameters,  

respectively, to the instances of extended sums, intersections, 

and differences of relations. The extended algebraic 
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operations on parametric relations can then be defined as 

super-relations: 

 

            P
(m)

* P
(n)

 = [(P
(m)

 P
(n)

)  q ]R(m) R(n) W,         (9a)                                       

           P
(m)

* P
(n)

 = [(P
(m)

 P
(n)

)  q ] R(m)  R(n)  W,           (9b)                                                        

           P
(m)

\* P
(n)

 = [(P
(m)

\ P
(n)

)  q\] R(m)  R(n)  W,                   (9c)     

                                                                         

which mean that 1
st
 the algebraic operations should 

separately be performed on the component relations and on 

the assigned to them parameters, 2
nd

 their results should be 

integrated by intersection  of relations, and 3
rd

 redundant 

parameter values from the super-relations should be removed 

by their projection on reduced sub-families of states. The 

form of the relations q  , q  and q\ is not predetermined, it 

depends on the application purposes. If a family of 

parametric relations in the same universe F is considered, a 

family GW  of parameter sets instead of a single set W should 

be taken into consideration.  

For a given universe F, its Cartesian product CF, a family 

GW of sets of parameters, a family Q of parameters 

transformations and a family D of all parametric relations  

reached by parameterization of the relations of F an algebra 

of parametric relations can be defined as an 8-tuple: 

AP = [F, CF, GW, Q, ,D, *, *, \*].              (10) 

 

Example 2 

There will be considered the relations Y’ and Y” 

described in Example 1. It is established a set of parameters 

W = [0,…,1] and the parameters are assigned to the 
trajectories as follows:  

P’ = {[3,2,4,5,5; 0.2)], [2,3,4,5,4; 0.6), [5,3,4,6,5; 0.3)]}, 

P”={[3,2,4,5,5,6,4; 0.3], [5,5,4,3,2,3,1; 0.1], 

[6,5,0,3,4,5,5; 0.5], [1,2,0,3,4,6,7; 0.4]} (parameters being 

separated from other components by semicolons). It is 

assumed that the parameters will be assigned to the sum and  

intersection of the  relations in the below-described way. 

If wp, wq  W are parameter values assigned, 

respectively, to  two  given  trajectories  u’p  P’, u”q   P” 

then: 

1. if u’p   u”q satisfies P’ only then parameter value 

wp is to it assigned; 

2. if u’p   u”q satisfies P” only then parameter value 

wq is to it assigned;  

3. if u’p  u”q satisfies both P’ and P” then parameter 

value max(wp,wq) is to it assigned; 

4. for u’p   u”q the parameter value min(wp,wq)] is to 

it assigned; 

According to this the following  parameter values 

(weights) to the trajectories will be assigned: 

 

P’ * P” = {[3,2,4,5,5,4,5,5,6,4; 0.2],  

[2,3,4,5,4,4,5,5,6,4; 0.6], [5,3,4,6,5,4,5,5,6.4;0.3],  

                     [3,2,4,5,5,4,3,2,3,1; 0.2)], 

[2,3,4,5,4,4,3,2,3,1; 0.6], [5,3,4,6,5,4,3,2,3.1;0.3], 

                     [3,2,4,5,5,0,3,4,5,5; 0.2)], 

[2,3,4,5,4,0,3,4,5,5; 0.6],  

                     [3,2,4,5,5,0,3,4,6,7; 0.2)], 

[2,3,4,5,4,0,3,4,6,7; 0.6], [5,3,4,6,5,0,3,4,6.7;0.3], 

                     [3,2,4,3,2,4,5,5,6,4; 0.3],  

[2,3,4,3,2,4,5,5,6,4; 0.3], [5,3,4,3,2,4,5,5,6,4; 0.3],                                 

[2,3,4,5,5,4,3,2,3,1; 0.1], [5,3,4,5,5,4,3,2,3,1; 0.1],  

                     [3,2,4,6,5,0,3,4,5,5; 0.5],  

[2,3,4,6,5,0,3,4,5,5; 0.5], [5,3,4,6,5,0,3,4,5,5; 0.5], 

                     [3,2,4,1,2,0,3,4,6,7; 0.4],  

[2,3,4,1,2,0,3,4,6,7; 0.4], [5,3,4,1,2,0,3,4,6,7; 0.4]};                               

P’ * P” = {[3,2,4,5,5,4,3,2,3,1;0.1],  

[5,3,4,6,5,0,3,4,5,5; 0.3]}; 

*P’ = (C‟ \ F’) {0.4}; 

*P” = (C” \ F”) {0.5}, 

 

where the sub-trajectories which contributed to the resulting 

parameter values have been indicated in bold. 

Let us remark that in the above-given case the parameters 

are not additive; they may reflect relative “importance”, 
”reliability” or other sort of “usefulness” of the trajectories. 
Moreover, to all trajectories of a negation ( *P’ or *P”) 

the same parameter values (0.4 or 0.5, respectively) have 

been assigned  

Example 2 shows a way to blurring (fuzzying)  the 

relations: fuzzy relation is a parametric relation whose 

parameter values  assigned to the instances reflect a level of 

credibility that the relation is by them satisfied.  The 

expressions (8a-c, 9) hold thus for the fuzzy relations 

assuming  that the sub-relations q , q , q  have been chosen  

adequately to instances’ credibility description  purposes.  

For this purpose they should satisfy some general triangular 

norms and co-norms conditions [9]. Such conditions are 

satisfied not only in the above- presented  Example 2 but 

also in some other cases. Among them the following one 

deserves some attention. 

 

Example 3 

Once again, the relations Y” and Y”  will be taken into 

consideration. However, instead of exact numerical 

credibility values their symbolic denotations to their 

instances  will be assigned as follows:  

 

P’ = {[3,2,4,5,5; 1)], [2,3,4,5,4; 5), [5,3,4,6,5; 2)]}, 

           P” ={[3,2,4,5,5,6,4; 2], [5,5,4,3,2,3,1; 0],  

                    [6,5,0,3,4,5,5; 4], [1,2,0,3,4,6,7; 3]}   

 

under additional assumptions: 

0 <  0 <  1 <  2 <  3 <  4 <  5 < 6 , 

level 0 being assigned to all instances not belonging to P’ or 

to P”. 

Then, according to the formerly presented  rules 1 – 4, 

the following credibility values to the instances of algebraic 

combinations of relations will be assigned: 

 

P’ * P” = {[3,2,4,5,5,4,5,5,6,4; 2],  

[2,3,4,5,4,4,5,5,6,4; 6], [5,3,4,6,5,4,5,5,6.4; 3],  

                     [3,2,4,5,5,4,3,2,3,1; 2)], 

[2,3,4,5,4,4,3,2,3,1; 6], [5,3,4,6,5,4,3,2,3.1; 3], 
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                     [3,2,4,5,5,0,3,4,5,5; 2)], 

[2,3,4,5,4,0,3,4,5,5; 6],  

                     [3,2,4,5,5,0,3,4,6,7; 2)], 

[2,3,4,5,4,0,3,4,6,7; 6], [5,3,4,6,5,0,3,4,6.7; 3], 

                     [3,2,4,3,2,4,5,5,6,4; 3],  

[2,3,4,3,2,4,5,5,6,4; 3], [5,3,4,3,2,4,5,5,6,4; 3], 

                                                             

[2,3,4,5,5,4,3,2,3,1; 1], [5,3,4,5,5,4,3,2,3,1; 1],  

                     [3,2,4,6,5,0,3,4,5,5; 5],  

[2,3,4,6,5,0,3,4,5,5; 5], [5,3,4,6,5,0,3,4,5,5; 5], 

                     [3,2,4,1,2,0,3,4,6,7; 4],  

[2,3,4,1,2,0,3,4,6,7; 4], [5,3,4,1,2,0,3,4,6,7; 4]};                                  

P’ * P” = {[3,2,4,5,5,4,3,2,3,1; 2], 

[5,3,4,6,5,0,3,4,5,5; 3]}; 

*P’ = (C‟ \ F’) { 4 }; 

*P” = (C” \ F”) { 5}  

 

Definition. Fuzzy relations whose credibility levels are 

given in symbolic form with assumed inequalities  instead  of 

their exact numerical values are below called non-

deterministic relations. 

 It is important to remark that in the non-deterministic 

relation case for finding the  most credible algebraic 

combination of  relation instances (e.g. their intersection) no 

exact numerical credibility values excepting assumed 

inequalities between them are needed. 

III. INFERENCE RULES BASED ON NON-DETERMINED 

RELATIONS 

According to the definition of relative relations the 

following identities hold: 

 

(F’| F”)  F”  F’  F”   (F”|F’)  F’.     (11)  

                                     

Assuming that F’ and F” are two processes described, 

respectively, on discrete time-intervals I‟= [i1,…,i2], I”= 

[i2,…,i3] where the time-instants i1,…,i2–1 belong to the 

“past”,  i2 belongs to the (common for I‟ and I” ) “present 
time” and i2+1,…,i3 belong to the “future” it will be 
considered a problem of extrapolation of the process on I” 

under the assumption that its behavior in the time-interval I” 

has been observed. No special assumptions about the nature 

of the instant states of the process are made (the processes 

are thus not obviously numerical) excepting that the U
(i)

 for 

all i are some isomorphic finite sets, |U
(i)

| = K, K being a 

natural number. For credibility levels of the trajectories of F’ 
and F” assessment it will be  introduced a set of symbolic 

parameters e = [ 0, 1,…, K]. The components of e in K! 

ways can be linearly semi-ordered so that the component 0 

remains at the first position. Moreover, for any fixed 

ordering each symbol (excepting the 0 one) can be preceded 

by = or < which gives 2
K
 different possibilities. Totally, it 

follows that there are 2
K

 K! different ways of possible 

relative credibility levels establishing in this given case. 

 

 

 

Example 4 

 An example of semi-ordering of credibility levels can be 

presented in the form of a linear graph as shown in Fig. 2.  

 

 a/   0 =  4 <  5 < 7 <  6 <  12 <  1 =  3 <  10 < 2 =  9  =  11 <  8 

 

 b/ 

 

 

  

 

 
Fig. 2. Example of semi-ordering of credibility levels: a/ algebraic 

form, b/ graphical  form. 

 

For process extrapolation relative credibility levels of 

longer trajectories should be established [8]. Let us assume 

that it is given a non-deterministic relation Y describing a 

discrete process in the time-interval I‟ I”. The credibility 

levels of its instances have been evaluated on the basis of 

past observation of the process.  Therefore, Y can play the 

role of an experimental model of the process, suitable for 

process prediction decisions making (like training sets used 

in pattern recognition). For process extrapolation purposes Y 

will be presented in the form of an extended intersection of 

sub-relations: 

 

Y = YI‟ * YI”   Y’ *Y”                  (12)   

                                        

where Y’  (a sub-process obtained by projection of Y on I‟) is 

considered as a model of the “past” and, similarly, Y” is used 

as a model of the “future”. The credibility levels assigned to 
the instances of Y are without changing assigned to the 

corresponding instances of Y’ and Y”. 

Similarly, conditional relations Y’ |Y” and Y”|Y’ can be 

calculated. The relation Y”|Y’ describing future trajectories 

of the process under the assumption that the past trajectories 

of the process are known is for process extrapolation of 

particular interest. Let x  C‟ be a new past trajectory. Then, 

two cases should be considered:  

1
st
  it exists in Y’ a trajectory u

(x)
 identical to x: 

u
(x)

  x;                                 (13)                

2
nd

 no such trajectory in Y’ exists. 

Direct one-step extrapolation. In the first case, an 

intersection: 

Y”(x) = u
(x)

 * (Y”|Y’)                     (14)   

 consisting of all sub-trajectories in I” being prolongations of 

x can be considered. This is illustrated by a graph shown in 

Fig. 4. The top-row of nodes represent the sub-trajectories 

belonging to Y’ while the bottom-row corresponds to those 

belonging to their prolongations in the conditional relation 

Y”|Y’. A black node represents the condition u
(x)

 while grey 

nodes correspond to its possible prolongations. Moreover, to 

each sub-trajectory a credibility level is assigned. Therefore, 

a partial process consisting of the most credible sub-

trajectories can be selected according to the rule: 

 

5 0 , 7 6 

2, 9, 11 1 1, 3 

1

8 
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basis of this example). The scale of pressure have been 

divided into intervals as follows: 

 D1:     101 – 105 mmHg 

 D2:     106 – 110 mmHg, 

 D3:     111 – 115 mmHg, 
             … 

   D24:     215 – 220 mmHg. 

An observed discrete process trajectory after quantization 

took the form:  

D5 D4 D5 D4 D4 D1 D6 D2 D6 D6 D5 D7 D4 D4 D5 D6 D6 D5 D3 D6 … 

 

The trajectory has been used as an experimental model of 

the process. From the above-given sequence of data 16 sub-

sequences have been selected as follows: 

 P1:   D5 D4 D5 |D4 D4, 
 P2:   D4 D5 D4 |D4 D1, 

 P3:   D5 D4 D4 |D1 D6, 

        … 

P16:  D6 D6 D5 |D3D6 

 

where the marks | separate the (arbitrarily chosen) “past” and 
“future” parts of  the sub-sequences. Then, there have been 

established formally admissible connections between the 

sub-sequences, like: 

 

 P1:           D5 D4 D5 D4 D4, 
 P4:                          D4 D4 D1 D6 D2  

 P1 – P4:   D5 D4 D5 D4 D4 D1 D6 D2. 

 

This led to a list of admissible connections shown below: 

 

P1 – P4, P1 – P13, P2 – P5, P3 – P6, P4 – P7, P5 – P8, P6 – P9, 

P6 – P16, P7 – P10,  

P7 – P17, P8 – P11, P9 – P12, P10 – P4, P10 – P13, P11 – P2, P11 

– P14, P12 – P15, 

P13 – P9, P13 – P16, P14 – P10, P14 – P17, P15 – P18, P16 – P19, 

P17 – P20,  

P18 – P4, P18 – P13, P20 – P17…   
 

To the connection their relative credibility levels e can be 

assigned according to the number of cases they have been 

really noticed. A symbolic credibility level e1 is assigned to 

the connections that have been noticed and e0 to those which 

only formally are possible. It is assumed that e0 < e1; the 

connections to which e1 has been assigned  are in the list 

underlined.  

Let us assume that an initial sub-process Y’ = [D5 D4 D5} 

has been observed. The question  is: what are the most 

credible extrapolations of the process?  Its extrapolations 

are: 

 

1
st
 step: Y’ – P1= [D5 D4 D5 | D4 D4} with credibility level 

e1; 

      2
nd

 step: Y’ – P1 – P4 = [D5 D4 D5 | D4 D4 D1 D6 D2] with 

credibility level e = min(.e1,e1) = e1; 

            Y’ – P1–P13 = [D5 D4 D5 | D4 D4, D5 D6  D6]  

with credibility level e = min(.e1,e0) = e0. 

In similar way, further process extrapolation can be 

reached  

IV. CONCLUSIONS 

Human natural ability to forecast possible future events is 

based on experience and intuition rather than on formal 

logical inference. Early computer-aided forecasting systems 

tried to reach similar goals using formal tools like stochastic 

processes theory, logical inference methods, etc. However, it 

occurred that  including less rigid, heuristic methods into 

forecasting procedures  may also lead to their improvement. 

The case-based methods of processes  extrapolation as well 

as relative credibility levels of their future states forecasting 

presented in this paper belong to this new approach to human 

thinking imitation. Presentation of a process as a relation 

makes consideration of not only numerical but also 

qualitative  and multi-aspect processes possible. Credibility 

levels are considered as comparative, not obviously absolute 

numerical values. As a consequence, indication of the most 

credible future states of an extrapolated process is based on a 

simple comparative analysis instead of rigid numerical 

calculi. Evidently, some shortcomings with the above-

presented approach, like: dependence of the extrapolation 

effectiveness on the representativeness of  the past process 

observations as models of the future process behavior also 

exist. The methods of relative credibility levels of process 

instances assessment need thus deeper investigation which 

should be a task for future works to be undertaken.. 
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Next, we can define particular networks representing 

sentences 1 - 9 (as all the subgraphs are recognizable, the 

existential labels can be omitted) (fig 6). 

Searching a common solution (model) of the main 

network and all of the nine participating particular networks 

consists in sequential binding of the label names occurring in 

particular networks (names of objects of the universe of 

discourse) to a set of  existential nodes symbols (here blank 

nodes) in the main network until no contradiction is obtained 

and the proper mapping has been found. 

Partially, rules 1. and 5. (similarly the case 4. and 8. and 

the case 3. and 7.) with the common cheetah label give a 

possibility to find a mapping within two subgraphs and make 

a corresponding substitution of labels (fig. 7, 8 and 9). 

We can rewrite rules with negation (here for example 11 and 

12) by RDF:bag. As an example, for a subgraph “dragonfly” 
holds a universal (within the puzzle) condition (fig. 10 and 

11). 

By applying these steps, we come to the conclusion, who 

lives where and what eats (fig. 12).  

 

 

 

 
Fig.5 Base fact 

 

 
Fig.6 Extending facts 
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IF   a4 IN<58,128;341,378> 

AND  a7 NOT_IN<170,012;266,089> 
    AND  a8 NOT_IN<291,938;312,497> 

    AND  a13 NOT_IN<169,923;265,895> 
    AND  a14 IN<178,128;345,282> 

    AND  a15 IN<19,201;218,386> 
THEN class = 'Neutral_Illumination'
[Rec=0,013 Prec=0,981 Acc=0,077 Fsc=0,027]

IF   a7 NOT_IN<586,874;603,571> 
THEN class = 'Neutral_Illumination' 
[Rec=1,000 Prec=0,935 Acc=0,935 Fsc=0,967]
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F���E� A����D�A=�ED�A��F���!A����E�F�A��AI�� ���FA���A����
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����A��A)��E� H��DDE� A�F��!�� A���E�E� A���AF��F A��F�A����A
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'���A����E�E� &AE�A��  ��F��AF��FAEFA���A���E�'��A���AF�AF��A
��������F�FE��A��A��D�FE���A��A ����A�F���F����&A��E��A�DD���A

�����E:E� A���FA��FE���A��/������A����A�����FE'�D��
��A���A���!A��A �����F�AF����A�F��F� E��A��A=�NH;C44A

���E�E�� A F����& A��E�� A��� A�������E)D� A ��� A����E� A D�� A��A
����F A���EFE��� A�� A F�� AC��H�;�A�������� A��E� A�� A1���0A

���!�F�
��E�A�����AE�A�� ��E:��A��A��DD����A;��FE��A�� A�����E)��A

��F�ED� A �� A �������� A C" A )���� A ��������E A ��������F�FE��A
������&A ���FE�A�����F���&A��D��FE��A��F���A���AF��A����A��A

F��A�EF����A����FE���A��������AF�A�E��A��A ���A��A����E)D�AC"A
������F���AE�A�����AE�A���FE��A����AC0���E���F�A���A������F�

$A  ���A ���F��AF�����A ��/�E��� A DE�EF�� A�����F A�� A��F� A F� A��FE��F� A F��A
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���F��� A��������A��� AE����� AF��F A��'�A)���A�!E����AE�AF�E�A
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�����A���AE�A�������E)D�A���A=�NA�E ��D�&A���A���A���A;C44A

�E ��D�A���� �EFE���AC���A��AF��A���E�E��AF����AE�A��F��DD�A�A
F���E� A��D�� A�F A����E�F� A�� A D� E��D A ����FE��� A)E��E� AD����&A

��E��A���AF����E��DA���D��E�AE��E��F����A
���� A F����E��D A E��E��F��� A ��� A ���� A'��E��F� A �� A ;E��D�A

C�'E� A "'��� �� A (;C"*& A +�E �F�� A C�'E� A "'��� ��A
(+C"*& A �E��D���� A C�'E� A "'��� �� A (�C"*& A ��D�FE'�A

;F��� F�A����0A(�;�*&AC�'E� A"'��� �A	��'�� ������E'���
 ����A(C"	�*&A��F�A��A	��� �AE��E��F���A(��	*&A'�D���A

'�D�� A ��� A'�D�FEDEF� A ��� A ����E�E�� A���E�� A'�D���� A����A���A
�E��D� A�����E)�� A E� A#62%A �� A '��� A�����D A F��D� A ��� A F�� A E��

'��F���AF�A��F���E��AF�����&A��'����DA��E�F�&AF�AE���FE��AE�F���
��FE� A )��H��DD A ��E�F�� A ���� A ��� A '��� A ����D�� A ���� A E��

'��F���A��A���A!E��&A)�FA���A)�A����AE�A����FE���A'���A����
�D�0A����&A�����AF��A����AE��E��F��A'�D��A���A)�AE�F�����F��A

)�A'��E���AE�'��F���AE�A�A�E������FA����A
��A���E�E��AF���A����A����A���A)�AD� E��DA(���H��*A��AF���

�E��DA����AE�A����A�����F��BC	���	��	������� 	C0���D�AF���A
���A)�A������F��A��A��DD���EA
((ISMINOF<11) or ((ROC (5)<0.234) and 

(MACD (26,12)<-1.155))) and (VOLUME<833)

C0���D�A��A���E�E��AF���AE�A�����AE�A1E ���A6�

 � !���F��B�	"��#B�

+� A ���� A � A ���)E��FE�� A �� A F��������F A ��� A ���D�FF�A
��F����A+�A��D��FA������D�A<A('�D��AE�A��FA�0���E���F�DD�*A

E��E'E���D�&A����A��A��F�A���A���FAE�A�������E� A������A+�A
����� A ��� A E��E'E���D A�EF� A ���)�)EDEFE�� A <H6<& A 2H6<& A ?H6<&A

$H6<&A6H6<�A"�F��A��D��FE��AA��F�FE��A���A������'��A �����F��A
��AE��E'E���D�

$� %�����F	B��C��BCE

��A���A���!A��F�FE��A���A������'��A�����F���AA���A�����
&�����B�� �����F��� ���!� A �� A ��� A E��E'E���D A ��� A  E'��A

����A���� ��AE�AEF�A �������C�F�FE��AE�A�F�����FE�A )����&A
����A��F����A��A���E�E��AF����E

� D���A��F�FE��&A(�*A�����A�A������A'�D��AE�A������A
���� A F�� A ����E)D� A '�D�� A ��F A ��� A  E'�� A E��E��F��A

(857A������*&A(��*A��F�FE��A���� ��AE��/��DEF�A�E �A
���� A JPK A F� A JQK A ��� A E� A ���F��� A �E���FE�� A (687A

���)�)EDEF�*A���AD��FA���A(���*A���� ��AF��AE��E��F��A
F���A($27A������*

� ��F�FE��A���AD� E��DA�����&AF��FA���� ��AJ���KAE�F�A
J��KA���AE�A���F���A�E���FE��A(<57A������*

� ��F�FE��A��AF���A�E:�EA(�*AF��FA�������A��A E'��AF���A
F�AD��FA��A�E �FA��ED�A(<57A������*&A(��*A��DEFA E'��A

D���AE�F�AF��AD��'��A������F��A�EF�AR��KA��AR���KA
�����A���A������A����AE�A �����F��A������D�A(257A

������A���A����A��ED�&A��D�AE�A��FA�FA��0E��DA��E �F
*A���A(���*A��EF����AD��FA���A�E �FA��ED�A(657A������

*
$CBEEB��CA �����F�� A DE�!� AF�� A E��E'E���D� A ��� A ��EF����A

F��E�A)��H��DDA���E�E��AF�����A���A���)�)EDEF�A��� �A��A������
�'��A���A�0���E���F�DD�A��FAF�A?7�

'� (����EE	)��F��B�

+�A��'�A������A�A�EF����A����FE��AF��FAE�A�D���D�A��D�F��A
F�AF��A���DA���A��A�F��F� E��AE�AF��A�F��!A���!�F&A��E��AE�AF��A

����E)EDEF�A��A����A�F��F� �AF�A �����F�A �E���A�FA���FAE��D���A
F������FE��A���F�&A)������AE ���E� AF���A���A����DFAE�A�'��A

����FE'�A�F��F� E��&A �����FE� AD�����AE�AF������FE��A���F�A���A
F�!��AE�F�A����E����FE���
Fitness = 

1E A6EAC0���D�A��A)��A���E�E��AF����A���A������F��A���E�E��AF���A��A��D�EA�(((;C"($55*�;C"(25*P5�556<5*A���A(�;�(62*P$G�8G366**A���A(�C"(655&?*
P�5�5553?**A���A(�;�(62*Q38�5$263**A���A(((;C"(655*P�5�553<3*A���A(��	A(<*Q5�<G?2@**A���A(;C"($55*�;C"(25*QG8�G@@?5**A
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Sum of all profits/losses 

+ Transaction count * Transaction cost 

– MAX (0, 4 - Transaction count) * 8

���A�EF����A����FE��A����A�����A�F��!A�E��D�FE��&A�D��E� A

�EF�AF��A������A�F��F� �A��AF��AD����E� A��FA��F�&A���AF�!E� A
F��A����DFAE�A��E�F�A(��I��F��A)�AF������FE��A���F� A��A���'E�

�E��AF��FA�/��D�A2A��E�F�*�A���AD��FA��������FAE�A E'��A�����
FE��AE�A�������E)D�A���A���F��AD����E� AF�A��!�A����AF�������

FE���A��F���AF���AF��E� AF�A)��H��DDA���A��D��A���A2A����F��F A
�����&AF��FAE�AF��A�F��F� �A���A����A�FAD���FA2AF������FE���&A

F����A�EDDA)�A��A���E�����F�A1��A����AF������FE��AD���AF���A
2&AEFA �F�A�A���E�����FA��A@A��E�F�A(��E��AE�A$AFE���A ���F�� A

F���AF������FE��A���F�&A��E��A�/��D�A2A��E�F�*�A�FA�����AF��FA
F�� A���E�����F A ��� A F�� A �E��D��F A)��>��D� A �F��F� � A E� A$2A

��E�F�A��AF��A��0E��DA'�D���
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���FA����E�E� �
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�)EDEF�A��A������'��A?7�
��A��)D�A��A��A��'�A�����AF��A�'��� ��A����EF�A��A�F��F��

 E��AE�A����D�FE��A��A�B������B�	E�+�A������F���A+�A���A���&A
F��FA����D�FE���A ���F��A���A���DD��AF���A$55A E'�A�����A���

��DF�A��AF��A��FE��DA$55&A)�A?55A�'��A����A������

;F��F� �A����EF�A���A��������A��AF��FA��F�&A��FA��AF��E�E� A
��F�� A ;F�� A ����EFE�� A (*���C���B�E* A �����F A E� A �DD A F��F� A E�A

�E0��A���A�/��DA6<5�

�O� CS.C��CC��;

�� A��� A F��F� A��A��'� A �����F�� A�A'���A��DD A��'�D��E� A

�F��F� �A('��E�E��A��AF��FA��F�*&A��E��A��A�EDDA)�A�����E)�AE�A
��F�ED�AE�AF�E�A���FE���

�� ,E��	����E��E

���AC"A�����F��A��AFE���������A����E�FE� A��A�)��FA6255A
��A65A�E��F��AE�F��'�D�&A��E��AE�A�)��FA$A���!�A��A��������A

��E�A�E�F��E��DA'�D��� A#8%�A��A�)F�E�AF��A�EF����A��A����A��D�A
��E� A (=�NH;C44 A ���E�E��* A �� A 'E�F��DD� A �D�� A �F��! A�EF�A

F����A��D��&A����E� A���A�D��E� A���EFE���A��A�E�F��E��DA��F�A
(D����E� A���E��� A E� A F��A D����E� A�����& A F��FE� A���E��� A E�A

F��FE� A�����*� AC0���D�A�� A����A��F���F� A (FE��A������* A E�A
D����E� A��A'�DE��FE��A�������A(������'�DE��FE��A���A���DE��A

���AF��FE� *E

(�����*-

46A($55G�6$�66A65E<5&A$55G�6$�$2A6<E65* AE�F��'�D�EA626$

4$A($565�56�6$A6GE25&A$565�56�$8A55E55* AE�F��'�D�EA626$
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4@A($553�5<�6<A6GE$5&A$553�5<�$GA55E55* AE�F��'�D�EA626$
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�6A($55G�5G�$2A55E55&A$55G�65�53A55E55*AE�F��'�D�EA6?@8
�$A($55G�66�68A6<E<5&A$55G�66�$3A$6E<5*AE�F��'�D�EA62$@
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�8A($55G�66�5$A6<E<5&A$55G�66�6?A$6E<5*AE�F��'�D�EA62$@

��E��*-
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�����A����A����A$2AFE���������A���AD����E� A���AF��FE� A
�������& A ? A ���EFE���D A��D� A ��� A F��FE� A �������� A	���F� A ���A

FE���������A��A��D��F��A46&A4$&A4@A���AB6A���A�����AE�A1E A
$�A+�A���A���&AF��FAE�A����A��AF��AFE���������A�A���A�E����

FE���D A��E�� A��'����F A (�����DD�� A�C���* A���D� A)� A��FE���&A

TABLE I. RESULTS OF TESTING OF 200 STRATEGIES PRODUCED WITH VARIOUS MAX TREE HEIGHT PARAMETER  

����������	�AB	� C D E F � � � � ��

��B������A� ��C� �DD ��FF�� ������ ������ ���D ���E�C ��� ��F��

��B������A���A��������� F���C F���� �C��� ��� ����� �DD�E ��D ED� FE�

TABLE II. RESULTS OF EXPERIMENTS WITH VARIOUS  POPULATION SIZE PARAMETER

!��"���A���#A$���A�%A�A%"��# CF F� ��� �F� C�� CF� D��

��B������A� ���� ��� ��FD ��� �	�� ���� ���

��B������A���A��������� F�� D�� ��� DD� ��� ��E C�C
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��� A F�� A ����F� A���)�� A ��F�� A F�� A��E�F& A ��� A �0���D� A'�D��A
6&$<2@A�����A@A�E��&AE��F���A��A������FA�E���������A�FAE�A�F���

����A�������A����AE�A��F���A���!�F�&A)������A����AE�'��F��A
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�'��AE�AF���A����AE���FE��DAF������FE����

 � 0��"���	B)	E�C���*1

C0���D�A��A=�NA���E�E��AF���AE�A������F��A��A1E ���A6�A
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F��AF��FA��F��A��D�A�����E)E� AF��A;C44A���E�E��AF���E
( (DMA(100,3)>-0.00082) or ((SMA(200)

>0.00238) or (SMA(200)>0.00349))) 

and (WMA(200)<-0.00067)
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TABLE III. TABLE OF TRANSACTIONS ON H6 TIME-FRAME OF THE BEST FOUND STRATEGY (PROFITS ARE GIVEN WITHOUT PROVISION COST) 

+���#���A����,�� -����% .��#�% -���A�B���A�� .��#A�B���A�� !���A��/A����A��#0

&-12 C���'�F'C����(F� C���'��'�����(�� ��D�FF ��E��� �A�

3)-4+ C���'��'�����(�� C���'��'�C���(D� ��E��� ��E��E B��

&-12 C���'��'�C���(E� C���'��'�D��D(�� ��E�C� ��EC�� ���

3)-4+ C���'��'�D��D(�� C���'��'�D��D(D� ��EC�C ��EC�C ��

&-12 C���'��'�D��D(E� C���'��'�E���(E� ��E��E ��E��� �

3)-4+ C���'��'�E���(F� C���'��'�F��E(E� ��E��� ��E�CD �C�

&-12 C���'��'�F��E(F� C���'��'�����(�� ��E��� ��E��� �	
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F��A�0���F��A�E���FE��& A��A��A�DD A�0���FA F��F A F��A�������A
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 ��� A�� AE���7#B��A (��DD A�F A F��A)� E��E� & A)��A�F A F��A���&A
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�F��F� E��A9 A6�17#B��A ��� AE���7#B���A ��A������& A���'E�E��A
���F�A���AE��D����&A��E��A��E��A����A��A����A�AF������FE��A
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E� A ��� A 6 A ��� A �D��E� *& A ��E�� A E� A �������)D� A '�D�� A ��A
C��H�;�A��E��A+�A����AF������FE��A���F�A�/��DA2A��D�AE�A
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E� AFE��A�����A��E��AE�A�D����AF�!��A��FA��AF��A����E�����
FE��� A.��EFE'� A6�17#B�� 	�����A F��F A F��A��E��� A�� A F�� AF��FA

��F�A���A��E�D�A��E�E� &A�� �FE'�A�����AF��A�����EF��A�FA�AE��
�D��E� A ���'E�E���� A.���EF� A ��� A ������F�� A E� A ��E�F� A ��F���A

F��� A ������F� �& A )������ A �� A �D���� A ��'� A ��� A ���EFE��A

TABLE IV. RESULTS OF TESTING OF 200 STRATEGIES PRODUCED ON 5 RISING TIME-FRAMES AND ONE LONG TIME-FRAME ON 3 DATA SETS 

&�����%�������#��%��� )���+� )���+D )���)� )C��+� )C��+D &-12���)� 35�

6���	7��8��9",:	��% �A���������A#A�� '���F ��� '��C� '��C� ��� ��D� 'DDD

6���	7��8��#���:	��% �A���������A#A�� ��CD '���� �D� ��DE '��� '�CC� 'CCD

��B������A��DEF�A���������A#A�� C�� ��C 'C�� '�CE �CD� 'CC� C�E

��B������A��A���������A#A�� '�� '�� '��� '�DE� ��D 'EF� '��E�

��B������A��;A�	�����#���A���9�����A�B�A���������A#A�� 'D� 'C� '��E '�C�� �CF 'E�D '�F��

.�79A��%�#�����B,�A���"%A�B�����A#A�� B��� �� 'CF� BA�	 �D�� 'EFF '��C

3���%��%�%��A��A�������7�����A��A���������A#A�� ���D �DE ��� ��� ��� ��F '

��������7�����A��A���������A#A�� CF�E ���D C��E ��F� C�F� ���E '

�A������7�����A��A���������A#A�� 'C�D� 'C�EE 'C��� 'DCF� '��C� 'CFDC '

��%A�������7�����A��A���������A#A�� '��� 'C���F '��� '���C �ED 'D�� '

TABLE V. RESULTS OF TESTING OF 200 STRATEGIES PRODUCED ON 5 FALLING AND 3 NEUTRAL TIME-FRAMES ON 3 DATA SETS 

&�����%�������#��%��� &���+� &���+C &C��)� &���+� &���+D 1���)� 1C��)� 1���)� 35�

6���	7��8��9",:	��% �A���������A#A�� 'FD� �C� 'FD� '��D �CD� '��� '�C� '��DC 'CEE�

6���	7��8��#���:	��% �A���������A#A�� AAA '��F� EE� ��� '�DCC �CE �C� �E� ����

��B������A��DEF�A���������A#A�� CCE� C�D� '�F� �CA� �F�F ��� E�� �EC ����

��B������A��A���������A#A�� �	�� ���C B��� �C� ��� 'F�F �DF E� D�E�

��B������A��;A�	�����#��9�����A�B�A���������A#A�� �E�D �D�� 'FEC �A� ��� 'E�C ��E F� D���

.�79A��%�#�����B,�A���"%A�B�����A#A�� �FDD ��CF C�� �DFE �EF� '�F '�F� 	�� ����

3���%��%�%��A��A�������7�����A��A���������A#A�� �CEF ��C ���C �F�� ��� ���� ��� �C� '

��������7�����A��A���������A#A�� CEF� C�ED DC�F CF�� D��C C��C DD�C C��� '

�A������7�����A��A���������A#A�� 'EECF 'D��� 'D�CC 'EDCD 'D��� 'D��� 'CFF� 'CD�� '

��%A�������7�����A��A���������A#A�� ���� �	�� '�F� ���E �E� 'F�D �� '� '
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Abstract—Human emotions can provide an essential clue in
searching images in an image database. The paper presents our
approach to content based image retrieval systems which takes
into account its emotional content. The goal of the research
presented in this paper is to examine possibilities of use of
an artificial neural network for labeling images with emotional
keywords based on visual features only and examine an influence
of used emotion filter on process of similar images retrieval. The
performed experiments have shown that use of the emotion filter
increases performance of the system for around 10 percent. points

Index Terms—Artificial neural network, feature selection, sim-
ilarity measures, emotion recognition, image retrieval, relevance
feedback.

I. INTRODUCTION

IN RECENT years an increase of computer storage capacity

and Internet resources can be observed. Fast development

of new image and video technologies and easy access to

sophisticated forms of information demand constantly improv-

ing searching and processing tools. Existing methods of text

documents retrieval give satisfying results, so now research is

focused on images retrieval. Finding the right set of images

in a base containing thousands of them is still a challenging

task. Few working methods were created and developed to

solve the issue. The first category of approaches is based on

textual annotations. It assumes that every image in the database

has a label describing its content. Systems, which use only

annotations, are nothing more than text-based searchers.

Another way of dealing with the same problem is based

on observation that textual labels are not always available.

Content based image retrieval (CBIR) systems assume that

many features useful during searching process can be extracted

from the image itself. In the approach looking for similar

images may be reduced to measuring a visual distance between

them. Many of the systems use color information; as an

example we can point the paper [1], where authors created

images retrieval system based on color-spatial information.

The main difference between both approaches is the type

of similarity they can find. Textual searchers are capable to

find semantic similarity, also named similarity of ideas (for

example tiger in summer and tiger in winter) and content based

searchers return visually similar images, even if they present

different ideas.

CBIR systems look for similar images, but criteria of

similarity are not explicitly defined. They can take into account

image coloring, objects included in it, its category (for instance

outside or inside) or its emotion (also called mood or feeling).

The last one, depending on interpretation, can be seen as

emotional content of a picture itself or an impression it makes

on a human. In the paper we consider both definitions as

equivalent. These systems are called EBIR (Emotion Based

Image Retrieval) and they are a subcategory of CBIR ones.

The term EBIR was introduced in the paper [2].

The most of research in the area is focused on assigning

image mood on the basis of of eyes and lips arrangement,

because the studies concentrate on images containing faces.

In the current version of our research we assumed that

emotional content is characterized by image coloristic, texture

and objects represented by edges, and the information can be

used in similar images retrieval process. An extension of this

list can contain faces or other objects and symbols which can

have an influence on the image affect.

When talking about emotions, we can not skip two im-

portant topics: subjectivity and the emotion classification. As

stated in the paper [3], different emotions can appear in a

subject while looking at the same picture, depending on a

person and its current emotional state. But what we are looking

for is not a system perfectly matching images and emotions.

Our far reaching aim is to build a system, which can in

an effective way support a searching process and increase a

number of relevant pictures returned by any given query. The

goal of the research presented in this paper is to examine

possibilities of use of an artificial neural network for labeling

images with emotional keywords based on visual features only

and examine an influence of used emotion filter on process

of similar images retrieval. Advantages of such approach is

easiness adjustment to any kind of pictures and emotional

preferences. Neural networks are machine learning techniques

well known because of their noise resistance, which is very

desirable feature in this application.

The paper is organized as follows: in the section II various

approaches to image emotional content recognition described
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in a domain literature are presented. In the section III a

general overview of the system is presented, together with a

description of used visual descriptors and measurement of the

image similarity. The constructed neural network is presented

and a note about image databases used for learning and testing

is added. In the section IV results of performed experiments

are presented and an analysis of the results is given. Finally,

in the section V, a conclusion and further work directions are

proposed.

II. RELATED WORKS

Broadly speaking there are three main methods of acquiring

emotional information from pictures: labels’ analysis, face

expression’s analysis and visual content analysis. The first

method is based on textual descriptions of pictures and dic-

tionaries of emotional terms. An example of such approach

is presented in the paper [4]. The second method is used

only to find emotions in pictures of human face and further

applied for example in human-robot interactions. Analysis of

faces are presented in the paper [5]. The last method assumes

no information about pictures. Extraction of visual features is

based only on properties like color and texture. The method

was implemented in some systems, for example in the one

presented in the paper [6].

A problem connected with EBIR systems is connected to

sets of emotions considered by their authors. Many classifica-

tions of emotions exist; that is why it is difficult to compare

them. The simplest set, presented in the paper [7], contains

positive-negative categories. In [4] the basic emotion set is

as follows: happiness, sadness, anger, fear and disgust. In the

paper [5] surprise has been added to the above set. Authors of

the paper [8] removed disgust from the set, but added neutral

emotion and hate.

Another way of classification of images is based on

adjectives describing more objective attributes of a pic-

ture, like a warm-cold, static-dynamic, heavy-light set, pre-

sented in [6]. Authors of the paper [9] developed the con-

cept and created the following set: exhilarated-depressive,

warm-cool, happy-sad, light-heavy, hard-soft, brilliant-gloomy,

lively-tedious, magnificent-modest, vibrant-desolate, showy-

elegant, clear-fuzzy, fanciful-realistic. Some other proposals

are: Kobayashi’s words (used for example in the paper [2])

and space of valence-arousal-control describing emotions,

presented in the paper [3].

Let us recall that for learning rules of matching visual

features to emotions some solutions were also developed. The

most common are: regression [9], neural networks [5] [8] [10]

and genetic algorithms [10]. Our system does not use any rules

for classification; it is not a hybrid system also.

III. NECR – NEURAL-BASED EMOTIONAL CONTENT

RETRIEVAL SYSTEM

As we have mentioned above, the research investigates

the feasibility of use of visual features for the retrieval of

emotional content of images and tests feasibility of training

ANN to accomplish classification task. To achieve this goal,

Fig. 1. Schema of the system

a prototype system has been designed and implemented. The

next subsection presents an idea of our approach.

A. Idea

A general idea of the system is presented in Fig. 1. The

system consists of a database of images, neural network,

searching engine and interface to communicate with a user.

All images in the database need to be preprocessed in order

to find their visual feature descriptors, which refer to coloristic,

texture and edges in pictures. We assume that the system

is able to recognize an emotional content of images on the

basis of classification method. Classification is performed by

a supervised trained neural network. A learning set for the

network was prepared manually, by assigning class labels to

images from the database.

In our system in order to test an influence of the visual

feature descriptors on an ability to recognize the emotional

content of images and to find similar images, we have consid-

ered three various groups of emotion classification:

• positive-negative with neutral option,

• groups of adjectives:

– warm, cold, neutral,

– dynamic, static, neutral,

– heavy, light, neutral,

– artificial, natural; to distinguish between photos and

hand-made pictures,

• 5 basic emotions (happiness, sadness, anger, disgust and

fear).

After the training process the neural network is ready to

assign emotions to pictures; one emotion from each category,

what makes 6 labels for each picture. However, before any

classification can take place, images need to be preprocessed.

As a result of this step, visual descriptors are calculated and

stored in the database, together with pictures. The network

uses values of descriptors in classification process, and as-

signed labels are also stored in the database. The first stage

of system’s work is presented in Fig. 2.

Searching engine takes information about the pictures from

the database and about the query image, calculated on an

ongoing basis. As a result of the engine’s work, 12 the most

similar images are returned. The user can accept results or

run the program again, with a modified query. The new query

contains of an original picture and these of returned 12,

which the user has marked as appropriate. The process can
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Fig. 2. Preparation of data

be repeated many times if needed. In a multi-images query,

for each query image the most similar pictures are found and

then a common list is built, as an average of distances between

query images and images from the database.

Visual descriptors are calculated and emotional classifica-

tion is made only once for each database; it means that if a

user does not change the database, the program will run much

faster. Because a query image can be of any kind, descriptors

for it are always calculated, even if the picture belongs to the

database. There is no option of retraining the network in the

program.

B. Visual descriptors

Extracting information from a picture is a challenging task.

Descriptors need to meet performance, reliability and accuracy

criteria. Standard MPEG-7 defines some descriptors, which

can be used for similar images retrieval (from the Internet

article [11]). Some of the proposed there descriptors were used

already in image retrieval systems [6]. They allow acquiring

information about colors, edges and textures. In the system,

three of them are used: Edge Histogram, Scalable Color De-

scriptor and Color Layout Descriptor. We base on implementa-

tions published in [12]. Additionally, two commonly available

custom descriptors are used: CEDD and FCTH (described in

[13] [14] [15]). They combine information about colors and

edges or textures respectively.

Edge Histogram returns 80 numbers representing quantity

of edges: 16 regions x 5 directions of edges (vertical, hori-

zontal, 2 diagonals and without direction). We added global

number of edges for each category to let the network to

easily label pictures with dominating edges direction. Scalable

Color Descriptor divides color space into 256 colors and

calculates percentage of a picture covered with that color.

Color Layout Descriptor divides picture into 64 regions and

chooses a dominant color for each region. It allows us to obtain

spatial-color information. CEDD (Color and Edge Directivity

Descriptor) divides a picture into 1600 regions. 144 numbers

are obtained as count of regions for each combination of

24 colors and 6 types of edges. FCTH (Fuzzy Color and

Texture Histogram) works similar as CEDD, but in place of

6 categories of edges, it uses 8 categories of textures, what

gives 192 numbers representing each picture.

The purpose of using so many descriptors is to acquire as

much information about a picture as possible and as a result

- to train the network efficiently. Of course, balance between

amount of information collected by the system and processing

time has to be found.

C. Neural network

The multi-layered perceptron neural network is used for

emotional image classification on the basis of its visual

descriptors, because it is universal, easy to construct and it

performs well. Neural networks can distinguish between very

similar input vectors and are immune to redundant or noisy

information. We wanted to make classification of input images

as consistent as possible, but it is not possible to judge few

thousands of pictures in the same way. There is no theoretical

model matching visual content of a picture to its emotional

content. Neural networks have the ability to find schemas and

rules even in such extreme environment.

After the preprocessing stage every image from the base is

represented by its visual features vector v. The first elements

of the vector v refer to SCD, the next to CLD, EH and the last

two to CEDD and FCTH. In other words, for i-th image in

database vector vi is composed of 5 component vectors (eq.1)

vi = [vSCD, vCLD, vEH , vCEDD, vFCTH ] (1)

The query image is processed in the same way and is also

described by its visual features vector vq.

Vector v is an input for the neural network. Its length is

equal 869, so the number of inputs of neural network is also

equal 869. It is worth pointing out that values of each element

in vector v are scaled in the range (0-1). In the output layer we

have 19 neurons. They encode 18 different emotions belonging

to 6 categories. An answer of the output neuron equals to 1

indicates presence of a particular emotion. Only one emotion

from each of 6 sets given in the section III-A can be present,

so from all output neurons representing a category the one

with the highest activation is chosen and its value is set to 1.

For all others within the same category 0 is set.

The network contains three layers: input, hidden and output.

All output neurons are connected with all hidden ones; 128

hidden neurons are connected with input ones in a way allow-

ing better feature and pattern recognition. It means that hidden

neurons are responsible for discovering only one feature. The

schema of the network is presented in Fig. 3. For clarity

reasons, only one set of connections between hidden and

output neurons is shown.

It is visible that hidden neurons have their unique role in

the classification process and are responsible for detecting

only one kind of feature. Such specialized structure of the

network was inspired by authors of the paper [16]. Because

of limited set of connections between input and hidden layers

(the network is not fully connected), learning process takes

considerably less time. More complex structures with two

hidden layers or more hidden neurons in already existing layer
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Fig. 3. Schema of the network. Only one set of connections between hidden
and output neurons is shown

were considered as well. But, with concern about speed of

images’ classification and retrieval processes, we decided to

use a simpler model.

After processing by the neural network each i-th image is

represented by two vectors: vector of visual descriptors vi and

vector of emotions ei.

D. Similarity of images

To measure similarity between a query image and i-th image

in the database, the distance between them is calculated. In

some experiments we take only visual similarity, in other

experiments we take both visual and emotional similarities

(both vectors v and e were considered in this case). Let us

focus on vector v first. The distance is separately assigned

for each component vector vSCD, vCLD, vEH , vCEDD and

vFCTH . It is weighted and summed as in eq. 2.

d′ = wSCD · dSCD + wCLD · dCLD + wEH · dEH + (2)

+wCEDD · dCEDD + wFCTH · dFCTH

Where w with an index denotes a weight of a given part of a

distance component. The final distance d between query image

and i-th image in the base is a weighted average. It is expressed

by eq. 3.

d =
d′

wSCD + wEH + wCLD + wCEDD + wFCTH
(3)

Fig. 4. An example of calculation of distance between a query images and
images from the database

The way of distance computation was inspired by the paper

[15], where the detailed description of the method can be

found. To measure the distance on the basis of the part vCLD

the method was modified to deal with the three values referring

to the three components of a color. The distance is transformed

into the range (0-100). In particular 0 means the same image.

Fig. 4 shows an example of visual distance calculation between

a query image and each of images in the database. For the

query image the similarity vector to each image in the base is

obtained.

In the performed experiments weights wFCTH and wCEDD

were set to 2, because these descriptors have the best individ-

ual retrieval scores. Remaining weights were equal to 1.

The second component in evaluation of images similarity

takes into account emotional aspect and is based on the vector

e. For every matching label, 1 is added to a temporal result

and then the final number is casted on the range 0-100, with

0 denoting maximal similarity. The query image is described

by a vector of emotional similarities to each database image.

Finally, both results (visual and emotional) are added and

divided by 2. This is the final answer of the system. Whole

method is illustrated by Fig. 4.

In a case with multiple query images, an average from all

rankings is taken. Twelve images from the database with the

smallest values are presented to the user. A case with multiple

query images is presented in Fig. 5.

IV. EXPERIMENTAL STUDY

To evaluate performance of our system and effectiveness

of the similar images retrieval method, we performed some

experiments. We assessed performance of the neural network

(correct emotions assignment) and accuracy of retrieval results

independently, with concern about various factors which can

influence the performance.

The testing set in these experiments consists of 42 images,

labeled manually and checked for consistency with labels

given by the network. We tested the network trained on two

different learning sets and we compared results. Details are
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Fig. 5. An example of finding similar images to a multiple query

presented in subsection IV-A. We also did cross-validation

tests.

The second part of these tests, dedicated to overall system

performance analysis is more complex. We tested the system

against many factors: various query images, image databases,

learning sets and finally we evaluated difference in perfor-

mance given by an emotions recognition module. Details are

presented in the following subsections.

A. Datasets

Few image sets were created for learning and testing pur-

poses. Because the system is supposed to support emotion

based image retrieval, construction of sets was made with high

consideration of an emotional content of pictures, especially

for learning sets creation. The images in learning set were

selected in a way which provides a fair representation of

variously labeled pictures (the learning set consists of pictures

labeled by every emotion from the set of 18 emotions). Fig. 6

presents the number of representative images in LS3 belonging

to the particular emotions’ categories.

First learning set (LS1) was intended to support good dis-

tinction between warm-cold, heavy-light and positive-negative

categories and it consists of 893 pictures. It contains mainly

landscape pictures, so expressing dynamism or anger is not

possible there. Second learning set (LS2) was intended to

support these categories, which are not supported in the

first one: basic emotions, dynamic-static and artificial-natural

and is built from 636 images. It contains images returned

by searching engine like Flickr and Google for emotional

Fig. 6. Number of representatives of emotions in LS3

TABLE I
CROSS-VALIDATION TESTS FOR THE NEURAL NETWORK

Subject Accuracy Deviation

Percent of correctly assigned (CA) labels 64.4 2.15

Percent of CA labels for warm-cold 80 2.32

Percent of CA labels for light-heavy 62.4 4.03

Percent of CA labels for dynamic-static 67.6 6.15

Percent of CA labels for artificial-natural 82 3.6

Percent of CA labels for positive-negative 55 4.1

Percent of CA labels for basic emotions 52 4.26

keywords queries. But, the neural network trained on this set

can not classify correctly any general images (for example

landscapes), so third one (LS3) was made from 1456 pictures.

It contains pictures from previous two sets, to support all

classifications.

Three image sets are used in experiments, to evaluate

performance of the system. All of them contain various

pictures, belonging to different categories. We tried to balance

quantity of representatives of every category. The first set

(DB1) contains 2096 images, mostly landscapes. The second

set (DB2) contains 1456 images, mostly emotionally rich and

artificial ones. The third set (DB3) contains 1612 images,

mostly natural ones and photos of people.

B. Evaluation of neural network performance

The network was trained with back-propagation method.

The following values of parameters were set: learning rate

0.1, number of epochs 500, momentum 0.6, sigmoid unipolar

activation function and error tolerance 0.1. For every learning

set the network is trained only once and after that it is used

in experiments.

Performance of the neural network was checked in two

independent tests: by 5-cross-validation method and on a

testing set of images different from learning sets. Cross-

validation was performed with use of LS3 data set. The results

are presented in Table I.

It is visible that performance of the network depends heavily

on subsets chosen for learning and testing (the standard

deviation can be as high as 6.15). But high classification score

for one category has its drawback - lower scores for other

categories: the network trained on the 3rd subset classified

correctly 78% of pictures according to dynamic-static category

had lower classification score for all other categories.

To determine performance of the network in an unknown

environment, 42 different from learning sets pictures were

chosen and classified by the network. Then, an automatic

classification was compared with a manual one and results

are shown in Table II.

In the test the learning sets LS1 and LS3 were used. The

learning set LS2 was build only from pictures returned as

results for emotional keywords queries and a network trained

on it would not be able to determine a category of emotion

properly 1-4 (rows 4-7 in Table II).

KATARZYNA AGNIESZKA OLKIEWICZ, URSZULA MARKOWSKA-KACZMAR: EMOTION-BASED IMAGE RETRIEVAL 93



TABLE II
COMPARISON OF PERFORMANCE OF THE NEURAL NETWORK TRAINED

WITH USE OF 2 TRAINING SETS

Subject Set LS1 Set LS3

1 Percent of correctly classified images 8 17

2 Percent of images with 1 wrong label 22 37

3 Percent of correctly assigned (CA) labels 64 73

4 Percent of CA labels for warm-cold 78 87

5 Percent of CA labels for light-heavy 62 74

6 Percent of CA labels for dynamic-static 70 69

7 Percent of CA labels for artificial-natural 70 83

8 Percent of CA labels for positive-negative 51 64

9 Percent of CA labels for basic emotions 49 60

Percentage of correctly assigned labels is used as measure-

ment of system’s efficiency because more common measures

like recall and precision can not be used here. The system has

to return 12 pictures in every run, so there is no possibility to

define a set of false positives (even if some pictures score less

than others, they are still present in results as complement

to true positives). Moreover, if more than 12 images in the

database are similar to the query image, the system has no

possibility to show them all as a result.

As it can be seen in Table II, the network trained on a more

general learning set (LS3) performs better than the one trained

on less general one (LS1). The most problematic categories are

basic emotions and positive-negative. It proves that emotional

content of pictures can not be fully expressed only with chosen

by us visual descriptors.

The network was trained two times on learning set LS3

(starting from random values of weights) and answers of the

network from both trials were compared. Only in 17% of cases

both networks were wrong and most of these mistakes were

connected to basic emotions, which were not possible to be

discovered without semantic knowledge about the picture. In

20% of cases one of the networks was wrong.

In most cases a network trained on the whole set LS3

performed better than the one trained on 80% of the set,

even though test pictures here differed more than in the

previous experiment. For dynamic-static, artificial-natural and

positive-negative categories some subsets from the previous

experiments scored higher than the network in the current

one (trained on the whole set LS3). It can be explained in

two ways: test images in the second experiment were more

difficult to be classified and random division of the 3rd set

favored different categories in different subsets.

C. Different image sets

Three different sets of pictures (DB1, DB2 and DB3) were

created in order to test retrieval performance of the system.

Results of experiments are presented in Table III. We are

interested in number of runs (queries) needed to find all similar

images from the sets. Three numbers, separated by commas,

in every cell denote three sets. The network trained on the

third learning set was used in the section.

TABLE III
PERFORMANCE OF THE SYSTEM AGAINST DIFFERENT QUERIES AND SETS.

THREE NUMBERS, SEPARATED BY COMMAS, IN EVERY CELL DENOTE

RESULTS REFERRING TO THREE SETS

Picture Nsr Npr NRuns

black-white 2, 2, 3 2, 2, 1 1, 1, 1

red flower 10, 4, 10 5, 1, 5 5, 2, 4

lagoon, mountain 4, 4, 5 4, 4, 1 1, 2, 1

tropical forest 9, 11, 6 3, 4, 3 1, 3, 2

iceberg 8, 8, 2 6, 7, 0 2, 2, 0

sunset 12, 15, 5 10, 12, 4 4, 7, 1

red, shouting man 1, 6, 1 1, 6, 1 1, 1, 1

grey-scale 2, 7,- 1, 2, - 1, 1, -

worm -, 6, - -, 3, - -, 2, -

boxing fight -, 7, - -, 6, - -, 2, -

In Table III Nsr refers to the number of pictures in the set,

which are similar to the query image. Npr refers to the number

of relevant pictures returned by the system and NRuns refers

to the number of searching trials the system had to perform to

retrieve such results. Three numbers separated by commas in

every cell denote results for every set: the first number refers

to DB1, the second to DB2 and the third to DB3.

Some problems are shown here: color quantization and

difficulty in finding precisely described set in hundreds of

very similar pictures. Still, characteristic images are easy to

find and overall results are very good. In many cases one

query is enough to find the whole set, in others rerunning the

program allows to receive better results. Images containing

worms and boxing fights were present only in one set, so for

others ”-” is placed in Table III. The set DB3 contains pictures

similar semantically to query images, but not visually, that is

why retrieval results are worse than for the other two sets.

D. Emotions’ filter

Emotion filter is a tool which uses vector e to produce

final similarity score between two pictures as shown in Fig.

4. Without it, only vector v is used. To evaluate an input of

an emotion filter to the final result, the same tests as in the

subsection IV-B were run, but without calculating the vector

of emotional distance between pictures. Results are presented

in Table IV.

It is clear that emotions are important in the image retrieval

process and improve results of traditional CBIR systems. In

the EBIR system, more adequate pictures are found and it

is done faster. Moreover, it can be noticed that the number

of not relevant images (for example green building returned

for tropical forest query) decreases when emotions’ filter was

used. Quality of results is higher for the system with the filter,

what supports our theory.

To evaluate influence of the emotional filter, we created a

metrics of efficiency E, expressed by eq. 4.

E =

Npr

Nsr

1 + 0.05 · (NRuns − 1)
· 100% (4)
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TABLE IV
PERFORMANCE OF THE SYSTEM WITHOUT EMOTIONS’ FILTER. THREE

NUMBERS, SEPARATED BY COMMAS, IN EVERY CELL DENOTE RESULTS

REFERRING TO THREE SETS

Picture Nsr Npr NRuns

black-white 2, 2, 3 2, 2, 0 1, 1, 0

red flower 10, 4, 10 4, 0, 6 8, 0, 6

lagoon, mountain 4, 4, 5 4, 4, 4 3, 2, 5

tropical forest 9, 11, 6 3, 4, 0 1, 3, 0

iceberg 8, 8, 2 6, 7, 0 2, 2, 0

sunset 12, 15, 5 6, 6, 4 3, 3, 1

red, shouting man 1, 6, 1 1, 6, 1 1, 1, 1

grey-scale 2, 7, - 0, 2, - 0, 2, -

worm -, 6, - -, 1, - -, 1, -

boxing fight -, 7, - -, 5, - -, 2, -

where:

Npr – number of pictures returned,

Nsr – number of pictures that should be returned,

NRuns– number of runs. This metrics describes accuracy in

relation to the number of runs. In the case with use of emotion

filter E equals to 71%, 67% and 47% for sets DB1, DB2 and

DB3 respectively. In the case without emotions filter E is equal

to 59%, 57% and 42% for the same sets. Average decrease in

performance is 9 percent points. The biggest differences in

performance for various pictures are 31 percent points for a

worm, 27 percent points for a grey-scale image and 19 percent

points for a sunset. A lagoon picture scored 12 percent points

better without emotions filter, but it is the only exception.

Detailed comparison between the results presented in two

tables is illustrated in Fig. 7. Further conclusions are given in

the subsection IV-E. Comparison between Tables III and IV

shows that decrease in quality of results for the case without

emotions filter is 17% and speed decrease is equal to 17%.

Additionally, in a case with use of emotions filter, only in two

situations no similar images were retrieved, but in the case

without the filter – five times.

Fig. 7. Value of metrics E for different sets and pictures

TABLE V
PERFORMANCE OF THE SYSTEM AGAINST DIFFERENT LEARNING SETS

Picture Nsr Npr NRuns

black-white 2 2, 2 1, 2

red flower 4 1, 0 2, 0

lagoon, mountain 4 4, 4 2, 1

tropical forest 11 4, 4 3, 3

iceberg 8 7, 7 2, 1

sunset 15 12, 7 7, 3

red, shouting man 6 6, 6 1, 2

grey-scale 7 2, 2 1, 1

worm 6 3, 1 2, 1

boxing fight 7 6, 6 2, 3

E. Different learning sets

Two learning sets were tested here: LS1 and LS3. Retrieval

performance was checked in the same way as in previous

sections (but only the DB2 set was used). Here numbers in

cells denotes two learning sets. The first number belongs to

the third set and the second one to the first set. Results can

be found in Table V.

It can be seen that learning set influences retrieval results,

so it should be chosen with high consideration about databases

with which it will work or, in case when a working en-

vironment of the system is not known, learning set should

be universal and should contain all kinds of pictures. Still,

learning sets influence less overall system performance than

lack of the emotion filter.

V. CONCLUSION

Our system is capable of finding similar images in a

database with relatively high accuracy. Use of the emotion

filter increases performance of the system for around 10

percent points. Experiments showed that average retrieval rate

depends on many factors: a database, a query image, number

of similar images in the database and a training set of the

neural network. Although a user not always receives satisfying

results during the first run of the searching engine, in most

cases, after few runs they are satisfying.

Interface of the application and results returned by the

system for a query image (boxing fight) are presented in Fig. 8.

Further improvements to the system are considered. To

increase accuracy of the results, a module for face detection

and analyzing face expression can be added. More work is

needed to develop the system in a way allowing it to analyze

existing textual descriptions of images and other meta-data.

More accurate and informative descriptors can be also created.

Another idea is to build a system containing two or more

neural networks and use them as an ensemble classifier.

To fully evaluate the results obtained with the neural net-

work in future we plan to apply another classifier instead.

Bayesian models, linear models, decision trees and K-NN

methods are concerned.
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Fig. 8. An example of program’s run
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Abstract—Low–level vision approaches, such as local image
features, are an important component of bottom–up machine
vision solutions. They are able to effectively identify local visual
similarities between fragments of underlying physical objects.
Such vision approaches are used to build a learning system
capable to form meaningful visual objects out of unlabelled
collections of images. By capturing similar fragments of images,
the underlying physical objects are extracted and their visual
appearances are generalized. This leads to formation of visual
objects, which (typically) represent specific underlying physical
objects in a form of automatically extracted multiple template
images.

I. INTRODUCTION

Image understanding, although generally considered the

highest level of machine vision applications, provides useful

information for low–level image processing tasks. For exam-

ple, noise removal, image segmentation, etc. can be performed

more effectively if the presence of certain contents is known

or assumed in the processed images. On the other hand, the

results of low–level operations are usually indispensable to

detect such contents in unknown images. This contradiction

is apparently one of the most challenging issues in advanced

applications of machine vision.

A similar, and equally challenging, problem exists in

content-based visual information retrieval (CBVIR). Two op-

erations can be relatively easily done for a given image,

namely (1) image annotation (manually performed by a hu-

man) and (2) low–level feature extraction (performed automat-

ically by dedicated algorithms). However, a semantic gap [1]

exists between these two operations, i.e. it is usually very

difficult to relate image features to semantically meaningful

image tags.

The paper proposes a technique that handles the above

contradictions from the low–level perspective. In general, we

attempt to automatically build image semantics using purely

visual characteristics of the images. The content of images

is assumed unknown and random (although they may be col-

lected from a certain “world”). The first step of the proposed

approach, i.e. the automatic formation of visual objects [2]

(which typically correspond to physical objects depicted in the

images) is discussed in the paper in detail. Such visual objects

are built as groups (clusters) of prototypes [2] containing

multiple similar fragments identified in the available collection

(database) of images. If the database is a representative de-

scription of the “world”, we identify typical components and,

thus, provide a certain level of understanding of that “world”.

The presented results are development of preliminary ideas

highlighted in [3].

The similarity between image fragments is determined using

sets of locally computed feature vectors, i.e. the proposed

method falls into the local category. Each feature vector de-

scribes a small fragment of the image (usually an elliptical or

circular keypoint). To calculate the keypoints, we use popular,

widely discussed approaches such as Harris-Affine [4] and

SIFT [5], [6].

Detection and clusterization of similar fragments in the im-

age database is executed in four steps: (1) image pre-retrieval,

(2) image fragment matching, (3) formation of prototypes

from similar fragments, (4) formation of visual objects from

prototypes. The first two steps are responsible for localization

of similar image fragments within the database. Image pre–

retrieval is introduced solely for a higher efficiency of the

method, while image fragment matching is the key operation

in finding similar image fragments.

In the remaining two steps, relations are established between

similar image fragments identified in the first two steps. Pro-

totypes are formed based on intersections of image fragments

located within the same image. These multiple intersecting

fragments come from matching of the same image with other

images. The last step merges prototypes found in different

images into visual objects.

The general idea of the proposed method is illustrated in

Fig. 1 and detailed explanations of the underlying algorithms

are provided in Section II.

Altogether, the automatic visual object formation is a group-

ing algorithm. Its input is a collection (database) of unlabelled

images. The output is a set of groups (visual objects), where

each group consists of image fragments that have been found

mutually similar. The number of output visual objects is

determined fully automatically based on the visual properties

of database images.
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Fig. 1. Steps of the proposed automatic visual object formation method; (A)
image pre–retrieval to limit number of matches, (B) image fragment matching
to extract similar fragments in different images, (C) formation of prototypes
out of intersecting fragments in the same image, (D) formation of objects out
of prototypes from different images.

II. VISUAL OBJECT FORMATION

A. Efficient image pre–retrieval (step A)

Given a collection {I1, I2, ..., In} of n unlabelled images,

our objective is to identify the presence of similar fragments

within these images. Therefore, for a collection of n images

we have to match up to n2 image pairs. This can be a time–

consuming operation even for a small database. Given a pair

of images I and J , similar fragments are identified using an

image fragment matching method (described in Section II-B).

The results of such a matching are accurate, but the operation

is computationally intensive. Therefore, we have introduced

an efficient image pre–retrieval scheme so that the system

can be applied to image collections of relatively large sizes.

The proposed pre–retrieval mechanism is one of the novelties

presented in this paper.

For a query image Ix : x ∈ {1, ..., n}, we attempt to identify

the most relevant (candidate) images {I1
x, I2

x, ..., Im
x } : m≪n

from the whole database {I1, I2, ..., In}. Detection of frag-

ments similar to unspecified fragments of Ix query is at-

tempted within those candidate images only.

The candidate images are identified using a specialized

similarity function s(I,J ) defined for a pair of images I and

J . The similarity function is called image topology similarity.

The function can be converted (if necessary) into an image–

distance function using a variety of approaches. Unlike many

classic image similarity measures, the proposed similarity

function is able to identify images that are very different but

contain similar fragments. The idea of the proposed function

is conceptually similar to the previously proposed topological

image fragment matching algorithm [7], i.e. it is based on pairs

of matched keypoints. The main difference is that in here we

use weaker topological constrains.

The proposed similarity function is defined as follows: First,

we obtain matched pairs of keypoints P (I,J ) between the

input images (details to be discussed later). Having a non-

empty set of such pairs P , we check the topological con-

strains for each keypoint pair (pI , pJ) ∈ P . The topological

constrains are verified within spatial neighbourhoods N (pI)
and N (pJ ) of both keypoints from the pair. The spatial

neighbourhood is defined as a set of r keypoints being the

nearest neighbours in terms of image coordinates (Euclidean

distance d) of a given keypoint. The neighbourhoods are found
off–line and the nearest neighbours can be cached for each

keypoint (and quickly retrieved on demand). Formally, the

spatial neighbourhood N (pX) for a keypoint pX from an

image (set of keypoints) X is equal to:

N (pX) = arg min
N∈X

∑

n∈N

d(n, pX), |N | = r. (1)

Given N (pI) and N (pJ ) neighbourhoods of pI and pJ
keypoints, we check how many pairs of matched keypoints

P (I,J ) can be found within these neighbourhoods. The larger
number of found keypoint pairs, the more credible (topologi-

cally) is the selected keypoint pair (pI , pJ) ∈ P . We can now

define a topological verification function t(I,J , pI , pJ) for
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a pair of keypoints (pI , pJ) ∈ P as the normalized number

(r is the neighbourhood size) of matched pairs found in the

neighbourhoods (× stands for Cartesian product):

t(I,J , pI , pJ) =
1

r

∣∣∣
[
N (pI)×N (pJ )

]
∩ P (I,J )

∣∣∣. (2)

An illustrative example is shown in Fig. 2.

Image I

pI pJ

Image J

Fig. 2. Illustration of the topological constrains. Only three (dashed lines)
out of r = 4 neighbours are matched keypoint pairs, t(I,J , pI , pJ) =

3
4
.

The similarity function s(I,J ) between two images I
and J is defined using the topological verification function

t(I,J , pI , pJ) for all matched keypoint pairs P (I,J ) of

both images (Eq. 3). The normalization factor Pmax(I,J )
is the maximum possible number of matched keypoint pairs

generated by the matching routine, given images I and J .

s(I,J ) =
∑

(pI ,pJ )∈P (I,J )

t(I,J , pI , pJ)

Pmax(I,J )
. (3)

An important property of the proposed similarity function

is that it can detect the presence of similar fragments (even

very small ones) in images with very complex and diversified

backgrounds. The function is also computationally effective;

it requires only O(pr) operations, where p is the number of

keypoint pairs P (I,J ) and r is the size of the neighbourhood

(the costs of keypoint matching are not included into the

complexity of the function). Additionally, it is not sensitive

to a certain level of inaccuracies in keypoint matching.

Efficiency of keypoint matching is, obviously, another im-

portant aspect of the algorithm. The classic approach (e.g.

coherent pairs method, i.e. one-to-one matching) is extremely

slow and takes as much as O(fp2), where f is the length

of keypoint descriptor vectors. This makes the classic (exact)

approach not applicable to the pre–retrieval step, and we need

to search for an approximate keypoint matching approach.

There is a variety of approximate nearest neighbour algorithms

e.g. [8], [9]. We have implemented a method which has

been experimentally found time–efficient (although we did not

compare its performances against the available alternatives).

Exemplary pre–retrieval results are shown in Fig. 3.

B. Image fragment matching (step B)

The key factor in automatic visual object formation is a

reliable detection of multiple similar fragments in a collec-

tion images (without any prior knowledge about the image

(a) Query and 1-st result (b) 2-nd result (c) 3-rd result

(d) 4-th result (e) 5-th result (f) 6-th result

(g) Query and 1-st result (h) 2-nd result (i) 3-rd result

(j) 4-th result (k) 5-th result (l) 6-th result

Fig. 3. Examples of pre–retrieval based on image topology similarity function
s(I,J ). The proposed similarity function is able to detect a presence of small
similar fragments in images with very complex and diversified backgrounds.

contents). The assumption regarding the complete lack of

prior knowledge is very important, because the system has

to explore and learn unknown environments.

Let us now formalize the similar fragments detection rou-

tine. Given a set of images I = {I1, I2, ..., In} we would

like to detect all existing similarities within the set. To

make the process more efficient, for each image Ix : x ∈
{1, ..., n}, we filter out only a subset of most similar images

{I1
x, I2

x, ..., Im
x } : m≪n (see Section II-A). Thus, there are

nm possible image pairs to be checked. For a single pair

of images, a reliable detection of similar fragments can be

solved by a image fragment matching method. The fragment

matching method generates a set of image fragment pairs, first

element of each pair represents a fragment on the first image,

second element of the pair represents the similar fragment on

the second image. When all similar images in the database

are matched, the resulting set (union of sets from all pairs)

contains all similarities found within the database.

Image fragment matching the most important and the most

time consuming operation of the whole approach. We use two

such methods, namely: geometric and topological keypoint

matching. We will shortly present both of them, now.
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1) The geometrical method with triangles: The objective of

geometric image fragment matching is to reconstruct a set of

affine transformations relating similar planar surfaces present

on both input images. The transformations are reconstructed

from triangle pairs built over both images using pairs of

matched keypoints. Affine transformations are decomposed

into elementary transformations (rotations, translations and

scales). A six–dimensional histogram (affine transformations

have six degrees of freedom) of all transformations is built for

a pair of images. A 2D subspace (two elementary rotations)

of an exemplary histogram for a selected pair of images is

visualized in Fig. 4. A non–parametric approach is used to find

peaks of the histogram, which represent dominant affine trans-

formations relating both images (i.e. relating similar fragments

in the images). Sets of triangle pairs which contribute to these

peaks form the outlines (convex hulls) of similar fragments

shared by both images. Further details can be found in [10],

[11].

Fig. 4. Histogram of two rotations extracted from affine transformations [11].
Two peaks are visible, they represent two similar fragments.

2) The topological method: An alternative approach is the

topological image fragment matching. Instead of recreating

exact geometrical transformations between fragments of two

images, this method focuses only on image topology. A

topological constrain is introduced which, in general, reliably

represents shape distortions of physical objects. We assume

that neighbouring keypoints have to obey this constrain to

be considered a similar fragment. Locally similar fragments

are, therefore, extracted according to the results of topological

constrain verification. The proposed topological constrain is

the matching order of vector orientations connecting keypoints

from a selected pair to the neighbouring keypoints. The

constrain for a given keypoint pair is illustrated in Fig. 5. The

topological method is more flexible than the geometric one; it

is able to detect non-planar and deformed fragments of similar

objects. However, the detection is less accurate in terms of

generated fragment outlines (also represented as convex hulls).

Further details on the topological method can be found in [7].

Image I

1

2 3

4

5

6

7

8

Image J

7

2
3

1

54

6

8

Fig. 5. Topological image matching concept. For each pair of matched
keypoints, the largest subset of orientation-ordered neighbors is found. An
exemplary subset of size 5 is shown.

3) Performances of image fragment matching: Reliable

visual object formation is possible only if image fragment

matching is performed with a high quality. In fact, any false

positive matching error is very problematic for the future

processing based on graph analysis. Such errors result in

false connections within the graph and may result in incorrect

contents of visual objects. The proposed routines are somewhat

resistant to such errors, but this resistance is rather weak. On

the other hand, false negative fragment matching errors are

much less problematic. In case of missing graph connections,

some visual objects may not be formed correctly. To solve this

problem, it is usually enough to pre–retrieve more images or to

deliver more images which would contain the corresponding

physical objects. However, both of these solutions increase the

computational costs of the method.

TABLE I
AVERAGE RECALL AND PRECISION FOR THE TEST DATASET.

Detector HarAff HarAff HarAff SURF MSER
Descriptor SIFT GLOH Mom. SURF SIFT

Method Geometrical method

Prec. (area) 0.96 0.96 0.97 0.90 0.95
Recall (area) 0.64 0.50 0.47 0.49 0.53
F-m. (area) 0.77 0.66 0.64 0.63 0.68

Prec. (obj.) 0.97 0.97 0.97 0.98 0.94
Recall (obj.) 0.81 0.71 0.70 0.61 0.68
F-m. (obj.) 0.88 0.82 0.81 0.75 0.79

Method Topological method

Prec. (area) 0.64 0.62 0.78 0.50 0.71
Recall (area) 0.79 0.74 0.64 0.70 0.63
F-m. (area) 0.71 0.67 0.70 0.59 0.67

Prec. (obj.) 0.98 0.97 0.99 0.97 0.98
Recall (obj.) 0.92 0.88 0.86 0.79 0.78
F-m. (obj.) 0.95 0.92 0.92 0.87 0.87

The achieved matching results (the geometric and topo-

logical approaches) on the processed database are shown in

Table I. Two measurement modes are used: in the first one

(object-wise) we check if the similar fragments are matched,

in the second one (area-wise) we measure how accurately

the shapes of matched fragments are outlined. The geometric

method is more precise in terms of area measurement, due to

very strict mathematical foundations. The topological method

is less precise, but it is able to find more matching fragments.
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In Fig. 6 we show two exemplary cases of similar fragment

matching using the geometric approach.

Fig. 6. Examples of image fragment matching using geometrical method

C. Automatic formation of prototypes (step C)

Image fragment matching provides us with a set of image

fragment pairs. While image fragments within a pair are

related (similar) there is not direct visual relation between

fragments belonging to different pairs (even if detected in

the same image). We need, nevertheless, to establish such

relations because some of those fragments may represent the

same physical object; the first step is to build relations between

fragments extracted within the same image.

As shown in Fig. 1 a single image Ix : x ∈ {1, ..., n}
is matched (i.e. it shares similar fragments) with a subset of

images from the database. These fragments depicts physical

objects present in the corresponding pairs of images. If we

consider physical objects located in a single image Ix, there
might be several image fragments depicting each of these

objects (they come from different matching processes against

the same fragments of image Ix). Such fragments should be

very similar in shape, size and location (they are on the same

image and approximate the same underlying physical object).

Therefore, we assume that similar fragments represent the

same physical object of image Ix and, thus, such groups of

similar fragments are called prototypes; this is an important

concept in the proposed approach. In fact, prototypes are

intermediate structures required for form visual objects.

The process of prototypes construction is a grouping prob-

lem. To extract prototypes in a single image Ix we analyse

intersections of image fragments. The larger is the relative

size of the intersection, the higher chance that both fragments

represent the same physical object. Two fragments are merged

(to form a prototype) if: (1) both have similar sizes (areas),

(2) the intersection of fragments is relatively large, i.e.

min

(
c1
c2
,
c2
c1

)
> tR,

cI
min(c1, c2)

> tI , (4)

Fig. 7. Different image fragments (convex hulls) belonging to the same
prototype. They come from matching of a single image with other images
from the collection.

where: c1 – area of the first fragment, c2 – area of the second

fragment, cI – area of fragment intersection, tR – area ratio

threshold, tT – intersection area ratio threshold.

Prototypes are formed from multiple fragments using a

graph analysis technique. Each fragment is represented by

a single graph node. Two graph nodes are connected by an

edge if the underlying fragments satisfy the above merging

criterion (Eq. 4). At least two fragments are necessary to

form a prototype. Given the graph representation, prototype

construction can be simply solved using graph connected

component search. Various fragments of the same prototype

formed in an exemplary image are given in Fig. 7.

D. Automatic formation of visual objects (step D)

Each prototype depicts (usually) a physical object located

within a single image. Our ultimate objective is, however,

to establish relations between prototypes form all database

images, i.e. to form groups of prototypes that are referred to

as visual objects.

Fortunately, the connections between images are already es-

tablished in a form of similar fragment pairs (see Section II-B

and Fig. 1). Since similar fragments are matched using a high–

precision matching process (see Table I) the generated inter–

image connections are mostly correct (this is a fundamental

requirement for the visual object formation).

Formally, the formation of visual object is another graph–

based grouping problem. We simply build a graph representing

the above–mentioned connections between images. Each pro-

totype Oy ∈ y = {1, ..., q} is represented by a single graph

node (note that prototypes are groups of image fragments from

the same image). Each image fragment is matched with a

similar fragment in another database image. Therefore, graph

edges are created between nodes (prototypes) according to

the matches between image fragments. Each prototype has

a number multiple outgoing edges, equal to the number of

similar fragments within this prototype. However, because

the precision of similar fragment matching is still below

100%, a verification mechanism has to be put in place. The

proposed verification mechanism is based on the analysis of

graph k-edge-connectivity. A graph is k-edge-connected if it

remains connected when less than k edges are deleted from

the graph. In other words, a new prototype can be added

to an existing visual object if and only if it is connected

with at least k prototypes from the visual object. Such an

approach is effective in eliminating random matching errors,

because they usually form only a single connection to another
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Fig. 8. Visual objects are formed out of many prototypes present on different
images.

Fig. 9. Exemplary image fragments (instances of prototypes) representing
visually formed objects.

prototypes. The resulting grouping algorithm is, therefore, a

k-edge-connected subgraph search routine.

Exemplary image fragments belonging to different proto-

types (but within the same visual object), found in various

images are presented in Fig. 8.

In Fig. 9 we show a subset of visual objects automatically

formed in the analysed collection of images (due to size

limitations, each object is represented just by a single image

fragment from one of the prototypes belonging to the object).

Although no semantics is used during the object formation

process, one my find that the created visual objects represent

the actual physical objects appearing in multiple images within

the database.

III. DISCUSSION

Before presenting the experimental results we would like to

discuss the applicability of the method and note its limitations.

As stated above, the key requirement for successful object

formation is very high precision of matching. Nowadays, pre-

cision near 100% may only be reached for image (fragment)

matching problem, i.e. localization of image fragments con-

taining identical objects. State-of-the-art approaches applicable

for similarity based retrieval and grouping could not be used

for the stated object formation problem, because their precision

is still too low. Thus, the proposed method applies only for

image collections depicting the same objects. Popular image

databases such as Caltech 101/256 may not be processed

by the method, because they mostly contain similar (but not

identical) underlying physical objects. For such databases

nothing would be found.

Due to the mentioned, specific requirements, we have tested

the method on a dataset containing images depicting a set

of physically identical objects. For the reference and test

purposes, the dataset may be downloaded from a web site1.

First, we will discuss this dataset, later on we will show how

to set up method’s parameters. In the last part of this section

we will summarize the achieved results.

A. The dataset and the objective of experiments

The dataset consists of 100 diversified images, captured

both indoors and outdoors, containing a variety of objects.

Most images in the database contains more than one object of

interest, appearing in different configurations with diversified

backgrounds. Camera settings and lighting conditions also

differ between images.

Some of the physical objects repeat in several database

images and thus, they are the candidates for visual objects.

We have identified a set of physical objects present on at least

three different images. These objects are: four different books,

a notepad, a leaflet, two different medicine boxes, tissue pack,

three different bottles, tea bag, two road signs, an exit sign

and a street advertising poster. There are also other physical

objects repeating only twice in the database (we consider

them irrelevant because the assumed minimum number of

prototypes in a visual object is k = 3, see Section III-B).

Our objective is to find all those repeating objects in the

database and form visual object out of them. We expect that

there will be no errors in the created objects, i.e. each visual

object may represent only one underlying physical object. If a

single physical object is represented by more than one visual

object, we consider it a problem of lesser grade, because it is

easily solvable in the proposed framework (see Section II-B3).

Of course, the more correctly formed objects (without errors

and object duplications) the better.

B. Method parameters

The proposed method has five parameters, related to (1)

image pre–retrieval, (2) prototype formation and (3) visual

object formation. All parameters, their short description and

suggested values are listed in Table II.

The parameter m defines the size of the subset of most

similar pre–retrieved images. The larger value of the parame-

ter, the higher chance to capture important visual connections

1Image fragment matching dataset: http://www.ii.pwr.wroc.pl/∼visible
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TABLE II
DEFAULT VALUES OF THE METHOD’S MAIN PARAMETERS.

Param. Meaning Value

m Number of pre–retrieved images (% of n) 0.25n
r Size of topological neighbourhood 60

tA Minimum ratio of image fragments area size 0.75
tI Minimum ratio of image fragments intersection size 0.75

k Visual objects graph edge connectivity 3

between images from the database. However, larger values

of the parameter significantly slows down the method. The

maximum value of this parameter is n; this represents a

disabled pre–retrieval, i.e. all image pairs are matched. The

parameter r defines the size of the topological neighbourhood

(see Eq. 2). To choose the proper value of the parameter, we

need to consider two issues. The topological neighbourhood

has to be large enough to be informative and it has to be small

enough due to memory requirements (to speed up the method

all neighbourhoods are pre–computed off–line).

Another two parameters are related to prototypes. They are

used in the image fragment merging routine. As mentioned

in Section II-C, merging should happen only if two image

fragments (they are on the same image) represent the same

physical object. Both parameter values tA and tI have been

experimentally set to 0.75.
The last parameter is related to the visual object formation.

To eliminate potential error matches, we want each prototype

to be linked to at least k other prototypes (i.e. each prototype

should contain at least k image fragments). In the presented

approach, we have assumed k = 3, which is the minimum

possible value. Due to high precision of image fragment

matching, it is fully sufficient. However, if matching errors are

more frequent (lower precision of image fragment matching)

especially on larger databases, one should consider a larger

value of the parameter. As a result, it would be more difficult

to form visual objects but they would be more credible.

C. Discussion on created visual objects

The minimum requirement to form a visual object is having

a physical object correctly matched on at least three different

images (k = 3, see Section III-B). The quality of matching

(i.e. precision of matched area) is in fact the most important

element of successful object formation. To measure how

well the visual objects are formed, we use the ground truth

information as discussed in Section III-A. In fact, we want to

capture as much of underlying physical objects as possible.

Given the processed database and the proposed parameter

set up, there are no errors in the generated visual objects,

i.e. each formed visual object represents only one physical

object. In some cases, a physical object is represented by

more than one visual object, but such objects are merged

together when more data is provided (the pre-retrieval size

is increased). Also, larger amount of matching data leads

to larger number of formed objects. Given the pre–retrieval

mechanism, we can easily set up how many images will be

given to image fragment matching and subsequently how many

similar fragments may be found. Comparison of results for

different pre–retrieval scenarios are given in Tab. III. We note

that not all objects have been found (see Section III-A), non–

planar ones were the most problematic. Low number of pre–

retrieved images causes only a few objects to be created. The

more pre–retrieved images, the more formed objects and the

quality increases, but the computational cost also increases.

TABLE III
AUTOMATICALLY FORMED OBJECTS VERSUS GROUND TRUTH OBJECTS.
”+” REPRESENTS A CORRECTLY FORMED OBJECT, ”–” REPRESENTS A

MISSING OBJECT, ”±” MEANS THAT MORE THAN ONE VISUAL OBJECT

HAVE BEEN FORMED FOR THE UNDERLYING GROUND TRUTH OBJECT.

Ground truth Pre–retrieval size (m) [% of n]
defined object 3 4 5 10 15 20 50 100

Geometrical fragment matching

Book 1 ± ± + + + + + +
Book 2 – + + + + + + +
Book 3 + + + + + + + +
Book 4 + + + + + + + +
Bottle – – – – + + + +
Box – – – ± ± + + +
Exit sign – + + + + + + +
Leaflet + + + + + + + +
Medicine 1 ± + + + + + + +
Medicine 2 + + + + + + + +
Road poster + + + + + + + +
Road sign 1 + + + + + + + +
Road sign 2 – – – – + + + +
Tea bag + + + + + + + +
Tissues – – – + + + + +

Topological fragment matching

Book 1 – ± ± + + + + +
Book 2 + + + + + + + +
Book 3 + + + + + + + +
Book 4 – + + + + + + +
Bottle + + + + + + + +
Box – – – + + + + +
Exit sign – – – – – – – –
Leaflet – + + + + + + +
Medicine 1 – – – + + + + +
Medicine 2 – – – – – – – –
Road poster + + + + + + + +
Road sign 1 – – – – – – – –
Road sign 2 – – – – – – – –
Tea bag – – – – – – – –
Tissues – – – – – – – –

Having the geometrical method employed for the matching

task, we may expect very high area precision (see Tab. I). The

number of pixel–level false positive errors in generated image

fragments is minimal. But there is also a cost, non–planar ob-

jects will be only partially captured and they will most proba-

bly not constitute correct prototypes. The topological fragment

matching overcomes the problem of non–planar objects, but

has much lower precision in terms of matched area. Statistics

demonstrating the ability to recreate meaningful objects are

shown in Tab. III. Due to high precision the geometrical

method is a more suitable candidate for object formation than

the topological one. The main problem with the topological

approach is much smaller number of prototypes successfully

used in object formation. Large differences in image fragments

(the main criterion for successful prototype formation) prevent

capturing identical parts on the same image. Even though the
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number of matched fragments (mostly correct) is higher for

the topological method, the overall number of formed objects

is lower. Statistics for the numbers of created prototypes and

visual objects are given in Tab. IV.

m Matched Formed Prototypes Formed True
[%] fragments prototypes in objects objects objects

Geometrical fragment matching

3 203 106 39 11 9
4 291 131 64 12 11
5 357 138 72 11 11
10 589 162 95 14 13
15 709 174 105 16 15

20 778 176 102 15 15

50 951 188 108 15 15
100 1063 196 108 15 15

Topological fragment matching

3 218 114 13 4 4
4 307 155 33 8 7
5 378 186 45 8 7
10 617 244 63 9 9
15 752 290 67 9 9
20 840 307 72 9 9
50 1059 348 80 9 9
100 1211 382 80 9 9

TABLE IV
CREATED PROTOTYPES AND VISUAL OBJECTS FOR VARIOUS SETTINGS OF

PRE-RETRIEVAL (m).

An interesting case is present for geometrical matching,

m = 15 and m = 20. The number of prototypes successfully

used in object formation is in fact decreasing. Surprisingly,

this is a correct behaviour. Some image fragments, which

should create a single prototype, were not merged together

for m = 15. Instead, multiple different prototypes are created.

If the number of pre–retrieved images is increased to m = 20,
missing links between these prototypes are found. Image

fragments are properly merged and a single prototype is

formed. Thus, we can also see a decrease (by 1) of the number

of visual objects. In fact, similar behaviour happens quite often

(see ”±” in Tab. III), but in this case it is well captured.

We may also observe a much lower number of formed visual

objects for the topological fragment matching. It is related

to the already mentioned problem of lower area precision.

Decreasing the values area related merging thresholds (tA
and tI ) results in creating of false objects and thus is not

an acceptable approach. This confirms one of the initial

statements, that successful visual object formation requires

image fragment matching working with very high precision.

Apart of the listed features of the proposed method, there

are also weak points. In some cases one detected prototype

is a part of another prototype. Prototype formation criterion

based on fixed merging thresholds (tA and tI ) can not capture

it correctly. Such prototypes (and later on visual objects) will

not be joined, even though they represent the same underlying

physical object (or a part of it). Therefore, we should consider

building a hierarchy of prototypes and visual objects, instead

of a plain structure.

IV. SUMMARY

A method for automatic formation of visual objects has

been presented. The method is able to find meaningful image

fragments from an unlabelled set of images. Visual objects are

formed out of repeating, similar image fragments within the

dataset. The proposed method employs image fragment match-

ing techniques to extract such similar fragments of images.

Two matching techniques are used, namely: the geometric and

the topological ones. Apart from the visual object formation

solution, we have also presented a novel image pre–retrieval

method that effectively identifies images prospectively con-

taining similar fragments. The method uses a topology–based

similarity function. It is an important component of the system,

because it significantly shortens the matching process.

The proposed solution creates a set of visual objects,

without any kind of structure or hierarchy. This might be

its weak point, because some similar fragments may indeed

be structured (e.g. one object represents a visual fragment of

another object). Our further research will focus on building

such a hierarchy of visual objects.
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Abstract—This paper presents a methodology for learning
taxonomic relations from a set of documents that each explain
one of the concepts. Three different feature extraction approaches
with varying degree of language independence are compared in
this study. The first feature extraction scheme is a language-
independent approach based on statistical keyphrase extraction,
and the second one is based on a combination of rule-based
stemming and fuzzy logic-based feature weighting and selection.
The third approach is the traditional tf-idf weighting scheme
with commonly used rule-based stemming. The concept hierarchy
is obtained by combining Self-Organizing Map clustering with
agglomerative hierarchical clustering. Experiments are conducted
for both English and Finnish. The results show that concept
hierarchies can be constructed automatically also by using
statistical methods without heavy language-specific preprocessing.

I. INTRODUCTION

An ontology is a directed graph consisting of concepts

as nodes and relations as the edges between the nodes. A

well-defined ontology has names for the concepts and specify

what kind of relation there is between the concepts. The

ontology is represented using a formal language, such as

DARPA Agent Markup Language (DAML) or Web Ontology

Language (OWL). With the use of the formal language, axioms

can be specified to determine validity and to define constraints

in ontologies. Ontologies are used widely in different Natural

Language Processing (NLP) applications: examples are word

sense disambiguation [1], annotating images [2], assessing text

difficulty [3], and monitoring disease epidemics by analysing

textual reports from the Web [4].

Creation of ontologies has obvious benefits, since it appears

ideal that all systems within some domain would use similar

terminologies and shared ontologies. The continuous change

of conceptual systems through innovations and other activities

requires that also ontologies need to be updated. The costs

related to ontologies stem from two main sources: the devel-

opment of a shared conceptual system and the use of it [5].

The development of an ontology typically consists of defining

the concepts and the relationships between the concepts. The

typical stages of an ontology building process are the following

[6]: (1) domain analysis resulting into the requirements spec-

ification, (2) conceptualization resulting into the conceptual

model, (3) implementation that leads into the specification

of the conceptual model in the selected representation lan-

guage, and (4) the ontology population i.e. the generation of

instances and their alignment to the model that results into the

instantiated ontology. Ontology maintenance includes getting

familiar with and modifying the ontology. Reuse involves costs

for the discovery and reuse of existing ontologies in order to

generate a new ontology [6]. Simperl et al. [7] present a cost

estimation model for ontology engineering. They estimate the

person months associated to building, maintaining and reusing

ontologies calculated as the product of the size of the ontology.

Ontologies have been mainly created manually but since

the cost of manual creation is huge, also automated ways

have been studied, often using methods developed originally

for other fields of science. Ontology learning is the process

of identifying terms, concepts, taxonomic and non-taxonomic

relations and optionally axioms from natural language text and

using them to construct and maintain an ontology.

In this paper, we assume that we have a set of text

documents, each describing a concept in natural language. We

extract taxonomic relations between the described concepts by

using a selection of feature extraction methods and clustering

the resulting feature vectors. This approach is automatic and

easily portable to other domains and languages since it needs

just a set of dictionary-like pages or documents as resources.

One of our approaches is language-independent while the

others use some language-dependent preprocessing steps.

A. Related work

Learning or extracting taxonomic relations means finding

hypernymies between concepts with the goal of constructing a

concept hierarchy. On the other hand, non-taxonomic relations

are other than hyponymic relations between concepts in an

ontology including e.g., synonymy and antonymy.

Taxonomic relations have been extracted automatically for

a long time: Amsler created automatically a taxonomy for En-

glish nouns and verbs using dictionary definitions [8]. Hearst

introduced lexico-syntactic patterns that indicate hyponymy

relations [9]. Those have been further used for taxonomy

learning e.g. in [10], [11]. Taxonomies have been learned also

from Wikipedia by using the Wikipedia categories as concepts

in a semantic network, connectivity of the network and on

applying lexico-syntactic patterns [12]. Statistical methods

for extraction of taxonomic relations have been covered in

[13] including hierarchical and non-hierarchical clustering,
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similarity measures and different linking schemes. [14] in-

troduced their guided agglomerative hierarchical clustering

algorithm that create concept hierarchies from text collections

exploiting a hypernym oracle. The oracle exploits hypernyms

from WordNet and using the Hearst lexico-syntacic patterns

matched in a corpus or Internet. [15] proposed a clustering

approach for taxonomy learning that incorporates evidence

from multiple classifiers to optimize the entire structure of

the taxonomy.

Also a combination of natural language processing tools

have been used in extracting relations from text. A massive ap-

proach uses lemmatiser, syntactic parser, part-of-speech tagger,

pattern-based classification and word sense disambiguation

models together with resources such as domain ontology,

knowledge base, and lexical databases [16]. Another approach

is an unsupervised model for learning arbitrary relations be-

tween concepts of an ontology [17]. The approach uses corpus

of manually tagged named entities, corresponding to ontology

concepts and syntactic patterns.

In a recent work [18] the variety of ontology and concept

hierarchy learning have been explained comprehensively. The

work also introduces the Tree-traversing Ants (TTA) clustering

technique for learning taxonomic relations. TTA is based on

dynamic tree structures and it adopts a two-pass approach for

term clustering. During the first pass, nodes are recursively

broken into sub-nodes using Normalized Google Distance

(NGD). The second pass is a refinement phase where terms are

relocated according to n-degree of Wikipedia (noW) measure

that uses Wikipedia Categories information.

The problem of the current methods is that they use of

a wide range of language-specific tools, dictionaries or on-

tologies and thus exporting to new languages or domains is

difficult or in some cases even impossible due to the lack of

resources. The work by Wong seems to be more independent

of the used language but instead needs access to Google and

Wikipedia.

B. Our contribution

Our methodology can use any encyclopedia entries or other

topic-related documents as definitions of concepts and creates

taxonomic relations based on this data alone. No access to

online sources is needed after the collection of the docu-

ment set. Our methodology uses a very small amount of

language-specific information and is thus easily portable to

other languages. Other works that use Wikipedia use mostly

the category information as concepts for taxonomy learning.

Instead, we use the Wikipedia articles as concepts. Wikipedia

articles have been used as concepts also in [19] but they do not

create taxonomies but only measure relatedness between words

or documents. In the existing work, term extraction methods

are usually used for extraction of labels for concepts in the

ontology, but we use keyphrase extraction for selection of a

relatively small amount of terms for document representation.

II. METHODS

We propose a methodology to generate taxonomic relations

or concept hierarchies automatically from a set of encyclope-

dia documents. Each document is a description of a concept

(the same assumption is made e.g. in [19]). These concepts are

on the lowest level of the ontology and we aim to cluster the

documents hierarchically to obtain an ontological structure of

the concepts. Our methodology for generation of taxonomic

relations consists of two basic steps: 1) feature extraction and

2) hierarchical clustering of the feature vectors. The result is

a hierarchical structure generated according to the contents of

the text documents.

In this study, generation of taxonomic relations is carried out

for both English and Finnish languages. Finnish is a highly

agglutinative language and as such relatively different from

English. By using this language pair in our experiments we

want to show that our methodology is further exploitable for

several other languages.

A. Feature extraction

Feature extraction aims to reduce input data dimensionality,

extracting the relevant information and removing redundan-

cies. Traditional document representations are built over the

Vector Space Model (VSM) [20], using term weighting func-

tions based on term and document frequencies. The weighting

is supposed to reflect the importance of each word to represent

a particular document in the context of a document collection

or corpus.

We propose three different approaches for document repre-

sentation. One of them is a combination of heuristic criteria

exploiting document structure by means of fuzzy logic. The

second approach utilizes a statistical keyphrase extraction

method to automatically extract features for document rep-

resentation. The third method is the traditional tf-idf term

weighting function that is also used as a baseline for our study.

These representations are selected to compare how purely

statistical method performs compared to a more heuristic

method that gathers extra knowledge from the documents’

meta information.

1) Fuzzy combination of criteria: When a human reader

tries to understand the contents of a document, his or her

attention is focused on some particular elements. Title or

emphasized words are usually considered more important than

the rest of the document. Moreover, the first and the last

parts of a document usually contain overviews, summaries or

conclusions with important keywords.

A fuzzy logic-based representation called Extended Fuzzy

Combination of Criteria (efcc) [21] aims to exploit the se-

mantics reflected by the use of a specific subset of HTML

tags. The main idea is to define the importance of each

word by combining several heuristic criteria. These criteria

are related to word frequencies in the whole document, in

titles, in emphasized text segments, or in first or last parts

of a document. If similar information is available, the efcc

approach can be used with any kind of document, not only

with HTML-encoded documents.
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The fuzzy system is built over the concept of linguistic

variable, which value can be defined using natural language

words and fuzzy sets. Each variable describes the membership

degree of an object to a particular class. In the efcc approach,

they are defined from human expert knowledge based on word

frequencies mentioned above. Then, the knowledge base is

defined by a set of IF-THEN rules combining these variables,

in order to describe system behaviour as much precisely as

possible. The aim of these rules is to combine one or more

input fuzzy sets (antecedents), associating them with another

output fuzzy set (consequent). Once the consequents of each

rule have been calculated, and after an aggregation stage, the

final set is obtained.

In this way, the knowledge used to build the rules is based

on the following simple ideas: (1) A word appearing in the

title or emphasized should appear in any other criterion to

be considered important; (2) Words appearing in the first or

last part of a document could be more important than others,

because documents usually contain summaries or relevant

ideas to attract reader’s interest; (3) A non-emphasized word

could mean that no words are emphasized in the web page;

(4) A word not appearing in the title may indicate that the

page has no title or the title has no meaning, i.e. it does not

enclose relevant words; (5) High frequency of a word in a

page could be important when the previous criteria are not

enough to choose the most relevant words.

Some samples of these rules are (the rest can be found

in [21]):

TABLE I
SAMPLE RULES

IF Title == High AND emph == High
THEN relevance = Very relevant

IF Title == High AND emph == Medium AND Position == Preferential
THEN relevance = High relevance

IF Title == High AND emph == Medium AND Position == Standard
THEN relevance = Medium relevance

...
IF Frequency == Medium

THEN relevance = Medium relevance

The inference engine is based on a center of mass algorithm

(COM) that weights the output of each fired rule taking into

account the truth degree of its antecedent. The output is

a linguistic label with an associated number related to the

relevance of a specific word in the page. A more detailed

explanation of the fuzzy system can be found in ( [21], [22]

and [23]).

In addition to the efcc term weighting function, also inverse

document frequency idf is used (equation 1).

idfi = log
|D|

|{d : ti ∈ d}| (1)

Where D is the total number of documents, and the de-

nominator represents the number of documents containing the

term i in the collection.

This modification of efcc aims to penalize those words

appearing in a high number of documents due to the fact that

Wikipedia pages are template-based and, therefore, there are

terms appearing in each and every page (equation 2).

(efcc-idf)i,j = efcci,j × idfi (2)

Where efcci,j is the relevance value obtained by means of

the fuzzy system for a term i in a document j.
Moreover, discarding terms appearing in less documents

than a particular percentage of the whole collection size can

alleviate the effect of idf over too discriminative terms. If a

concrete term appears in less than 4 documents, it is removed.

This approach is called df-efcc-idf. Other intermediate variants

were tested, like using just efcc values and the one shown in

equation 2, but the results were uniformly worse.

To reduce the dimensionality of document vectors by se-

lecting the most important features, we use the Most Frequent

Terms until n level (mft) reduction method. This method

consists of ranking the terms document by document based

on the term weighting function values. A separate ranking

is created for each document. In the first step, we will take

terms appearing in the first position of each document ranking,

ordering them first based on how many times a term has been

found in different document rankings, and then, if two or more

terms appear the same number of times in different rankings,

based on the maximum weight found for each term. If we do

not have terms enough, then we will take the terms appearing

in second position in each ranking, and so forth.The process

stops when the desired number of terms has been reached.

2) Statistical keyphrase extraction: The second feature ex-

traction approach Likey [24] comes from the tradition of sta-

tistical machine learning. It extracts keyphrases of a document

based on phrase frequencies. Likey does not use any language-

dependent preprocessing tools or vocabularies and the only

language-specific component needed is a reference corpus in

each language. The basic idea in the method is to see whether

the relative frequency of term candidates in the document

collection is larger than their frequency in the reference corpus.

The Likey ratio [24] for each phrase is defined as

L(p, d) =
rankd(p)

rankr(p)
, (3)

where rankd(p) is the rank value of phrase p in document

d and rankr(p) is the rank value of phrase p in the refer-

ence corpus. Phrases are all the n-grams of the document

up to a phrase length n. The rank values are the ordered

frequencies of the phrases of the same length; the phrase

having the largest frequency gets the rank of 1. In case of

the same frequency value the rank value also stays the same.

If the phrase p does not exist in the reference corpus the

value of the maximum rank for phrases of length n is used:

rankr(p) = max rankr(n) + 1. The Likey ratio is used to

order the phrases existing in each document with those phrases

having the smallest ratio being the best candidates for being

a keyphrase.
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As a post processing step, the phrases of length n > 1 face

an extra removal process. If the reference rank value rankr of

any of the single words constituting the phrase is smaller than

the rank of the whole phrase, that means, the word is more

common than the phrase, the phrase is removed. This uses the

assumption that the maximum rank value is usually smaller

for longer phrases than for unigrams since the frequencies of

longer phrases are lower. In addition, lower rated subphrases

of the existing keyphrase are also pruned.

The Likey ratio cannot be used directly as keyphrase weights

since the best keyphrases get the smallest Likey ratio values.

We thus scale the ratio to values between [0, 1], where values

closer to 1 are the best keyphrases. The scaled weights are

calculated with

w2(p) =

{
(1t − L(p, d)) ∗ t if L(p, d) < 1

t

0 otherwise
(4)

where 1/t is the maximum Likey ratio taken into account.

3) Tf-idf term weighting: As our third feature extraction

method and also the baseline, we use the traditional tf-idf term

weighting scheme (equation 5).

(tf-idf)i,j = tfi,j × idfi (5)

Where tfi,j is the number of times a given term i appears
in document j.

We weight the unigrams of each document with the other

documents as a reference. To reduce vector size, terms with

high and low document frequencies are discarded.

This is selected as the baseline method because it is a very

well known representation used nowadays in many fields like

clustering, classification, information retrieval, etc. Tf-idf has

also been used as a baseline in several unsupervised learning

and clustering works that combine VSM with Self-Organizing

Maps, e.g. [25], [26], and [27].

B. Hierarchical clustering

To learn the taxonomic relations between concepts, we

assume that each concept has a hypernym, i.e. a parent node.

Moreover, we assume that there is a maximum number of

distinct hypernyms among the concepts. The concepts are

represented by term feature vectors, and Self-Organizing Map

(SOM) [28] is used to create an ordered space of the concept

vectors. The SOM is an artificial neural network that orders

data using unsupervised learning. Even though the SOM is

a good method for reducing dimensionality and finding a

topological order of data, it does not perform the explicit

classification task. Because of this, hierarchical clustering of

the prototype vectors of the SOM is applied on the top of

the SOM map to define the borders of clusters. We use

agglomerative hierarchical binary clustering to produce up to

m clusters for the SOM map. The next levels are obtained by

training a new SOM separately for the feature vectors in each

cluster and using agglomerative hierarchical clustering for the

new SOM maps.

A K-level concept hierarchy is built by first assuming that

the zero-level data (concepts, i.e. term vectors) constitute the

zero-level cluster, i.e., the root node. The zero-level data are

then clustered into first-level clusters. The feature vectors in

each of the level k clusters are further clustered to get the

k + 1-level clusters and thus a more fine-grained clustering

until k = K . The level K concepts are then the original

concepts represented by the feature vectors. Somewhat sim-

ilar approach is the growing Self-Organizing Map [29] and

further the growing hierarchical Self-Organizing Map [30].

The growing of the map in that case is based on variations of

Average Quantization Error, expanding single neurons instead

of clusters.

Another possibility in this study would have been to use

hierarchical clustering algorithm directly to the feature vectors

but that would have needed another method that reduces the

resulting binary tree into a small number of hierarchy levels.

C. Evaluation methodology

The evaluation of automatically generated ontologies may

concentrate on different levels: evaluation of the lexical layer,

hierarchy, or context level [31]. Four approaches for evaluating

ontologies have been considered in the literature: comparison

to a gold standard (which may itself be an ontology), eval-

uation as a part of an application, comparison to a source

data about the domain, and evaluation by humans [31]. We

follow the first approach and compare the generated conceptual

hierarchies to a manually constructed reference ontology.

To be able to compare the hierarchical structure to an

ontology, we label the concepts of the generated hierarchical

structure with the terms (concept names) in the reference

ontology. First, the topic of each text document is extracted

from the incorporated meta data of the documents. The topics

are used to label concepts on the lowest-level in the generated

concept hierarchy. Also the parents for each topic are extracted

from the reference ontology. The clusters on the generated

hierarchy act as the hypernyms (parent concepts) and they

are labeled according to the concepts forming the cluster. The

majority of the parents is selected as the label for the cluster,

i.e., the hypernym. In a case of two parent candidates of equal

sizes the hypernym is selected randomly.

Each label can exist only once in the hierarchy in evaluation.

Therefore, for labeling purposes, clusters having both the same

label and the same parent are merged. In a case where the

clusters with the same label have different parents, the cluster

having less concepts assigned with that label is considered as

unclassified. In a case of equal size, the unclassified cluster

is selected randomly. In this way, we penalize similar clusters

when they are far away, avoiding penalizing the errors due to

too fine-grained clustering.

We use the TPcsc evaluation metrics [32] for evaluation

of the automatically generated ontologies. Also Wilks and

Brewster [33] and Brewster et al. [34] have performed their

evaluation by a gold standard using these metrics, but not using

reference labels. The experiments are focused on finding single
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concepts and their relations, and not the whole hierarchy as is

our case.

Dellshcaft and Staab [32] introduce TPcsc, TRcsc and

TFcsc values for the evaluation of a concept hierarchy of

an ontology. The TPcsc metric is a global taxonomic pre-

cision TP , which uses the common semantic cotopy csc.
The common semantic cotopy csc is defined as a set of

concept identifiers, which are sub concepts c <C1 c1 and

super concepts c >C1 c1 of the concept identifier c1 in concept

a hierarchy C1 and which are also concept identifiers in the

ontology O2

csc(c,O1,O2) =

{ci|ci ∈ C1 ∩ C2 ∧ (ci <C1 c ∨ c <C1 ci)}. (6)

Local taxonomic precision tpcsc compares common semantic

cotopies of concepts of c1 ∈ C1 and c2 ∈ C2
tpcsc(c1, c2,O1,O2) =

|csc(c1,O1,O2) ∩ csc(c2,O1,O2)|
|csc(c1,O1,O2)|

. (7)

The global taxonomic precision TPcsc metric is based on local

taxonomic precision of the common concepts of a learned

ontology OC and the reference ontology. The value of TPcsc

tells how many of the semantic relations of the learned

ontology can be found in the reference ontology

TPcsc(OC ,OR) =

1

|CC ∩ CR|
∑

c∈CC∩CR

tpcsc(c, c,OC ,OR). (8)

The global taxonomic recall TRcsc metric is calcuated using

global taxonomic precision TPcsc

TRcsc(OC ,OR) = TPcsc(OR,OC). (9)

The taxonomic F-measure TFcsc is the harmonic mean of the

global taxonomic precision and recall.

TFcsc(OC ,OR) =

2 · TPcsc(OC ,OR) · TRcsc(OC ,OR)

TPcsc(OC ,OR) + TRcsc(OC ,OR)
(10)

III. DATA

The data used in this study consists of a document collection

from Wikipedia that is used in learning of taxonomic relations,

evaluation data that is a manually constructed ontological

structure of the text documents, and a reference corpus for

the Likey keyphrase extraction method.

A. Wikipedia articles

The data for concept representation are collected as

HTML pages from the English1 and Finnish Wikipedia2.

The Wikipedia data are articles about animals (mammals and

birds) in both English and Finnish. The data are collected

manually using the meta information from both categories

1http://en.wikipedia.org, accessed on 12th January 2010
2http://fi.wikipedia.org, accessed on 13th August 2009

and information boxes. The data were collected originally for

Finnish such that the length of each article exceeds 200 words

to be able to extract keyphrases of sufficient quality, resulting

119 articles. The English articles are the Wikipedia-provided

translations of the Finnish articles, resulting 113 articles due

to five too short articles and one article that is linked from

two Finnish articles. These data sets are available on our web

pages.

B. Reference ontology

The evaluation data are collected from the Wikipedia arti-

cles. Most of the Wikipedia articles about animals contain a

separate meta information box explaining the scientific clas-

sification of the animal. This meta information is collected to

construct the reference ontology manually. In our evaluation,

we use a simplified version of the scientific classification: just

three levels of hierarchy are taken into account besides the

actual articles. The three levels were inherent in the document

collection and it is also the first non-trivial number of levels.

The Wikipedia articles are situated as the leaf nodes, located

on the third level of the reference ontology. Their topics are

about different Families, Subfamilies or Species, e.g. Black

Grouse, Galapagos Hawk and Jaguar. In the English reference

ontology there are 113 third-level concepts and in the Finnish

ontology 119 concepts. Each third-level concept has a super

concept on the second level, which consists of nine different

animal Orders (according to the scientific classification) in

both languages, e.g. the parent of Black Grouse is Order

Galliformes, Galapagos Hawk is of Order Accipitriformes and

Jaguar is of Order Carnivora (see Figure 1). There are two

concepts on the first level in both languages: the Classes

Mammalia (parent of e.g. Carnivora) and Aves (parent of e.g.

Accipitriformes and Galliformes). The root concept of both of

the reference ontologies is Kingdom Animalia. Both ontologies

have 5 subclasses (Orders) for Mammalia and 4 subclasses for

Aves. In the Finnish ontology, 84 concepts on the third level

(79 in English) belong to Class Mammalia and 35 (34) to

Class Aves.

C. Europarl corpus

The statistical keyphrase extraction method Likey requires

a reference corpus that is a sample of the general language.

We use English and Finnish parts of Europarl, European

Parliament plenary speeches [35] as the reference corpus.

Our preprocessing excludes all XML tags containing some

meta data and results in the sizes of 35 758 149 word tokens

in English and 22 676 344 word tokens in Finnish.

IV. EXPERIMENTS

Our concept hierarchy generation process is based on unsu-

pervised learning. As ontologies are structured by default, in

this first approach we decided to select manually the maximum

number of clusters on each hierarchy level to simplify the

process of comparison to the reference ontology. In our

experiments, the maximum was two clusters on the first level

and ten clusters (5 + 5) on the second level. If the hierarchical
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Fig. 1. Part of the reference ontology.

clustering was not able to find the total number of classes, a

smaller amount was accepted.

On the first level, we trained a 3x3-cell (5x5 cells in a

larger map) SOM with normalization of the variance and batch

training using SOM Toolbox3. On the second level, the map

size was slightly larger, 5x5 cells (7x7 cells). These sizes were

selected according to our preliminary tests where we found

that larger maps (up to 20x20 cells) do not perform very well.

Hierarchical clustering was carried out with correlation dis-

tance using complete linking scheme. In the preliminary tests,

we also used other distance measures (e.g. cosine and spear-

man) and linking schemes (single and average). Correlation

and cosine distance performed very similarly but spearman

distance usually slightly worse. Overall, the differences were

very small. Single and average linking had the problem that

with our implementation in Matlab there were cases where the

clustering could not be found.

A. Fuzzy-based representation

In the efcc feature extraction approach, the data was pre-

processed in the following way. A set of stop words for each

language was used to remove common words. The HTML-

specific entities were converted to their corresponding char-

acters or discarded, depending on the case. The punctuation

marks were also removed. Finally, suffixes were removed

using a language dependent stemmer: a standard implemen-

tation of Porter’s algorithm for English and Snowball Finnish

stemmer4.

The number of features per document vector was chosen

to be 100 since that had been enough in our preliminary

tests. A second representation for both languages is selected

to be approximately the sizes used by the keyphrase extraction

method. The second vector size is 913 for English and 1157

for Finnish.

3http://www.cis.hut.fi/somtoolbox/
4http://snowball.tartarus.org/algorithms/finnish/stemmer.html

B. Keyphrase extraction

The keyphrase extraction method uses only the plain text

portion of the Wikipedia HTML pages without any meta data

and is thus a language-independent approach. The Wikipedia

preprocessing produces plain text by removing HTML and

Wikipedia markup-specific tags, figures, tables, lists, links,

and references. Preprocessing for both Wikipedia articles and

Europarl reference corpora in Finnish and English removes

punctuation and changes numbers to a <NUM> tag. Note

that no stemming nor other linguistic filtering takes place in

this approach.

We selected the first 15 keyphrases from each article and

weighted them with a scaled Likey weight (Eq. 4) that might

decrease to zero. We used a threshold value 1/t = 0.01 since

in most of the documents the Likey ratio for the first 15

keyphrases is less than that. The resulting feature vectors have

934 features in English, and 1211 features in Finnish.

C. Tf-idf baseline

For tf-idf the same preprocessing as for efcc representation

was carried out. The number of features per document vector

were selected in the same manner than efcc representation,

described in section IV-A.

D. Results

The results of the experiments for English Wikipedia doc-

uments are given in Table II. The global taxonomic precision

(TP), recall (TR) and F-measure (TF) results for the three

feature extraction approaches are presented. For df-efcc-idf

and similarly for tf-idf, results for vectors with 100 features

(df-efcc-idf 100 and tfidf 100, respectively) and 913 features

(df-efcc-idf 913 and tfidf 913, respectively) are shown. Also

the results for Likey are presented. The results are calculated

as averages of the two different map sizes.

TABLE II
RESULTS FOR ENGLISH FOR DIFFERENT REPRESENTATIONS. TP, TR, AND

TF STAND FOR GLOBAL TAXONOMIC PRECISION, RECALL AND

F-MEASURE, RESPECTIVELY.

Representation TP TR TF

df-efcc-idf 100 0.782 0.900 0.836
df-efcc-idf 913 0.725 0.956 0.825
Likey 0.764 0.886 0.820
tf-idf 100 0.707 0.853 0.772
tf-idf 913 0.698 0.869 0.774

The second experiment is for the Finnish language with the

same parameters and representatons than for English, except

for the vector size of the second representation of df-efcc-idf

and tf-idf is 1157. The results are presented in Table III.

These results show that for both English and Finnish lan-

guages a level of about 80% in Taxonomic F-measure can be

achieved within the task of generating hierarchical structures.

For the Finnish language, the language-independent feature

extraction approach Likey does not perform as well as the

other approaches. Anyway, the stemming preprocessing step

is missing from the Likey results and that might explain the

poorer performance at least partly.
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TABLE III
RESULTS FOR FINNISH FOR DIFFERENT REPRESENTATIONS. TP, TR, AND

TF STAND FOR GLOBAL TAXONOMIC PRECISION, RECALL AND

F-MEASURE, RESPECTIVELY.

Representation TP TR TF

df-efcc-idf 100 0.734 0.872 0.796
df-efcc-idf 1157 0.722 0.852 0.781
Likey 0.685 0.841 0.755
tf-idf 100 0.779 0.847 0.812
tf-idf 1157 0.837 0.865 0.851

For the English language, the heuristic fuzzy logic-based df-

efcc-idf performs better than the statistical approaches. This

is of course a natural result since df-efcc-idf exploits more

knowledge by using the semantic information of the HTML

structure.

The results seem to be not very consistent. This may be

due to the fact that a small difference in the SOM clustering

may have large effect in the resulting ontology. If SOM

were initialized randomly instead of using the default setting

of linear initialization along the two greatest eigenvectors,

different results could be obtained on different runs and more

precise results reached.

V. CONCLUSIONS AND DISCUSSION

In this paper, we have presented an automated methodology

for concept hierarchy generation from a set of text documents.

We used three different representations of the documents:

1) a combination of rule-based stemming and fuzzy logic-

based feature weighting and selection, 2) automatic keyphrase

extraction and 3) the traditional tf-idf measure with rule-based

stemming. The hierarchy generation has been run by a hierar-

chical approach of the Self-Organizing Map (SOM) together

with agglomerative hierarchical clustering. The experiments

have been conducted for English and Finnish to show the

applicability to different kinds of languages.

We used more than 100 Wikipedia articles about Animalia

as our data for both English and Finnish. We also created

reference ontologies out of the Wikipedia articles for both

languages. In the future work, a much larger collection of

Wikipedia articles could be used to obtain larger number of

levels in the ontology. We also want to exclude the information

about the amount of clusters needed for building the hierarchy.

Another future improvement consist of extracting concept

identifiers from the corpus instead of generating just the

taxonomy. Any of our representations could be utilized also

here.
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Metric properties of populations in artificial

immune systems using Hadamard representation

Zbigniew Pliszka and Olgierd Unold,

Abstract—A Hadamard representation, which is an alternative
towards the binary representation, is considered in this study. It
operates on numbers +1 and −1. Several properties of such
defined representation were pointed out and properties of the
immune system were expressed based on this representation.

Index Terms—Genetic algorithm, binary coding, Hadamard
representation, artificial immune system.

I. INTRODUCTION

DESPITE the continuous development since the 1960s,

the discipline of genetic algorithms [5], [11], [1] is still

focused more on the empirical aspects of algorithms than

theoretical studies. Methods, which are currently in use in

theoretical studies of these algorithms, could be classified

into one of the following groups: schema theory [7], markov

chains theory [10], dimensional analysis [12], order statis-

tics [4], quantitative genetics [8], orthogonal functions anal-

ysis [3], quadratical dynamical systems QDS [14], statistical

physics [2].

Despite the fact that sophisticated and complex mathemat-

ical models were implemented, neither results were obtained

which could have broader field of application (e.g. the schema

theory or the Markov chains theory) nor were these methods

subject for a vivid discussion. Simplistic assumptions adopted

frequently in the theoretical analyses deform the analyzed

algorithms in such a way that they question the real connection

between the obtained results and the investigated algorithms.

This study undertakes rather unfertile topic of representation

of binary chromosomes. In place of the classic, zero-one

binary representation, other representation {-1, 1} has been

proposed for which the metrics in the binary chromosomes

space was determined. This representation, called later the

Hadamard representation, allows for an effective proof of the

dependence between the whole groups of chromosomes. In

the Hadamard representation all chromosomes are equal to

the length in a defined metric, and there is no chromosome

”‘zero”’, which often had to be separately discussed in the

binary representation due to its distinct properties. Note that

in the zero-one binary representation each chromosome can

be normalized, and each chromosome has a clearly defined

direction except chromosome ”‘zero”’.

The Hadamard representation was applied for defining prop-

erties of the artificial immune systems.

II. HADAMARD REPRESENTATION

In 1893, French mathematician Jacques Hadamard in his

study Résolution d’une question relative aux déterminants [6]

presented the properties of a matrix, whose only elements

TABLE I
INDEXING AND REPRESENTATION OF POINTS IN An SPACE.

Element’s Decimal Binary Hadamard
symbol representation representation representation

h1 0 (0,0,. . . ,0,0,0) ( 1, 1,. . . , 1, 1, 1)

h2 1 (0,0,. . . ,0,0,1) ( 1, 1,. . . , 1, 1,-1)

h3 2 (0,0,. . . ,0,1,0) ( 1, 1,. . . , 1,-1, 1)

.

.

.
.
.
.

.

.

.
.
.
.

h2n−2 2n − 3 (1,1,. . . ,1, 0, 1) (-1,-1,. . . ,-1, 1,-1)

h2n−1 2n − 2 (1,1,. . . ,1, 1, 0) (-1,-1,. . . ,-1,-1, 1)

h2n 2n − 1 (1,1,. . . ,1, 1, 1) (-1,-1,. . . ,-1,-1,-1)

were +1 or -1. In this study, we used this representation as a

substitute of a binary representation, omitting the requirement

of orthogonal columns pairs. Subject of our deliberation was

the following series:

An = {(hn, hn−1, . . . , h2, h1) : ∀i ∈ {1, 2, . . . , n}
hi ∈ {−1, 1}} (1)

Its elements represent all possible binary chromosomes of

equal length n. We will be considering in our work that n is

a natural number higher than 1. The proposed representation

has one, apparently insignificant property, which distinguishes

it from the binary representation: a square of each coordinates

is equaled 1. This fact draws two subsequent conclusions: the

sum of the squares of coordinates of each element of the An

space is constant and equals this space dimension, and there

is no element with zero coordinates. The collection of these

simple facts allows for the formulation of rules for phenotypes

(indices) and development of automate methods of moving

frame An, as well as determination of the distance (level of

differentiation) between the elements of this space.

At the beginning, we determined the order of the indexing of

points in An and their four representations, which we will use

alternating (see Table I).

The number of points included in An

|An | = 2n (2)

For each element in the binary representation there are numer-

ous functions transforming the elements of this representation

to the elements of the Hadamard representation and inversely.

The same can be said about the Hadamard representation

in relation to the binary representation. Three pairs of such

functions are presented in Table II.

The distance of points in An

The distance of two points a = (an, . . . , a2, a1) and b =
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TABLE II
EXEMPLARY FUNCTIONS TRANSFORMING THE HADAMARD REPRESENTATION INTO THE BINARY REPRESENTATION AND INVERSELY.

For binary representation For Hadamard representation

B1(hj,i) =

{
0 for hj,i = 1
1 for hj,i = −1

H1(bj,i) =

{
1 for bj,i = 0

−1 for bj,i = 1

B2(hj,i) =
1−hj,i

2
where hj,i ∈ {−1, 1} H2(bj,i) = 1− 2bj,i where bj,i ∈ {0, 1}

B3(hj,i) = log−1 hj,i where hj,i ∈ {−1, 1} H3(bj,i) = (−1)bj,i where bj,i ∈ {0, 1}

(bn, . . . , b2, b1) in An space is measured according to the

following equation:

∀a, b ∈ An w(a, b) = n− 1

4

n∑

i=1

(ai + bi)
2 (3)

The distance defined in that way will always be a positive

integer, which will tell us on what coordinates in Hadamard

representation the values differ (exactly as in the binary

representation) (see Table I). In addition, An space with the

w distance determined in this way is metric.

Proof:

1. (identity of indiscernibles)

w(a, a) = n− 1

4

n∑

i=1

(ai+ai)
2 = n− 1

4

n∑

i=1

4(ai)
2 = n−n = 0

and at the same time

w(a, b) = 0 ⇒ n = 1
4

∑n
i=1(ai + bi)

2. Therefore, for ai, bi ∈
{−1, 1}, ∀i ∈ {1, 2, ..., n} ai = bi, we finally arrive at the

equation a = b.
2. (symmetry)

w(a, b) = n− 1

4

n∑

i=1

(ai+bi)
2 = n− 1

4

n∑

i=1

(bi+ai)
2 = w(b, a).

3. (triangle inequality)

w(a, b) + w(b, c) =

= n− 1

4

n∑

i=1

(ai + bi)
2 + n− 1

4

n∑

i=1

(bi + ci)
2 =

= 2n− 1

4
(

n∑

i=1

(ai + bi)
2 +

n∑

i=1

(bi + ci)
2) =

= 2n− 1

4

n∑

i=1

(
a2i + 2bi (ai + bi + ci) + c2i

)

Due to ai, bi, ci ∈ {−1, 1}, we obtain the weak inequality

bi (ai + bi + ci) ≤ aici + 2. Therefore,

≥ 2n− 1

4

n∑

i=1

(
a2i + 2 (aici + 2) + c2i

)
=

= 2n− 1

4

n∑

i=1

(
a2i + 2aici + c2i

)
− n =

= n− 1

4

n∑

i=1

(
a2i + 2aici + c2i

)
= w(a, c).

Hence, we have w(a, b) + w(b, c) ≥ w(a, c).

Remark R1

For any point established in An space, there are

(
n

n− z

)
=

(
n
z

)
different points at exactly z distance.

A set of points in An with w metrics constitute the limited

metric space of diameter n, it can be easily observed that for

any two points ht, hk ∈ An there is an inequality

w(ht, hk) ≤ n, (4)

and the equality occurs only for k = 2n − t + 1, which is

presented in Theorem T1.

Lemma L1

∀ht, hk ∈ An w(ht, hk) = n ⇔
∀i ∈ {1, 2, ..., n} ht,i = −hk,i

Proof:

w(ht, hk) = n

m

n− 1

4

n∑

i=1

(ht,i + hk,i)
2 = n

m
n∑

i=1

(ht,i + hk,i)
2 = 0

The last equation is true if and only if all the elements of the

sum are equal to 0. A single element of the sum (ht,i+hk,i)
2

is equal to 0 if and only if ht,i = −hk,i.

Theorem T1

∀t ∈ {1, ..., n} w(ht, hk) = n ⇔
ID(hk) = k = 2n − t+ 1 = 2n − ID(ht) + 1

where ID(hi) returns index of hi.

Proof:

⇒
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From the Lemma L1, we have ht,i = −hk,i. As hj,i ∈
{−1, 1}, we conclude that at i-th position one of the element

has 1, and the second one -1. Transforming ht and hk to

a binary representation, we obtain two numbers having the

feature, that at i-th position one of the number has 0, and the

second one 1. The value of the sum of such elements is equal

to 2n − 1. At the same time, in a decimal representation ht

and hk represent t− 1 and k − 1, respectively. Therefore,

(t− 1) + (k − 1) = 2n − 1,

which is equivalent to

k = 2n − t+ 1.

⇐
Note that the sum of ht and hk in a decimal representation is

given by

(t− 1) + (k − 1) = (t− 1) + (2n − t) = 2n − 1

Hence, the sum in a binary representation has n-digits 1.

Therefore, the components of this sum are the two binary

numbers with the property, that at each i-th position one of

the components has 1, and the second one 0. Transforming

the components into Hadamard representation, we obtain two

numbers with the property, that at each i-th position one of

the components has -1, and the second one -1. Therefore,

ht,i + hk,i = 0

1

4

n∑

i=1

(ht,i + hk,i)
2 = 0

w(ht, hk) = n

The points which comply with the above theorem will be

called polar points and designated as a and a pairs. Thus,

following equations for the polar points are received:

∀a ∈ An w(a, a) = n (5)

∀a ∈ An a = a (6)

We can assume:

a = (an, . . . , a1) (7)

Lemma L1 can be presented as follows:

Lemma L2

∀hk ∈ An ∀i ∈ {1, 2, ..., n} hk,i = −hk,i

Based on the R1 remark and T1 Theorem, it could be

concluded that for each point ht in An space, exactly one

point hk occurs in this space, different from ht, which gives

a pair of polar points. Polar points have the following extra

two properties

∀c ∈ An ∀a ∈ An w(a, c) + w(c, a) = n

∀a, b ∈ An w(a, b) = w(a, b)

Proof:

∀c ∈ An ∀a ∈ An w(a, c) + w(c, a) = n

Note that

w(a, c) + w(c, a) = n

m
n− w(a, c) + n− w(c, a) = n

n−w(a, c)+n−w(c, a) =
1

4

n∑

i=1

(ai+ci)
2+

1

4

n∑

i=1

(ci+ai)
2 =

=
1

4

n∑

i=1

(a2i + 2(ai + ci + ai)ci + (ai)
2) =

from the Lemma L2, for each i ∈ {1, . . . , n} we have ai+
ai = 0, and a2i = (ai)

2 = c2i = 1. Hence,

=
1

4

n∑

i=1

4 = n.

Proof:

∀a, b ∈ An w(a, b) = w(a, b)

From Theorem T2 we have

w(a, b) + (b, a) = n

w(b, a) + w(a, b) = n

From the equality of the right sides, follows the equality of

the left sides:

w(a, b) + w(b, a) = w(b, a) + w(a, b)

Hence,

w(a, b) = w(a, b).

After translation to the indices of points of the An space,

the equation demonstrates another symmetry, besides the one,

which results from the second condition of the metric space:

w(hk, ht) = w(h2n−t+1, h2n−k+1) (8)

The distance w(hk, ht) between two points, hk i ht, can be

estimated according to the Pod Od algorithm. We reduce

indices k and t by 1 and divide n times by 2, saving

the remainders. The number of differences between the

remainders will constitute the sought distance.

Pod Od Algorithm
Input data:
n - number of positions in representation of point from An

k, t - indices of points hk and ht

begin
od:=0;
k:=k-1; t:=t-1;
i:=0;
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while i < n do

begin

od:=od+((k mod 2)-(t mod 2))2;

i:=i+1;

k:=k div 2;

t:=t div 2;

end;

return od;

end.

During estimation of the distance between two points be-

longing to the An space, the following theorem can be useful.

Theorem T2

∀s ∈ {0, 1, . . . , n− 1} and ∀k, t ∈ {1, 2, . . . , 2s} with

hk, ht ∈ An

w(hk, ht+2s) = w(hk, ht) + 1 (9)

w(hk+2s , ht+2s) = w(hk, ht) (10)

w(hk+2s , ht+2s) = w(ht+2s , hk)− 1 (11)

Proof:

For each s ∈ {0, 1, ..., n− 1}, if j = ID(hj) satisfies the

inequality 2s−1 < j ≤ 2s (or equivalent 2s < j+2s ≤ 2s+1),

the elements hj and hz , where z = j +2s, differs only at the

position s + 1. The element hj at this position has the value

1 (hj,s+1 = 1), and the element hz −1 (hz,s+1 = −1).
Therefore, two elements ht and hz , where z = t + 2s while

meeting the assumptions of Theorem T2 about s and t, differ
at exactly one position only. Hence, if hk is remote from the

element ht with w(hk, ht), then the distance from hk to the

element hz will be greater by one (according to the Equation

(3)), what proves Equation (9). In case of Equation (10), a

difference in the value of the coordinate s occurs at the same

time in both pairs, i.e., with the k indexes, as well as with

t indexes. The simultaneous change in a value on the same

coordinate, according to the Equation (3), does not change the

value w(hk, ht), what proves Equation (10). Equation (11) is

to be obtained by using the Equations (10) and (9) and the

symmetry rule

w(hk+2s , ht+2s) = w(hk, ht) =

= w(hk, ht+2s)− 1 = w(ht+2s , hk)− 1

Theorem T2 allows for the construction of an algorithm,

which produces the table of distances between any elements

from the An space. In the Tab Od algorithm, a table was

built mechanically (without the estimation of the distances

between particular elements). The number situated on the cross

of the k-row with the t-column corresponds to the w(hk, ht)
distance. Therefore, a table of dimension 2n could be obtained

from the table of dimension n according to the following

symbolic equation:

〈Wn〉 7→−→
〈

Wn 〈Wn + 1〉
〈Wn + 1〉T Wn

〉

where +1 means addition to each element of the table a value

of 1.

Tab Od Algorithm
Input data: Enter size of gene m;
begin
n:=1;
T[n,n]:=0;
while n<2m do
begin
n:=2*n; {enlarging the table twice}
{extending all rows, copying the already existing one
and adding 1 to each expression}
for i:=1 to (n div 2) do
for j:=(n div 2)+1 to n do
T[i,j]:=T[i,j-(n div 2)]+1;

{copying the new part symmetrically, below the first part}
for i:= n/2+1 to n do
for j:=1 to n/2 do T[i,j]:=T[j,i];

{Pasting a copy of the original square under the calculated
in the beginning of the loop, as the last part of a new,
twice as large square}
for i:= n/2+1 to n do
for j:=(n div 2)+1 to n do T[i,j]:=T[i-(n div 2),j-(n div 2)];

end;

end.

The conditions for the distance alignment for n = 4 are

presented in Table III. The elements were placed according

to the order of indices increase. It is worth to mention that

the sum of k and 2n − (k − 1) indices is constant and equals

2n + 1 (with accordance to the T1 Theorem). Thus, elements

calculated in this way constitute a pair of polar points (the

distance between polar points in our example is n = 4, which
lies along the diagonal starting in the right upper corner).

III. DEFINITIONS DESCRIBING STATES OF ARTIFICIAL

IMMUNE SYSTEMS

Artificial immune systems constitute currently a significant

trend in the studies on biologically inspired calculations [13].

Idealized states of the artificial immune system are determined

in the study and subsequently defined using Hadamard repre-

sentation. Properties determined in such a way are illustrated

by the examples based on the content of Table III.

Radius of tolerance R
A radius of tolerance is understood as the border value

enabling a mutual recognition of elements in An space.

Two elements x, y ∈ An recognize or do not tolerate each

other if the distance between them is higher than the radius

of tolerance.

w(x, y) > R (12)

where R complies with the inequality: 0 ≤ R ≤ n.
Elements x, y ∈ An complying the weak inequality

w(x, y) ≤ R (13)

will be described as not recognizing or tolerating each other.

Example 0

In the examples considered here we use the An space, whose
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TABLE III
TABLE OF DISTANCES BETWEEN ANY ELEMENTS IN An SPACE (n = 4).

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1 0 1 1 2 1 2 2 3 1 2 2 3 2 3 3 4
2 1 0 2 1 2 1 3 2 2 1 3 2 3 2 4 3
3 1 2 0 1 2 3 1 2 2 3 1 2 3 4 2 3
4 2 1 1 0 3 2 2 1 3 2 2 1 4 3 3 2
5 1 2 2 3 0 1 1 2 2 3 3 4 1 2 2 3
6 2 1 3 2 1 0 2 1 3 2 4 3 2 1 3 2
7 2 3 1 2 1 2 0 1 3 4 2 3 2 3 1 2
8 3 2 2 1 2 1 1 0 4 3 3 2 3 2 2 1
9 1 2 2 3 2 3 3 4 0 1 1 2 1 2 2 3
10 2 1 3 2 3 2 4 3 1 0 2 1 2 1 3 2
11 2 3 1 2 3 4 2 3 1 2 0 1 2 3 1 2
12 3 2 2 1 4 3 3 2 2 1 1 0 3 2 2 1
13 2 3 3 4 1 2 2 3 1 2 2 3 0 1 1 2
14 3 2 4 3 2 1 3 2 2 1 3 2 1 0 2 1
15 3 4 2 3 2 3 1 2 2 3 1 2 1 2 0 1
16 4 3 3 2 3 2 2 1 3 2 2 1 2 1 1 0

distance tables are presented in Table III. Moreover, for all

the demonstrated examples we assume the value of the radius

of tolerance R = 2.

Self-aggression

System Bk ⊆ An undergoes self-aggression if elements x, y
occur, which recognize each other and belong to this system.

∃x, y ∈ Bk : w(x, y) > R

Example 1

In A4 , the systems undergoing self-aggression are for exam-

ple:

B8 = {h1, h2, h3, h5, h9, h4, h6, h7} where w(h2, h7) = 3
B4 = {h4, h6, h7, h10} where w(h7, h10) = 4
System Bk ⊆ An is free of self-aggression if any two elements

belonging to this system do not recognize themselves.

∀x, y ∈ Bk w(x, y) ≤ R

Example 2

Free systems of self-aggression, when R = 2:
B5 = {h1, h2, h3, h5, h9}
B3 = {h4, h6, h7}
B2 = {h1, h2}
Let us notice that system B2 is free of self-aggression also

when R = 1.

Striking distance

A striking distance of a system Bk ⊆ An is a series of points

of An recognized by any point of Bk .

P (Bk) = {z ∈ An : ∃x ∈ Bk ∧ w(x, z) > R}
Example 3

For B3 = {h4, h6, h7} from the Example 2 the striking

distance is:

P (B3) = {h2, h3, h5, h9, h11, h12, h13, h14, h15}
If Bk undergoes self-aggression then some points belonging

to Bk simultaneously belong to P (Bk), which means that

Bk ∩ P (Bk) 6= ∅

Example 4

In such state occurs system B4 = {h4, h6, h7, h10} from the

Example 1:

P (B4) = {h2, h3, h5, h7, h8, h9, h10, h11, h12, h13, h14, h15}
thus:

B4 ∩ P (B4) = {h7, h10} 6= ∅
Otherwise, if Bk is free of self-aggression, then Bk and

P (Bk) are disjunctive series, which can be presented as

follows:

Bk ∩ P (Bk) = ∅
Example 5

Free system of self-aggression is B3, described in Example

2 and 3, for which identity occurs:

B3 ∩ P (B3) = ∅

Complete system

System Bk is complete if its striking distance contains its

whole completion Bk = An\Bk.

Bk ⊆ P (Bk)

Example 6

The conditions of the complete system are fulfilled by B5 =
{h1, h2, h3, h4, h5}, for which following identities occur:

P (B5) = {h4, h5, h6, h7, h8, h9, h10, h11, h12, h13, h14, h15}
B5 = {h6, h7, h8, h9, h10, h11, h12, h13, h14, h15} ,

Thus, a relation occurs:

B5 ⊆ P (B5)

Balanced system

System Bk is balanced if at the same time it is a system free

of self-aggression, and complete.

Bk = P (Bk)
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Example 7

This time let us assume that B5 = {h1, h2, h3, h5, h9}. For
such a system the following identities are fulfilled:

P (B5) = {h4, h6, h7, h8, h10, h11, h12, h13, h14, h15}

B5 = {h4, h6, h7, h8, h10, h11, h12, h13, h14, h15}

and

B5 = P (B5)

Extensive system

We call Bk ⊆ An an extensive system if any crossing of

its elements results in offspring, which also belongs to this

system.

∀x, y ∈ Bk ⊆ An ∀c ∈ {0, 1, . . . , n} K({x, y} , c) ⊆ Bk

where K({x, y} , c) denotes the crossing operation of the

two elements x, y from the An space in the point c, and is

defined as follows:

Let rt, rk ∈ An, where rt = (rt,n, rt,n−1, . . . , rt,2, rt,1),
rk = (rk,n, rk,n−1, . . . , rk,2, rk,1).

For 0 ≤ c ≤ n,

K({rt, rk} , c) 7→
{(rt,n, rt,n−1, . . . , rt,c+1, rk,c, rk,c−1, . . . , rk,1),

(rk,n, rk,n−1, . . . , rk,c+1, rt,c, rt,c−1, . . . , rt,1)} (14)

Example 8

The examples of the extensive systems are presented below:

B2 = {h1, h2}

B4 = {h1, h2, h3, h4}

To check the extensibility of B2 and B4 systems, equations

given by [9] can be used. It can be noticed that both the

singleton system and any An space, as a whole, are extensive

systems.

Expansive system

A system is expansive if it possesses elements (not necessary

different), which after a peculiar crossing produce elements

out of the system.

∃x, y ∈ Bk ⊆ An ∃c ∈ {0, 1, . . . , n} : K({x, y} , c) 6⊂ Bk

Example 9

Let us assume B3 = {h1, h2, h3} ⊆ A4. After crossing on

chromosomes h2 and h3, performing cuts between the first and

the second allele, we obtain chromosomes h1 and h4. Chro-

mosome h4 /∈ B3 represents an expansive character. In the

study [9], equations allowing calculation of crossings’ results

directly on chromosomes indices, without the need to recreate

their internal structure, could be found. The conclusion of

those equations is:

K({h2, h3} , 1) 7→ {h1, h4} 6⊂ B3

IV. SUMMARY

In this study a so called Hadamard representation was

implemented. It allows to prove the dependence between sub-

sequent generations of binary chromosomes. Some properties

of this representation were pointed out, which allows for quick

and simple operations on chromosomes indices, instead of

processing the binary sequences.

Hadamard representation was applied in a brief definition

of some properties of the artificial immune systems. This

representation will also allow employing natural numbers in

calculating the results of such operations like crossing, muta-

tion, or genetic inversion, as well as determining the influence

of these operations on the whole concerned population.

Introduced concepts allow a distinction and classification

of different populations, which allows us to ponder the future

potential directions of their evolution (states reachable, un-

reachable, etc.) regardless of the crossing algorithm. Further, it

should allow us to compare the genetic algorithms in terms of

effectiveness and optimization! Comparing the two algorithms,

we must ensure comparability of the populations in which we

conduct experiments. It is obvious that the same algorithm for

example in the population of the class of expansive systems,

has a chance of finding new solutions in subsequent gener-

ations, but populations with extensive class, after reviewing

the current population, better solutions will no longer find.

Self-aggression systems have dispersed chromosomes in the

space, as opposed to the free systems of self-aggression, which

are concentrated in the vicinity of a chromosome. For such

systems we can have a suspicion that for the purpose of

continuous functions we have to deal with a local extremum.

In the case of complete systems, we can be sure that we control

the entire space under consideration, although we use only a

separate part of the chromosomes of that space. It is important

in many cases to set minimum-complete systems for the space

in question.

The presentation of the majority of the basic genetic op-

erators known in the literature as Hadamard representation is

planned, as well as studies on the analytical demonstration of

temporal properties of the genetic operators and the artificial

immune system expressed an {+1, -1} notation will be carried

out.
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Abstract—Nowadays personal identification is a very important
issue. There is a wide range of applications in different spheres,
such as video surveillance security systems, control of documents,
forensics systems and etc. We consider a range of most significant
aspects of face identification system based on support vector
machines in this paper. At first we propose improved face detector
to get the region of interest for next face recognition. In paper
the technique of face detection jointly image normalization is
introduced. We compare three algorithms of feature extraction in
application on face identification (PCA NIPALS, NNPCA, kernel
PCA). The presented system is intended for process the image
with low quality, the photo with the different facial expressions.
Our goal is to develop face recognition techniques and create the
system for face identification.

I. INTRODUCTION

T
HE PERSON identification systems are increasingly be-

coming popular in modern society. The producers of

security systems are interested in the new technologies for

the automation of the person identification process. This fact

is due to rise the level of these systems reliability because

of depreciation of the components of used hardware in the

designing and the construction of ones.

The range of the biometric systems identification is wide

enough, there’re the identification on the fingerprints, the iris

identification, the face recognition methods and etc. All these

technologies are different by the algorithms, methods and

techniques that used for the system development. The consid-

erable quantity of solutions are proposed in the field of face

recognition and in the sphere of the person identification by

photo. Nowadays the development of the automatic personal

identification system is a very important issue because of the

wide range of applications in different spheres, such as video

surveillance security systems, control of documents, forensics

systems and etc.

It should be noted that the process of pattern recognition

in the field of image processing consists of several required

stages before getting final result. There are the preprocessing

of the source patterns (the image data processing such as the

readjustment of light conditions, the detection of region of

interest, the image resizing), the dimension reduction of source

data space by data transformation (to remove the noise and to

approximate the data), the selection and the implementation

of techniques for the data classification.

Fig. 1. The structure of face identification system

In this paper we describe the experimental face identification

system based on support vector machines (SVM) [1] and we

consider some more interesting aspects with designing and

constructing of the person system identification by photo. Our

system consists of several typical modules (see fig. 1) that

are important for the systems of this type such as block of

the region of interest (face) detection, block of the image

normalization (with the functions of enhancement of bright-

ness and contrast characteristics), the features’ extraction block

for the dimension reduction of source data space, the module

of face recognition (identification) with the functions for the

training SVM-classifier and the functions of classification of

the processed pattern by the definition of the test image to the

certain class.

We researched automated biometric identification systems

that were tested on data of the National Institute of Standards

and Technology (USA) in particular FERET database. So we

propose you to read the results of testing several systems

that were developed by different companies (see fig. 2).

There are automated portrait identification system “Portrait

2005”, developed by specialists LLC “Bars International”,

LLC “Portland” (Russian Federation) and LLC “ASPI-Soft”

(Belarus); automated portrait identification system “Crime

Face”, developed by RPLLC “Todes” (Belarus); hardware-

software complex “Image++”(or“SOVA”), developed by LLP
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Fig. 2. Test of Automated Biometric Identification Systems

“DANA” (Kazakhstan). Information with test results of auto-

mated biometric identification systems that were tested on data

of the National Institute of Standards and Technology (USA)

is presented at figure 2. In February-July 2006 the State Expert

Forensic Center of Ministry of Internal Affairs of Belarus

carried out a test of these automated biometric identification

systems based on technology of face recognition. The source

of this research is [2].

This paper is organized as follows. In the next section the

methods of face detection are described. In section III the

approaches of the preparation and normalization of the images

are introduced. In section IV the neural network approaches

as tool for reducing source space of data is considered. The

section V contains the description of classifier for pattern

recognition based on support vector machines. Finally, the

section VI collect some experimental results and brief con-

clusions.

II. FACE DETECTION APPROACHES

A precise detection of face at image strongly simplifies

the process of classification. At stage of system development

we have realized some experiments and established that at

first face detection procedure must be executed due to its

importance. The module of image normalization should work

at second stage. The results of performance of these proce-

dures in determinate order like this are displayed in a fig. 3

and fig. 4. Presence of background and of facial parts (ears,

hair) have effect on obtained results of these experiments.

We apply the image enhancement unit in detected region of

interest (face in particular) to get more contrasting images that

are more suitable for a consequent procedure of reduction

of original data space and pattern recognition process. At

the beginning the unit of face detection performs detection of

facial region using the famous algorithm of Viola-Jones [3].

This method uses an image representation called the “Integral

Image” which allows the features used by detector to be

computed very quickly [4]. A simple and efficient classifier

is built using the AdaBoost learning algorithm [5] to select

a small number of critical visual features from a very large

set of potential features. Viola-Jones proposed a method for

Fig. 3. Image enhancement by “normalization-detect”

Fig. 4. Image enhancement by “detect-normalization”

combining classifiers in a “cascade” which allows background

regions of the image to be quickly discarded while spending

more computation on promising face-like regions. However,

the results of initial algorithm are not acceptable to further

process of face recognition. We can observe a lot of noised

data such as background, hair, clothes (see fig. 5).

These elements of image are not interested for process of

pattern recognition. To achieve a higher level of authenticity

in face recognition it is necessary to select a more narrow

region of interest. We have developed the technique to detect

region of face only. Our method intends for extracting facial

features only without any noised data. It is based on applying

of information about human anthropometric measurements.

The results of application of presented algorithm are shown

in fig. 7. Our approach is based on discrete adaboost ap-

Fig. 5. The face region with the noised data
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Fig. 6. Facial anthropometric Measurements

Fig. 7. The region of interest

plication [6] to select simple classifiers based on individual

features drawn from a large and over-complete feature set in

order to build strong stage classifiers of the cascade. This

technique executes the iris area only, not whole face as the

previous method. The input image for iris detection procedure

is image obtained at the previous stage of image processing

that contains parts of clothes, hair etc.

At first we perform the search of left-hand eye area only.

The procedure of search of right-hand eye starts if the previous

stage was finished successfully. When we get a beneficial

effect the distance between pupils in pixels is calculated. At

the next step we compute coordinates of left upper point of

region of interest. The facial region is presented as squared

area with left-upper point calculated at previous stage.

To compute the coordinates of each of four points we use

the distance between pupils and some of facial anthropometric

data. A length from left iris to upper boundary is calculated as

0, 55 ·D and length from the left iris to the left boundary of

the region of interest is equal 0, 47·D, where D is the distance

between pupils in pixels. Thus the length of the side of square

of face region is calculated as 2·0, 47·D+D = 1, 94·D. All of

these estimated coefficients were obtained experimentally(see

fig. 6).

Our approach allows of finding the specified face region

on the majority tested images. Failing of iris detection we

use additional techniques to solve this problem and to find

the region of interest. This technique is enhancement of basic

detector and it is designed to find eyeglasses. The current

detector was trained to find each part of eyeglasses and after

that to detect the iris area. The results of search of eyeglasses

are represented in fig. 8(a). The search of region of pair eyes

a) b)

Fig. 8. Face detect with: a)- eyeglasses, b)- pair eyes

starts after unsuccessful attempt of search of eyeglasses (see

fig. 8(b) with results). Our algorithm has found the face regions

of interest on all tested images. However, when nothing found

at work image we provide the original entry image in the

capacity of region of interest.

The region of interest is presented as squared area which

contains necessary data (features of face) with minimal noise

level to face recognition process. The initial size of facial re-

gion has arbitrary size but then we scale it to size of 169×169
pixels. Square side is chosen subject to several important fac-

tors. The most important restriction imposed on the procedure

of identification is the quality of processed images, primarily

due to the resolution image and due to conditions of exposure.

The minimum distance between eyes of frontal images that

are used at face identification is determined by international

standards as “ISO 19794-5:2005” [7], “ANSI/INCITS 385-

2004 (Information technology - Face Recognition Format for

Data Interchange)” [8]. This parameter is equal 90 pixels. If

we keep constraint about minimal distance between eyes then

the square side of region of interest is equal about 170× 170
pixels for our system face identification. We have chosen the

square side size equal 169 pixels subject to some details of

image processing with artificial neural networks PCA.

III. IMAGE ENHANCEMENT TECHNIQUES

At next stage our system performs the procedures of image

normalization. We perform an expansion of pixels values to

the whole intensity range and the equalization of histogram.

The first approach maps the values in intensity image to new

values such that values between low and high values in current

image map to values between 0 and 1. Thus new pixel values

allocate to whole intensity range. After that we perform the

histogram equalization which enhances the contrast of images

by transforming the values in an intensity image so that the

histogram of the output image approximately matches a spec-

ified histogram. After use these methods image contains some

distortions as sharp face lines. That’s why we apply the median

filter to dither face features. This method performs median

filtering of the input image in two dimensions. Each output

pixel contains the median value in the 3 × 3 neighborhood

around the corresponding pixel in the input image. This part

of image processing removes significantly the illumination
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a) b) c)

Fig. 9. Examples of normalized images: a - input images, b - after application
adjusting image intensity values and histogram equalization, c - after using
median filter

changes among the images. The fig. 9 illustrates the results

of introduction the image pre-processing methods described

above. We use these methods in the following sequence:

expansion of pixels values to the whole intensity range - the

equalization of histogram - median filtering.

IV. DIMENSION REDUCTION AND FEATURE EXTRACTION

Some classification-based methods use the intensity values

of window images as input features of classifier. However,

direct use of intensity values of image pixels are dramatically

increases the computation time. On the other hand the huge

capacity of data contains many waste data being overfull. In

our system we extract features via method of principal com-

ponent analysis. We use three techniques for implementation

of this approach. There are the algorithm NIPALS (non-linear

iterative partial least squares) [9] for compute the principal

components, the neural network PCA (NNPCA) [13], [16],

and the kernel principal component analysis [17]. These meth-

ods have different computational cost and various confidence

levels at recognition stage. The user of system can choose the

method to work by oneself.

Principal Component Analysis (PCA) - is a useful statis-

tical technique that has found application in fields such as

face recognition and image compression, and is a common

technique for finding patterns in data of high dimension. PCA

involves a mathematical procedure that transforms a number

of possibly correlated variables into a smaller number of

uncorrelated variables called principal components. The first

principal component accounts for as much of the variability in

the data as possible, and each succeeding component accounts

for as much of the remaining variability as possible. PCA is

mathematically defined as an orthogonal linear transformation

that transforms the data to a new coordinate system such that

the greatest variance by any projection of the data comes to lie

on the first coordinate (called the first principal component),

the second greatest variance on the second coordinate, and so

on.

The NIPALS (“Nonlinear Iterative Partial Least Square”)

algorithm is one of the many methods that exist for finding the

eigenvectors (another example is SVD [10]). It was originally

Fig. 10. A single-layered feedforward neural network for extracting p
principal components

made for PCA, but it has been used in other methods as

well. Algorithm is used in principal component analysis to

decompose a data matrix into score vectors and eigenvectors

(loading vectors) plus a residual matrix. This is an overview

of the algorithm:

X is a mean centered data matrix, E(0) = X . The E-matrix

for the zero-th PC (PC0) is mean centered X , t vector is set
to a column in X , t will be the scores for PCi, p will be the

loadings for PCi, threshold = 0, 00001, just a low value, to

do the convergence check.

Iterations (i = 1 to number-of-PCs):

1.Project X onto t to find the corresponding loading p

p = (ET
i−1/t

T t) (1)

2.Normalise loading vector p to length 1

p = p · p(pT p)−0.5 (2)

3.Project X onto p to find corresponding score vector t

t = (E(i−1)p/(p
Tp)) (3)

4.Check for convergence. If difference between eigenvalues

τnew = (tT t) and τold (from last iteration) is larger than

threshold · τnew return to step 1.

5.Remove the estimated PC component from E(i−1)

E(i) = E(i−1) − (tpT ) (4)

Principal components can be extracted using single-layer

feed-forward neural networks [11]. These networks learn

unsupervised by using variants of the Hebbian rule. The

Generalized Hebbian Algorithm (GHA) [12], also known in

the literature as Sanger’s rule, is a linear feedforward neural

network model for unsupervised learning with applications

primarily in principal components analysis. It is similar to

Oja’s rule in its formulation and stability, except it can be

applied to networks with multiple outputs.

yj(n) =

p∑

i=1

wijxi(n), j = 1, 2, ...,m. (5)
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Fig. 11. Linear PCA

∆wij(k) = η[yj(n)xi(n)− yj(n)

j∑

k=1

wki(n)yk(n)] (6)

The neural network PCA (NNPCA) is used in our work.

The Generalized Hebbian Algorithm by Sanger [6] is one

among the best known learning algorithms that allow a neural

network (see fig. 10) to extract a selected number of principal

components from a multivariate random process. It applies

to a single-layered feedforward neural network that may be

described by equation( 5) with the rule for updating weights

(see equation 6).

The weight of first eigenvector has been estimated and

its value lies within the range from 75 to 84%. Therefore,

to decrease the computation expenses we used only one

eigenvector for calculation one principal component.

Kernel principal component analysis (kernel PCA) [14] is an

extension of principal component analysis using techniques of

kernel methods. Instead of directly doing a PCA, the original

data points are mapped into a higher-dimensional (possibly

infinite-dimensional) feature space defined by a (usually non-

linear) function Φ through a mathematical process called the

“kernel trick”:

Φ : RN → F, x → X (7)

The kernel trick [15] transforms any algorithm that solely

depends on the dot product between two vectors. Wherever

a dot product is used, it is replaced with the kernel function.

Thus, a linear algorithm can easily be transformed into a non-

linear algorithm. This non-linear algorithm is equivalent to the

linear algorithm operating in the range space of Φ. However,
because kernels are used, the Φ function is never explicitly

computed. This is desirable, because the high-dimensional

space may be infinite-dimensional (as is the case when the

kernel is a Gaussian).

Like in PCA, the overall idea is to perform a transformation

that will maximize the variance of the captured variables while

minimizing the overall covariance between those variables.

Using the kernel trick, the covariance matrix is substituted

by the Kernel matrix and the analysis is carried analogously

in feature space. An Eigen value decomposition is performed

and the eigenvectors are sorted in ascending order of Eigen

Fig. 12. The basic idea of kernel PCA. In some high dimensional feature
space F (see fig. 12 right), we are performing linear PCA, just as a PCA
in input space(figure 11). Since F is nonlinearly related to input space (via
Φ), the contour lines of constant projections onto the principal Eigenvector
(drawn as an arrow) become nonlinear in input space. Note that we cannot
draw a pre-image of the Eigenvector in input space, as it may not even exist.
Crucial to kernel PCA is the fact that we do not actually perform the map
into F , but instead perform all necessary computations by the use of a kernel
function k in input space (here: R2).

values, so those vectors may form a basis in feature space that

explain most of the variance in the data on its first dimensions.

However, because the principal components are in feature

space, we will not be directly performing dimensionality

reduction. Suppose that the number of observationsm exceeds

the input dimensionality n. In linear PCA, we can find at most

n nonzero Eigen values. On the other hand, using Kernel PCA

we can find up to m nonzero Eigen values because we will

be operating on a m×m kernel matrix.

Each time the features extracted vector is presented as

the sequence of more significant coefficients of the principal

components. In our work the size of face region extracted in

face detection block is 169 × 169 pixels. Thus the original

dimension of data space counts 28.561 points. We form

sequence with 169 features only by use of most important

coefficients from process of feature extraction. The second

part of data (less significant coefficients) is rejected. Thus we

use three different approaches to extract the vector of features

from original data set (region of interest that contains a facial

image).

V. FACE IDENTIFICATION WITH SVMS

The Support Vector Machines (SVMs) [1] present one of

kernel-based techniques. SVMs based classifiers [18] can be

successfully apply for text categorization, face identification. A

special property of SVMs is that they simultaneously minimize

the empirical classification error and maximize the geometric

margin; hence they are also known as maximum margin

classifiers. SVMs are used for classification of both linearly

separable (see fig. 13) and unseparable data. SVMs based

classifiers can be successfully apply for text categorization,

face identification.

Linear classifiers are not complex enough sometimes. SVM

solution: map data into a richer feature space including non-

linear features, then construct a hyperplane in that space so all

other equations are the same. Basic idea of SVMs is creating

the optimal hyperplane and calculating the decision function

for linearly separable patterns. This approach can be extended

to patterns that are not linearly separable by transformations of
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Fig. 13. Linear separating hyperplanes for the separable case.

original data to map into new space due to using “kernel trick”.

In the context of the Fig. 13, illustrated for 2-class linearly

separable data, the design of the conventional classifier would

be just to identify the decision boundary w between the two

classes. However, SVMs identify support vectors (SVs) H1

and H2 that will create a margin between the two classes,

thus ensuring that the data is “more separable” than in the

case of the conventional classifier.

Suppose we have N training data points

(x1, y1), (x2, y2), . . . , (xN , yN) where xi ∈ ℜd and

yi ∈ ±1. We would like to learn a linear separating classifier:

f(x) = sgn(w · x− b) (8)

Furthemore, we want this hyperplane to have the maximum

separating margin with respect to two classes. Specifically,

we wish to find this hyperplane H : y = w · x − b and two

hyperplanes parallel to it and with equal distances to it:

H1 : y = w · x− b = +1 (9)

H2 : y = w · x− b = −1 (10)

with the condition that there are no data points between H1

and H2, and the distance between H1 and H2 is maximized.

For any separating plane H the corresponding H1 and H2

we can always “normalize” the coefficients vector w so that

H1 will be y = w ·x−b = +1, and H2 will be y = w ·x−b =
−1 as shown [1].

We want to maximize the distance between H1 and H2. So

there will be some positive examples on H1 and some negative

examples on H2. These examples are called support vectors

because only they participate in the definition of the separating

hyperplane, and other examples can be removed and moved

around as long as they do not cross the planes H1 and H2.

In the space the distance from a point on H1 to H : w ·x−
b = 0 is |w · x− b|/||w|| = 1/||w||, and the distance between

H1 and H2 is 2/||w|| . Thus, to maximize the distance we

should minimize ||w|| = wTw with the condition that there

are no data points between H1 and H2:

w · x− b ≥ +1, for positive example yi = +1 (11)

w · x− b ≤ −1, for negative example yi = −1 (12)

These two conditions can be combined into

yi · (w · xi − b) ≥ 1 (13)

So, this problem can be formulated as

min
w,b

1

2
wTw subject to yi · (w · xi − b) ≥ 1 (14)

This is a convex quadratic programming problem (in w, b) in
convex set.

Introducing Lagrange multipliers α1, α2, . . . , αN ≥ 0, we
have the following Lagrangian:

L(w, b, α) ≡ 1

2
wTw −

N∑

i=1

αiyi(w · xi − b) +

N∑

i=1

αi (15)

We can solve the wolfe dual insread: maximize L(w, b, α)
with respect to α subject to constrains that the gradient of

L(w, b, α) with respect to the primal variables w and b vanish:

∂l

∂w
= 0 (16)

∂l

∂b
= 0 (17)

and that α ≤ 0
From equations ( 16) and ( 17) we have

w =

N∑

i=1

αiyixi (18)

N∑

i=1

αiyi = 0 (19)

Substitute them ( 18), ( 19) into L(w, b, α) we have

LD ≡
N∑

i=1

αi −
1

2

N∑

i=1

αiαjyiyjxixj (20)

in which the primal variables are eliminated.

When we solve αi, we can get w =
∑N

i=1 αiyixi and we

can classify a new object x with:

f(x) = sgn(w · x+ b)

= sgn((

N∑

i=1

αiyixi) · x+ b) (21)

= sgn(

N∑

i=1

αiyi(xi · x) + b)

Note that in the objective function and solution, the training

vector xi is occurred only in the form of dot product.

If the surface separating the two classes are not linear we

can transform the data points to another high dimensional

space such that the data points will be linearly separable [19].

Let the transformation be Φ(·). In the high dimensional space,

we solve

LD ≡
N∑

i=1

αi −
1

2

N∑

i=1

αiαjyiyjΦ(xi) · Φ(xj) (22)
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Suppose, in addition, Φ(xi) · Φ(xj) = k(xi · xj). That is, the
dot product in that high dimensional space is equivalent to a

kernel function of the input space. So we need not be explicit

about the transformation Φ(·) as long as we know that the

kernel function k(xi · xj) is equivalent to the dot product of

some other high dimensional space. There are many kernel

functions that can be used this way, for example, the radial

basis function (Gaussian kernel):

K(xi, xj) = e−||xi−xj ||2/2σ2

(23)

Formally, preprocess the data with Φ : ℜN → F , then a

data set that is not linearly separable in the input data space

(as in the left hand side of fig. 14) is separable in the nonlinear

feature space (right hand side of fig. 14) defined implicitly by

the non-linear kernel function.

Fig. 14. Kernel trick for the unseparable case

For multi-class classification we use the “one-against-one”

approach in which k · (k−1)/2 classifiers are constructed and

each one trains data from two different classes. In classiffi-

cation we use a voting strategy: each binary classiffcation is

considered to be a voting where votes can be cast for all data

points x - in the end point is designated to be in a class with

maximum number of votes. We implemented probabilistic

approach to identify the processed pattern by calculating the

confidence level for this face. And we construct a list of 6

samples by descending to make a final decision.

Basic idea of SVMs relative to the Nearest Neighbor [20]

approach is creating the optimal hyperplane and calculating the

decision function for linearly separable patterns. This approach

can be extended to patterns that are not linearly separable by

transformations of original data to map into new space due to

using kernel trick.

To train the SVM, we search trough the feasible region

of the dual problem and maximize the objective function.

The optimal solution can be checked using the Karush-Kuhn-

Tucker (KKT) conditions [1].

The KKT optimality conditions of the primal problem are

αi[yi(w
Txi − b) + ξi − 1] = 0 (24)

N∑

i=1

µiξi = 0 (25)

To solve this quadratic programming problem we used the

sequential minimal optimization (SMO)-type decomposition

method[21] for support vector machines [22].

The SMO algorithm searches through the feasible region of

the dual problem and maximizes the objective function

LD ≡
N∑

i=1

αi −
1

2

∑

i,j

αiαjyiyjxixj (26)

0 ≤ αi ≤ C, ∀i
It works by optimizing two αi’s at time (with the other

αi’s fixed) and uses heuristics to choose the two αi’s for

optimization [22].

The decision function is

sgn(

l∑

i=1

yiαiK(xi, x) + b). (27)

VI. EXPERIMENT RESULTS

Our system contains two basic blocks. There are training

SVM-classifier module and face identification unit developed

on SVM-classifier. At first we have to create the model for

following pattern recognition. At this stage we train our SVM-

classifier by the algorithm proposed Jones C.Platt [22]. In

our system we used the libsvm implementation [23] of this

algorithm. The one-type input feature vector containing the

significant coefficients from PCA is used both for train and

classification.

Scaling data before applying SVM is very important. [24]

explains why we scale data while using Neural Networks, and

most of considerations also apply to SVM. The main advan-

tage is to avoid attributes in greater numeric ranges dominate

those in smaller numeric ranges. Another advantage is to avoid

numerical difficulties during the calculation. Because kernel

values usually depend on the inner products of feature vectors,

e.g. the linear kernel and the polynomial kernel, large attribute

values might cause numerical problems. We linearly scale each

attribute to the range [0; 1]. Of course we use the same method

to scale testing data before testing.

To increase the level of correct identity we applied choose

the parameters of C-support vector classification with cross

validation via parallel grid search. There are two parameters

while using RBF kernels: C and γ. It is not known beforehand
which C and γ are the best for one problem; consequently

some kind of model selection (parameter search) must be done.

Therefore, a common way is to separate training data into

two parts of which one is considered unknown in training the

classifier. Then the prediction accuracy on this set can more

precisely reflect the performance on classifying unknown data.

An improved version of this procedure is cross-validation.

In v-fold cross-validation, we first divide the training set into
v subsets of equal size. Sequentially one subset is tested using

the classifier trained on the remaining v − 1 subsets. Thus,

each instance of the whole training set is predicted once so

the cross-validation accuracy is the percentage of data which

are correctly classified.

We used the sample collection of images with size 512 −
by − 768 pixels from database FERET [25] containing 100
classes (unique persons) to test our face recognition system
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TABLE I
RESULTS OF TESTING PERSON IDENTIFICATION SYSTEM

Recognition
rate, percent

Feature
extraction
time for each
vector, s

Training time,
s

PCA NIPALS 80 0,6 28,4

NNPCA 84 12 28,8

Kernel PCA 81 0,8 28,3

based on support vector machines. This collection counts 300
photos. Each class was presented by 3 images. So, to train

SVM-classifier we used 200 images where 2 photos introduced
each class. 100 images were used to test our system. Note,

that any image for testing doesn’t use in training process. The

results of realized experiments are shown in the table I. In this

paper we proposed an efficient face identification system based

on support vector machines. This system performs several

algorithms to ensure the full process of pattern recognition.

Thus, our system is intended for face identification by pro-

cessing the image even low quality. The face detection region

procedure without any noise is a very important stage of the

person identification process. The angle of inclination and the

rotation angle of head influence on the level of validity of

recognition. These factors are the most significant in person

identification system.
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Abstract—We present a novel segmentation technique that
effectively segments natural images. The method is designed
for the purpose of image retrieval and follows the principle of
clustering the regions visible in the image. The concept is based
on the multiscale approach where the image undergoes a number
of diffusions. The algorithm has been visually compared with a
reference segmentation.

I. INTRODUCTION

KNOWLEDGE-BASED society is taking advantage of
communication services and IT-tools that manage, store

and retrieve the information more and more often. There is a
continuing demand to enhance the services that are based on
visual information such as movies or images.
The problem of content-based image retrieval in large
databases has been a research topic for many years. There exist
semi-automatic tools to accomplish this task but still there
is no standard method of general applicability. The difficulty
lies in understanding what actually the image presents (image
understanding) and how the contents can be described (image
annotation problem). Additional limitations arise when the
goal is to search for similar images in large databases. Since
the analysis will require enormous demand for computer
resources, the framework allowing for automated analysis will
be of great use. In this paper we present a novel segmentation
method based on the multiscale approach that was designed
especially for image retrieval.

The concept treats the image as a set of disjoint regions that
can be described by a set of features such as color, texture or
shape:

Image → Image regions → Region features →
→ Distance between feature vectors (1)

With this assumption an image can be represented in mul-
tidimensional feature space as a set of points which number
is consistent with the number of significant regions identified
during segmentation. Regions characterized by a set of features
are located in different locations in the feature space and
the position depends on their visual properties. Following the
Leibniz’s principle called Identity of indiscernibles ”two things
are identical if and only if they share the same and only

the same properties” we assumed that similar images share
objects/regions of similar properties. Which means that for a
subset of images containing objects from the same category,
we will observe a set of closely located points, as the regions
in that subset will be similar.

Such an approach has the following consequences. Images
of little complexity, for example with a few objects and an uni-
form background will contain only a small number of clusters
separated in the feature space [1]. For more complex scenes
the number of clusters will be higher and their separation will
be probably difficult.

In image understanding it is difficult to find a compromise
between interpretation of all image details and the inter-
pretation where certain details could be omitted. Without a
priori knowledge there is no automated way to determine
which details can be disregarded and which objects are large
enough to be treated as significant. Therefore, a scale should
be considered as a parameter that changes dynamically and
generates images with different level of details. With changing
scale the degree of precision also changes. Generated images
form a so-called multiscale representation.

The concept of multiscale representation was first intro-
duced by Rosenfeld and Thurston [2]. They observed the influ-
ence of linear operators of different scale on edge detection.
Also, Klinger [3], [4] and Tanimoto [5] used the multiscale
approach to describe an image, similarly to Burt and Adelson
[6] who proposed a popular, pyramidal representation of an
image.
An important aspect in all these attempts is that the images at a
larger scale are simplified version of images at smaller scales.
Therefore, increasing the scale is equivalent with eliminating
the details from images at lower scales. Following such a
definition, the scale-space filtering was firstly introduced by
Witkin [7] and then further developed by Koenderink [8].

Our concept to image retrieval differs from methods named
Query By Image Content that tries to extract the information
from the whole image [9]. In contrary, the method considers
the image as a set of regions represented by a cluster of points
in the feature space where the similarity between images is
equivalent to a degree of similarity between feature vectors.
Therefore, correct segmentation of the regions is a prerequisite
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in image retrieval and machine vision tasks where objects play
the necessary role. Determination of the criterion for object
homogeneity is equally important. Mostly features based on
color are used but also other features are often employed, i.e.
low-level features such as SIFT, visual descriptors in MPEG-7
standard [10]–[12].

Multiscale approach to segmentation has been already
proposed. Wang used a multiscale approach based on high
frequency wavelet coefficients and their statistics to perform
context-dependent classification of individual blocks of the
image. Unlike other edge-based approaches, his algorithm
does not rely on the process of connecting object boundaries
[13], [14].

The next section describes the segmentation method. The
method takes into account the color as the most discriminating
feature. Since it is based on concepts such as mean-shift clus-
tering and multiscale approach based on anisotropic diffusion,
also these concepts are presented. The last section presents the
results and conclusions.

II. SEGMENTATION METHOD

The aim of segmentation is to partition the image into
non-overlapping regions that share common features. In case
of images of human nature the significant information are
derived by color, therefore the features of interest are taken
from color model and position. We have decided to take the
multiscale approach because such a concept is natural for
human perception. When we see the picture, first, we focus
on the core objects and analyze regions of strong contrast and
different color, next we analyze their details, such as texture.
By running a number of diffusions on the image, such concept
can be imitated, as with the number of diffusions the details in
the image get blurred and only the objects with highest contrast
remain. The information on the image is, therefore, simplified.

The segmentation method is depicted in Fig. 1 and can
be described as follows. Original image (1) undergoes the
multiscale operation and a set of images with different degree
of diffusion is generated (2). Next, mean-shift segmentation is
produced for each of the image. The results are accumulated in
special storage system called accumulator (4). The mode-shift
clustering together with a certain metric (6) and a threshold
value assigned to it (7) is used in order to label disjoint
region of interest and partition them into two layers. The
principle layer stores labeled objects that are clearly visible
at all the scales and the vague layer contain the regions less
distinguishable (8).

A. Anistropic diffusion in multiscale approach

This is the initial step of the algorithm. Here, a number of
images are generated in the process of convolving the original
image I0 with the Gaussian kernel with the t variance:

I(x, y, t) = I0(x, y) ∗G(x, y; t) (2)

The variance controls the degree of details visible in the
image. Higher values correspond to the image with fewer
details that can be clearly distinguishable. The set of derivative

Fig. 1. Segmentation Algorithm. 1. Input image. 2. Multiscale ap-
proach, anisotropic diffusion. 3. Meanshift Segmentation. 4.Accumulator. 5.
”Modeshift” clustering. 6. Calculation of the metric. 7. Adaptive thresholding.
8. Output image.

images I(x, y, t) is equivalent to concurrent solutions of the
heat transport problem or diffusion on the plane [8], namely:

It = ∇2I = Ixx + Iyy (3)

with initial conditions defined as I(x, y, 0) = I0(x, y).
Since, the convolution operation smoothes the whole image

together with boundaries between objects, we decided to use
edge-preserving anisotropic diffusion. The importance of this
approach lies in the fact that the diffusion coefficient is not the
same for all the pixels. The method is define as follows [15]:

It = div(c(x, y, t) · ∇I) = c(x, y, t)∇2I +∇c · I (4)

where c(x, y, t) = g(||∇I(x, y, t)||) is monotonically de-
creasing so that within homogeneous regions the diffusion is
stronger than in the vicinity of region edges.

In the case of approximation of ∇I with 4-directional
neighbourhood we can describe this process as

I(t+1)
x,y = I(t)x,y + λ[DN ·∆NI +DS ·∆SI+

DE ·∆EI +DW ·∆W I](t)x,y (5)

where λ = 1/4, symbols N,S,E,W correspond to directions
North, South, West, East, respectively, and ∆ is the difference
between pixel values in the directions for each iteration t:

∆NI ≡ Ix,y−1 − Ix,y, ∆SI ≡ Ix,y+1 − Ix,y,

∆W I ≡ Ix−1,y − Ix,y, ∆EI ≡ Ix+1,y − Ix,y, (6)
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Fig. 2. Filtration results with anisotropic diffusion for t = 50, 100, 150, 200
iterations and . K = 25.

Similarly, diffusion coefficients are modified for each iter-
ation t as follows:

DN = g
(
||(∇I)x,y− 1

2
||
)

DS

= g
(
||(∇I)x,y+ 1

2
||
)

DW = g
(
||(∇I)x− 1

2 ,y
||
)

DN

= g
(
||(∇I)x+ 1

2 ,y
||
)

(7)

Gradient values ||(∇I)|| were calculated by the Canny filter-
ing [16] that guarantees that the edges are one pixel thick.
Similarly to [17] the g(·) was defined as :

g (||(∇I)||) = 1− exp(− τ

[Ψ(||∇I||)/K]m
). (8)

where m = 4, τ = 3.31488 a K is a diffusion parameter.
Fig. II-A describes the results of anisotropic diffusion for

K = 25 and t = 50, 100, 150, 200 iterations.

B. Mean Shift Segmentation

During this step, each of the image at different scale goes
through so called meanshift segmentation. In contrary to low-
level segmentation methods that depend on parameters or

apriori knowledge about image contents, clustering methods
have ability to be independent on these limitations. The ”mean-
shift” algorithm is a non-parametric clustering method widely
used for segmentation of images of human nature. The method
does not require to know the number and the shape of clusters.
For each pixel of an image, the set of adjacent pixels is
established according to a certain kernel function. For these
adjacent pixels the new spatial and color mean values are
calculated and used the new center for the next iteration. These
steps are repeated until the means do not change. At the end
of the iteration, the final mean color will be stored.

The method can be described as follows. Let us define an
image as a set of n points xi, i = 1, ·, n in d-dimensional space
Rd, and estimator for the density kernel K(x) with radius h
defined as

f(x) =
1

nhd

n∑

i=1

K

(
x− xi

h

)
(9)

For radially symmetric kernels it is sufficient that K(x)
follows

K(x) = ck,dk(||x||2) (10)

where ck,d is normalization constant for which
∫
x
K(x) = 1.

Modal values of density function are located in intercepts of
the ∇f(x) = 0. Density gradient is defined as follows:

∇f(x) =
2ck,d
nhd+2

n∑

i=1

(xi − x)g

(
||x− xi

h
||2

)
=

2ck,d
nhd+2

[
n∑

i=1

g

(
||x− xi

h
||2

)][∑n
i=1 xig

(
||x−xi

h ||2
)

∑n
i=1 g

(
||x−xi

h ||2
) − x

]
.

(11)

where g(s) = −k′(s). The first term is propotional to the
estimator of the density kernel of x vector calculated with the
the kernel function G(x) = cg,dg(||x||2) and the second term
is defined as ∑n

i=1 xig
(
||x−xi

h ||2
)

∑n
i=1 g

(
||x−xi

h ||2
) − x (12)

as is called a ”mean shift” vector. This vector is responsible
for traversals between the given point to the prototype of a
given cluster (attractor). Direction of the vector is oriented
to the highest ascend of density. The range of the kernel h
is described by two components: a planar one hs and the
feature-driven one hr that describes the range of features. This
procedure is an iterative process made of two steps:

• calculation of the mean-shift vector

mh(x
(t)) (13)

• translation within the window with the vector

x(t+1) = x(t) +mh(x
(t)) (14)

and converges to the point where the density gradient is equal
to zero. The more detailed description of the method can be
found in [18].
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C. Definition of Accumulator

Here all the segmentation results at various scale tq are
accumulated and the final segmentation is derived. This pro-
cedure has the following steps:

Step 1 Define L-dimensional matrix A which we will call
accumulator, where L corresponds to the dimension
of the feature space that describe the regions. A
will store regions defined by a prototype vi(tq)

composed of features v(·)i (tq). In the current stage the
features will be defined in the following LAB color
model. Obviously, each feature space will determine
different prototype distributions in the feature set
vi(tq) . Let us assume, that a single prototype will
be described by a L+ 2–dimensional vector:

vi(tq) = [v
(x)
i (tq), v

(y)
i (tq), v

(1)
i (tq), . . . , v

(L)
i (tq)]

T

(15)
where T is a symbol of transposition. In the accumu-
lator space the features v

(1)
i (tq), . . . , v

(L)
i (tq), will

be added without planar features of the prototypes.
Matrix A is initialized with zeros.

Step 2 Scan the pixels of I(x, y, tq) image for each scales tq
and define the feature vector for corresponding pro-
totypes [v

(1)
i (tq), . . . , v

(L)
i (tq)]. Store the mapping:

I(x, y, tq) → [v
(x)
i (tq), v

(y)
i (tq), v

(1)
i (tq), . . . ,

. . . v
(L)
i (tq)] → [v

(1)
i (tq), . . . , v

(L)
i (tq)] (16)

Step 3 For each pixel in each scale increment the accumu-
lator:

A[v
(1)
i (tq), . . . , v

(L)
i (tq)] =

A[v
(1)
i (tq), . . . , v

(L)
i (tq)] + 1 (17)

D. Mode Shift clustering

This procedure aims at finding significant modal values
in the accumulator space (4-dimensions: three color values
and one corresponding to the accumulator range) where each
region is represented by a single point. Mode shift clustering
groups points in the vicinity of modal values. The resulting
clusters are restrained by spatial and range limit values: σS

and σR. The first parameter defines the searching window
of the cubic shape, the latter one compares the accumulator
range with local extrema. During this searching procedure,
each point in the accumulator moves along the direction of
the closest modal value with some finite number of steps.

The points that are grouped form a cluster and define the
next mapping:

[v
(1)
i (tq), . . . , v

(L)
i (tq)] →

[V
(1)
j , . . . , V

(L)
j ]; j = 1, 2, . . . , C (18)

where C is the number of detected modal values. Note, that
the mapping (18) does not have to be defined for all prototypes
from the set vi(tq).

E. Calculation of the metric

The clusters formed in the previous step are restrained
according to a certain metric that defines the type of distance.
Different metrics (for the sake of simplicity we named them
Epsilon) were considered to calculate the distance and number
of steps between a given point in the accumulator and the
modal value (the cluster prototype) established during ”mode-
shift” clustering. They are defined as follows:

• Epsilon type 0—Sum of consecutive steps between a
given point and the modal value

• Epsilon type 1—Manhattan distance
• Epsilon type 2—Euclidean distance
• Epsilon type 3—Sum of consecutive steps in a given time
• Epsilon type 4—Euclidean distance weighted by the

number of steps needed to achieve a cluster prototype
• Epsilon type 5—Sum of consecutive steps in a given time

weighted by the number of steps needed to achieve a
cluster prototype

F. Adaptive threshold

With each metric a certain threshold value is associated.
This value controls whether the point belongs to the principle
layer or to the vague layer. The regions of higher contrast that
survived diffusions and have higher values in the accumulator
constitute the principle layer. Objects with lower contrast
have smaller values in accumulator and, therefore, belong to
the vague layer.

During this step the labeling of the pixels in the image
with the mappings: (18) and (16) is performed according to
the mentioned threshold. Pixels with undefined mapping (16)
are labeled as −1.

The output image contains disjoint regions and the algo-
rithm is terminated. The image will contain two subsets with
pixels:

• with a label equal to −1, which form the vague layer.
• with a label different than −1, which will create the

principle layer.

III. RESULTS

The algorithm has been tested for different parameter
settings on Segmented and Annotated Benchmark set [19].
Especially metric Epsilon has been thoroughly tested and the
segmentation results were compared visually with a reference
segmentation done by the expert. The analysis of results
indicated that the best results were achieved for Epsilon
type 4 and 5. Example images 3 were analyzed with two
different threshold values and presented in consecutive rows
in Figs. 4–5. As one can see, the results are comparable to
each other, alas, more work is needed to perform a detailed
analysis of parameter influence.

Nevertheless, it may be easily noticed that the segmented
regions correspond to the reference segmentation with a sat-
isfactory accuracy, i.e. the significant objects on principle
layer are detected (the right column) and their periphery are
close to the boundaries defined by the expert. Such region
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Fig. 5. Example results for epsilon type 5 and different threshold values.
The vague layer is indicated by yellow pixels.

Fig. 3. Original images.

Fig. 4. Example results for epsilon type 4 and different threshold values.
The vague layer is defined by yellow pixels.

representation as a feature set are a requirement for image
retrieval based on clustering principle.

IV. CONCLUSIONS

The paper presents the segmentation method based on mul-
tiscale approach and mean-shift clustering. A novel algorithm
partitions the image into disjoint sections that form the layers
with significant (principal layer) and insubstantial regions

(vague layer). Detected regions The results were assessed
visually for a number of image classes method. Although, the
results were satisfactory for a number of image classes and the
method can serve as a potential tool in image retrieval task,
more work is needed to fully customise the method.
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Abstract—In the present text, we deal with the problem of
classification of speech emotion. Problems of speech processing
are addressed through the use of artificial neural networks
(ANN). The results can be use for two research projects - for
prosody modelling and for analysis of disordered speech. The
first ANN topology discussed is the multilayer neural network
(MLNN) with the BPG learning algorithm, while the supervised
SOM (SSOM) are the second ANN topology. Our aim is to verify
the various of knowledge from phonetics and ANN but also to
try to classify speech signals which are described by musical
theory. Finally, one solution is given for this problem which is
supplemented with a proof.

I. INTRODUCTION

MANY problems in technology, medicine, and the natural
and social sciences still remain unsolved: the comple-

xity of solutions, the importance of time, and the conside-
rable quantity of data required for processing form the real
cause of the situation. Seeking help through new information
technology is highly appropriate; and one such method is
through the development of artificial neural networks (ANN).
Success in the application of ANN depends on thorough
knowledge of their function, which cuts across a wide range
of academic disciplines – mathematics, numerous technical
fields, physiology, medicine, phonetics, phonology, linguistics
and social sciences. Initially, the ANN paradigm was regarded
as a cure-all for many problems, yet simultaneously was
often disparaged by its detractors for its inability to solve
increasingly high requirements through the use of simple
principles. The robustness of the solution for real methods
by ANN is a great advantage, for example, in the area of
noise signal processing. In this case, ANN should be a highly
useful source of help, and the results thus acquired could be
of a higher quality than those found with standard methods.
The research goal described in this contribution was to verify
an ability to classify optional speech through the use of ANN.
We use three approaches for comparison of results. First, a
frequency dependence and statistical parameters are created
from input data, while the second approach is based on music
theory (see [8]) and the final approach is a combination of
both cases.

This research was supported by grant GACR No. 102/09/0989.

The contribution has two parts. A brief notice about some
publications from international researchers which concerns
emotional speech, basic information about emotions, and the
specific ANN applied to the experiments create the first part
of the text. The second part is dedicated to the results of the
experiments themselves.

A. Classification of emotions in publications of international
researchers

Much research around the world is engaged in the pro-
cessing of emotional speech. Specific projects differ in the
number and type of classified emotions, acoustic characte-
ristics, the type of classifiers, and precision. Classification of
three emotions (sadness, anger and neutral state) for human-
computer communication are described in [13]. Fundamental
frequency F0, voice intensity and cepstral coefficients were the
input characteristics. Classification success was 64% with the
classification of the five classes (for anger, pleasure, sadness,
surprose, and neutral state) described in [14] and [15]. Data
from Danish Emotional Speech were tested by the Bayes
classifier and classification success was 54% (for both gender),
61.1% for males and 57.1% for females respectively. Also the
five emotions are classified in [12] (fear, pleasure, sadness,
anger, and neutrale state). A Gausse SVM (Support Vector
Machine) algorithm was applied with a 55% success rate. A
comparison of the SVM, RBF (Radial Basis Function), kNN
(k-Nearest Neighbours), Naive Bayes and MLNN (two hidden
layers with 15 neurons) is described in [9]. The success for
the five classes was 81%. A description of the five emotional
states (pleasure, sadness, fear, anger, and neutral state) is
undertaken in [11]. An algorithm is based on relationship of a
height note versus the 12 half tones of the melodic scale. The
latest publication is closest to our methods described in this
contribution.

II. SOLVING THE PROBLEMS AND AN APPLIED METHODS

Automatic speech synthesis is an interdisciplinary part of
artificial intelligence, drawing upon knowledge from acous-
tics, phonetics, phonology, linguistics, physiology, psychology,
signal processing and informatics for a successful solution.
Many research teams around the world are engaged in the
modelling of the prosody of synthetic speech. This problem
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must be solved with relation to the specific attributes of
different languages: e.g. [4] for English, [5] for German,
[1] for French, [3] for Japanese for example. A majority of
prosody control systems are based on the implementation of
grammatical rules e.g. realised by decision trees, but some
researchers (Sejnowski, Traber), including the authors of this
study, use neural networks for prosody modelling. Different
input parameters with a significant impact on speech prosody
have to be used for neural network training in different
languages. As a result, it is very difficult, indeed nearly
impossible, to compare the results of prosody controllers for
different languages. The most complex evaluation is the lis-
tening test, but it is very subjective and cannot be described by
an objective metric. A reason for this difficulty is that prosody
is deeply affected by the speaker’s individual physiologies
and mental states, as well as by the uttered speech segments
and the universal phonetic properties. The influence of the
phonological and phonetic properties of the Czech language,
the influence of the quality, size of the speech database, and
the influence of the synthesizer type all need to be explored.
Furthermore, it is not possible to make complete use of all the
information extracted from natural speech signals in automatic
input data creation. Our research has taken as its central focus
the question of prosody modelling for Text-to-Speech (TTS)
Synthesis. A text and its speech signal will be used for the
training process of ANN, and only the text and the trained
ANN will be used for prosody modelling, allowing it to be as
natural as possible. Previously, processing speech had a neutral
character, yet in recent months research has concentrated its
attention on emotional speech.

A. Basic information about speech emotions

Emotion is a mental state of a living organism accompanied
by motive and glandular activities. Emotions are classified
according to their psychological aspect. As a result, the term
“emotion“ represents physiologic disturbance, shock or attack.
The second category – attitude – represents a behaviour and
a chronic state. Feigned and active emotions have different
manners of their division. A physiological reaction (change of
cardiac rate and blood pressure, whiteness or redness) is linked
to opposite emotions (anger, fear, pleasure, and sadness).
Hence it is impossible use this physiological reaction as ANN
input features separately. However, it is possible to use prosody
characteristics, such as timbre, intensity and rhythm. These is
a change of a fundamental frequency f0, range of fundamental
frequency, change of a formant location etc.

The melody, i.e. change of a haight of voice in a sentence,
is very important from the point of view of a communication.
Expressive changes of melody are important indicators for an
emotional and voluntary attitude of a speaker (more in [17]).

B. Classification of emotions by ANN

ANN was used for classification of emotions. A multilayer
neural network with one hidden layer was one of the methods
applied for the classification of speech emotions. The number
of neurons in the input layer is given by the key linguistic

parameters which are needed for characterization of the Czech
language. The ANN outputs are the various classes of emo-
tions. The target values of prosodic parameters were extracted
from the natural speech signal. Many learning algorithms for
feed-forward neural networks are based on the gradient descent
algorithm. Usually, they have a poor convergence rate and
depend on input parameters which characterize specific prob-
lems. No theoretical basis for choosing optimal parameters
for ANN training exists, but the values of these parameters
are often crucial for the success of the training. Therefore we
decided to use a Scaled Conjugate Gradient (SCG) algorithm
with superlinear convergence rate. SCG belongs to the class
of Conjugate Gradient Methods, which shows superlinear
convergence for most problems; further description is offered
in [19].

Kohonen’s Self-Organizing Features Map (KSOM) was the
second ANN which was applied for the solution of emotion
classification. KSOM is a form of ANN that is trained by
unsupervised learning rules, i.e. without target (required) val-
ues. It is an iterative process based on the clustering method;
cluster analysis methods searching for interdependences and
joint properties in a set of submitted patterns. A new SOM
variant has been used for emotion classification, namely the
supervised Self-Organizing Map (SSOM), which combines
aspects of the vector quantization method with the topology-
preserving ordering of the quantization vectors. The algorithm
of the SSOM represents a very effective method of classifi-
cation, but only for well-known input data or for well-known
classes of input data.

C. Corpus creation

For testing and refining the ANN, it is necessary to create
a speech corpus of sentences and, through pre-processing of
the corpus, to prepare input data for the network’s training
and testing. In general, corpuses of natural speech have been
created through careful choice from among a wide variety
of different neutral sentences. Currently, no emotional speech
database is available. As a result, an emotional speech corpus
and database for ANN training had to be created for our
research. The sentences was read by professional actors, two
female and one male. Speech recording was materialized in a
recording studio with a professional equipment (format “wav,”
sampling frequence 44.1kHz, 24bit).

The speech corpus is composed of a written text and its
corresponding speech signal, both of which will be used for
the training of ANN. The compound corpus was divided into
two parts, the first set used for training and the second part
serving as a testing set, also used for the monitoring of the
training process.

Utterances were realised for four types of emotions: anger,
boredom, pleasure and sadness – see Table I and Table II.

D. Input data creation

The success of prosody control is clearly dependent on
the labelling of the natural speech signal in the database.
The labelling (determination of boundaries between speech
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TABLE I
DATABASE OF UTTERANCES – IN CZECH

Words (in Czech) Words – translation
Jé. Whoah.

Má? Got it?
Nevím. I don’t know.
Vidíš? See you?

Povídej! Tell me!
Poezie. Poetry.

TABLE II
DATABASE OF UTTERANCES – TRANSLATION INTO ENGLISH

Sentences (in Czech) Sentences – translation
To mi nevadí. I don’t mind.

Neumím to vysvětlit. I don’t know to explain this.
To bude světový rekord. It will be a world record.

Jak se ti to líbí? How do you like it?
Podívej se na nebe! Look up at the heavens!
Až přijdeš uvidíš. When you come, you’ll see.

units) and phonetic transcription of sentences from the speech
corpus is done in the phase of pre-processing. The changes of
fundamental frequency F0, formant frequency Fi, i = 1, . . . , 4
and duration Du of phonemes during the voicing of sentences
create the melody of the sentence (its intonation). Intonation is
also related to the meaning of the sentence and its emotional
timbre.

Recorded emotion speech was subjectively evaluated by
four persons. The final database contained 720 patterns (360
patterns for one-word sentences and 360 patterns for multi-
word sentences).

III. EXPERIMENTS

All analyses and experiments described in this contribution
were performed through use of the computational system
MATLAB with NN-toolbox [16] and SOM Toolbox. SOM
Toolbox was developed in the Laboratory of Information
and Computer Science (CIS) in the Helsinki University of
Technology and it is built using the MATLAB script lan-
guage. The SOM Toolbox contains functions for creation,
visualization and analysis of the Self-Organizing Maps. The
Toolbox is available free of charge under the General Public
License from ([7]). For the projects from the domain of the
speech processing by ANN (which are being addressed by
our university’s department of Circuits Theory), new special
M-files, which should be a part of the supporting program
package, were created.

MLNN and SOM were applied particularly to the utterances
from Table I and Table II. The results from MLNN training
are concentrated into the so-called matrix of replacement,
where “class 1“ is specified as anger, “class 2“ is specified
as boredom, “class 3“ is specified as pleasure and “class 4“ is
specified as sadness. The database for ANN training obtained
216 patterns, for validation 72 patterns and for testing as many
as 72 patterns.

TABLE III
INPUT PARAMETERS – TIME AND FREQUENCY DOMAIN

Time domain
Arithmetic average of absolute value

Standard deviation
Maximum
Minimum

Frequency domain
Fundamental frequency F0

Formant frequency F1, . . . F4

The unified distance matrix or U-matrix is a representation
of the KSOM that visualizes the distance between the neurons
and their neighbors. The KSOM neurons are represented by
hexagonal cells (in our experiment). The distance between
the adjacent neurons is calculated and presented in different
colors. Darker colors between neurons correspond to a larger
distance and thus represent a difference between the values
in the input space. Light colors between the neurons mean
that the vectors are close to each other in the input space.
Light areas represent clusters (classes) and dark areas represent
cluster boundaries (more in [2]). The size of the map was
15x15, while quantization (QE) and topographic (TE) errors
of the map were also computed.

A. Method I: The patterns based on time and frequency
characteristics

Nine patterns for MLNN training are created through the
characteristics of the time and frequency domains (see Table
III). The hidden layer was 20 neurons, while the output layer
was 4 neurons. The number of training epoch was 56 resp. 53
for one-word sentences resp. multiword sentences.

B. Method II: The patterns based on musical theory.

The second presented method is based on the idea of the
musical interval: the frequency difference between a specific
n-tone and reference tone. E.g. quint is ratio of the fifth tone
divided by the first tone, with a numerical value of 1.498. The
ratios of the musical intervals are shown in Table IV.

TABLE IV
FREQUENCY RATIOS OF THE MUSICAL INTERVALS

Interval Variant Frequency ratios
first 1,000

second minor 1,059
major 1,122

third minor 1,189
major 1,260

fourth 1,335
fifth 1,498
sixth minor 1,587

major 1,682
seventh minor 1,782

major 1,888
octave 2,000
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TABLE V
COMPARISON OF THE RESULTS

one-word sentences multiword sentences
Method MLNN [%] SOM [QE/TE] MLNN [%] SOM [QE/TE]

I 88.7 0.185 / 0.02 77.8 0.184 / 0.017
II 70.4 0.274 / 0.014 65.3 0.275 / 0.017
III 85.9 0.431 / 0.011 84.7 0.439 / 0.006

This method of the parametrization of the utterances con-
sists in the description of the signal patterns based on the
musical intervals or more precisely on their frequency ratios.
The reference frequency, i.e. the fundamental frequency in our
case, is given by the choices in each utterance feature. We use
autocorrelation function. The frequency ratios are compared
with the music intervals and input vector for MLNN training
with 20 values is computed. The hidden layer was 35 neurons,
the output layer was 4 neurons. The number of the training
epoch was 75 for one-word sentences resp. 84 for multiword
sentences.

C. Method III: Combination of both previous approaches

The third method was the combination of both previous
methods. 29 patterns for MLNN training are created by
20 values containing the ratios respective to the music in-
tervals and 9 values describing the acoustic qualities of the
utterance feature. The hidden layer was 55 neurons, while
the output layer was 4 neurons. The number of the training
epoch was 57 for one-word sentences resp. 106 for multiword
sentences.

IV. RESULTS OF EXPERIMENTS

The results of experiments are shown in the following table
and figures.

This table summarizes the success rate of emotional clas-
sification for all three described methods. For the MLNN
approach the first method (based on acoustic parameters)
was best for the one-word utteraces, but difference between
one-word and multiword utterances are the greatest (9.9 %).
Success for the second method (based on music theory) is
worse for both type of utterances, but the difference between
them is smaller (5.1 %). The third method (combination) is the
best of them for the multiword utteraces, while additionally the
differences between one-word and multiword utterances are
absolutely smallest (1.2 %). With the SOM approach, the de-
termining of SOM quality is complicated. We were monitoring
the quality of learning by topographic and quantization errors
for the comparison of methods. The topographic error (TE)
predicates the conservation of data topology between input and
output space. The quantization error (QE) reflects the accuracy
of the mapping (it relates to the number of the input matrix
elements and the size of the map).

The success of the SOM training decreases when the num-
ber of map units is larger than the number of training samples,
which may be the main problem in our SOM approach. In
our experimets we made use of the uniform size of maps

Fig. 1. Method I: Matrix of changes for one-word sentences – time and
frequency domain parameters

Fig. 2. Method I: Matrix of changes for multiword sentences – time and
frequency domain parameters

for the comparison of all three methods. Our results show
progressive values of the quantization errors in dependence
to number of training data features, whereas a decreasing
value for topographic error shows a very good ability of the
classification.

We can see the matrix of changes for the MLNN classifier
in Figure 1, 2. These figures summarize the first described
method. We can observe the replacement of the emotion
classification between active emotions, i.e. pleasure – anger,
and between passive emotions, i.e. sadness – tedium. The
results from the second method are shown in Figure 3, 4, the
results from the third method are demonstrated in Figure 5, 6.
Just as in the Method I, the worst score is for passive emotions
(Method II and Method III).
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Fig. 3. Method II: Matrix of changes for one-word sentences – time and
frequency domain parameters

Fig. 4. Method II: Matrix of changes for multiword sentences – time and
frequency domain parameters

The unified distance matrix or U-matrix is a representation
of the KSOM that visualizes the distance between the neurons
and their neighbors. The KSOM neurons are represented by
hexagonal cells (in our experiment) marked by ’H’ for anger,
’N’ for tedium, ’R’ for pleasure and ’S’ for sadness. Each cell
is marked also by a character for class, by real classified font
and number registered pattterns.

The distance between the adjacent neurons is calculated and
presented with different colors. Dark colors between neurons
correspond to a larger distance and thus represent a difference
between the values in the input space. Light colors between
the neurons means that the vectors are close to each other in
the input space. Light areas represent clusters and dark areas
represent cluster boundaries.

Fig. 5. Method III: Matrix of changes for one-word sentences – time and
frequency domain parameters

Fig. 6. Method III: Matrix of changes for multiword sentences – time and
frequency domain parameters

The U-matrix represents emotion classes based on the
parametrization by Method I are visualize in Figure 7, resp.
8, by Method II in Figure 9, resp. 10 and by Method III
in Figure 11 and 12. The matrix is divided into four parts
respective particular emotions. The topographic error for both
type of utterances (one-word and multiwords) is lowest from
all three methods (see on the Table V). This result documents
the availability to apply the method based on the combination
standard and music theory.

V. CONCLUSION AND FUTURE WORK

We have established differentiation between the mathe-
matical results and the listening tests. It is necessary to
judge recording of emotional speech which is determined
for database creation and the resulting synthetic sentences
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Fig. 7. Method I: U-matrix for one-word sentences

Fig. 8. Method I: U-matrix for multi-word sentences

Fig. 9. Method II: U-matrix for one-word sentences

by listening. The physical properties of the acoustic wave,
which are perceived as sounds, are transformed several times:
first in the organ of hearing, later at the emergence of neural
excitement, and last in the cerebral analysis. Therefore, the
sounds perceived in listening tests do not correlate completely
with the objective properties of the acoustic patterns. The
listening tests must consequently form a part of experiments.
We want to conclude by establishing when to use MLNN or

Fig. 10. Method II: U-matrix for multi-word sentences

Fig. 11. Method III: U-matrix for one-word sentences

Fig. 12. Method III: U-matrix for multi-word sentences

SSOM on the base of acquired events and on the base of
augmentation, of the number of experiments.

Our effort in future work will focus on our lack of knowl-
edge regarding the possibilities of ANN application in prosody
modelling and children’s disordered speech analysis. These
different domain of the application influence the database
creation. Long sentences (called multiword sentences in this
contribution) are more acceptable for prosody modelling, yet
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the database created by one-word sentences is suitable for
the analysis of children’s disordered speech (often a speech
malfunction is manifested in an inability to pronounce whole
sentences). We are going to apply results from the described
experiments with emotional speech to the improvement of syn-
thetic speech naturalness, but also to the domain of neurodeve-
lopmental disturbances (above all, developmental dysphasia).
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Abstract—We extend our previous works of deriving linguistic
summaries of time series using a fuzzy logic approach to linguistic
summarization. We proceed towards a multicriteria analysis of
summaries by assuming as a quality criterion Yager’s measure of
informativeness of classic and temporal protoforms that combines
in a natural way the measures of truth, focus and specificity, to
obtain a more advanced evaluation of summaries. The use of
the informativeness measure for the purpose of a multicriteria
evaluation of linguistic summaries of time series seems to be an
effective and efficient approach, yet simple enough for practical
applications. Results on the summarization of quotations of an
investment (mutual) fund are very encouraging.

I. INTRODUCTION

W ITH this paper we continue our previous works (cf.

Kacprzyk, Wilbik, Zadrożny [1], [2], [3] or Kacprzyk,

Wilbik [4], [5], [6]) which deal with the problem of how

to effectively and efficiently support humans in making de-

cisions concerning investments in some financial, notably in

investment (mutual) funds. Decision makers are here mainly

interested in future gains/losses. However, we follow the

decision support paradigm, that is, we assume that the users

are autonomous and we only support, not replace, him/her. We

do not intend to forecast the future daily prices.

The available information concerns the history, or past,

and this implies some problems. Basically in all investment

decisions the future is the most important, and the past is

irrelevant. But, we know only the the past, and the future

is completely unknown. Behavior of the human being is to a

large extent driven by his/her (already known) past experience.

People usually tend to assume that what has happened in the

past will also happen (to some, maybe large extent) in the

future. By the way, this is the underlying assumption behind

the statistical methods too! That attitude clearly implies that

the past can be employed to help the human decision maker

find a good solution. We follow here this path, i.e. we present

a method to subsume the past, to be more specific the past

performance of an investment (mutual) fund, by presenting

results in a very human consistent way, using natural language

statements.

This line of reasoning has often been articulated by many

well known investment practitioners, and one can quote here

some more relevant opinions. In any information leaflets of

investment funds, one may always notice a disclaimer stating

that “Past performance is no indication of future returns”

which is true. However, on the other hand, for instance,

in a well known posting “Past Performance Does Not Pre-

dict Future Performance” [7], they state something that may

look strange in this context, namely: “. . . according to an

Investment Company Institute study, about 75% of all mutual

fund investors mistakenly use short-term past performance

as their primary reason for buying a specific fund”. But,

in an equally well known posting “Past performance is not

everything” [8], they state: “. . . disclaimers apart, as a practice

investors continue to make investments based on a schemes

past performance. To make matters worse, fund houses are

only too pleased to toe the line by actively advertising the past

performance of their schemes leading investors to conclude

that it is the single-most important parameter (if not the most

important one) to be considered while investing in a mutual

fund scheme”.

As strange as this may be, we may ask ourselves why it

is so. Again, in a well known posting “New Year’s Eve: Past

performance is no indication of future return” [9], they say

“. . . if there is no correlation between past performance and

future return, why are we so drawn to looking at charts and

looking at past performance? I believe it is because it is in

our nature as human beings . . . because we don’t know what

the future holds, we look toward the past . . . ”.

And, continuing along this line of reasoning, we can find

many other examples of similar statements supporting our

position. For instance, Myers [10] says: “. . .Does this mean

you should ignore past performance data in selecting a mutual

fund? No. But it does mean that you should be wary of

how you use that information . . .Lousy performance in the

past is indicative of lousy performance in the future. . . ”.

And, further: Bogle [11] states: “... there is an important

role that past performance can play in helping you to make

your fund selections. While you should disregard a single

aggregate number showing a fund’s past long-term return, you

can learn a great deal by studying the nature of its past returns.

Above all, look for consistency.”. In [12], we find: ”While
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past performance does not necessarily predict future returns,

it can tell you how volatile a fund has been”. In the popular

“A 10-step guide to evaluating mutual funds” [13], they say

in the last, tenth, advise: “Evaluate the funds performance.

Every fund is benchmarked against an index like the S&P500,

BSE 200, etc. Investors should compare fund performance over

varying time frames vis-a-vis both the benchmark index and

peers. Carefully evaluate the funds performance across market

cycles particularly the downturns”.

We can quote more, and basically all of them stress the im-

portance of looking at the past to help make future decisions,

and also generally advocate a more comprehensive look not

focused on single values but a very essence of past behavior

and returns.

We have followed this line of reasoning in our past papers

(cf. Kacprzyk, Wilbik, Zadrożny [1], [2], [3] or Kacprzyk,

Wilbik [4], [5], [6]), i.e. to try to find a human consistent,

fuzzy quantifier based scheme for a linguistic summarization

of the past in terms of various aspects of how the time

series representing daily quotations of the investment fund(s)

behave. However, we have mainly concentrated on a sheer

absolute performance, i.e. the time evolution of the quotations

themselves. This may be relevant, and sometimes attractive to

the users who can see a summary of their gains/loses and

their temporal evolution. One can also use a maybe more

realistic approach to take into account benchmarks of the

particular funds as points of departure which does not change

the essence.

Though the use of linguistic data summaries of past perfor-

mance of the time series representing mutual fund quotations

does take into account the importance (or “value”) of time,

in this paper we will go deeper into this issue by using

some results from psychology, cognitive sciences and human

decision making. Basically, we will employ some results by

Ariely and Zakay [14] who consider the role of time in

decision making.

In our case, those psychological analyses served the purpose

of suggesting, and/or justifying a new types of protoforms

of linguistic summaries of time series. Basically, in most of

our works (cf. Kacprzyk, Wilbik, Zadrożny [1], [2], [3] or

Kacprzyk, Wilbik [4], [5], [6]) we have used the follow-

ing protoforms of the linguistic summaries of times series:

“Among all y’s,Q are P ”, exemplified by “among all segments

(of the time series) most are slowly increasing”, and “Among

all R segments, Q are P ”, exemplified by “among all short

segments almost all are quickly decreasing”. Notice that we

took into account, and so to say assign the same weights, the

entire time series, i.e. all the segment.

Since in our case the analysis of time series is a highly

human focused activity because its very purpose is to pro-

vide a human decision maker with some support for making

(future) decision, we should take into account some inherent

characteristics of time series and their evaluations that are

consistent with the human perception of their relevance for

the decision making process. One of the crucial aspects in

this respect, which will be considered here is the importance

of time in the sense that means and ends, like decisions and

outcomes, have a carrying relevance and impact depending

on the time moment when they occur. Basically, in virtually

all cases what occurs in a more immediate past is more

relevant and meaningful that what has occurred earlier. This

temporal relationships change both the decisions and their

evaluation as has been shown in psychology (cf. Ariely and

Zakay [14] or Rachlin [15]). Among many approaches one can

mention, for instance, a so called temporal construal theory

by Liberman and Trope [16] who have shown that options are

evaluated differently depending on time instants they come

into question. They introduce the two main characteristics

of options: desirability, which refers to long time wishes

or intentions that are far away of their implementation of

a decision option, and feasibility, which refers to a short

term, close to the implementation characteristics. One can

mention other works concerned with similar issues. It should

be noted that this fact has already been reflected in (dynamic,

or multistage) decision making and control models in which

discounting is widely used.

In our context, we proposed(cf. Kacprzyk, Wilbik [17]) to

take into account some of those psychological findings related

to the importance of time by using different protoforms of

linguistic summaries of times series, called temporal linguistic

summaries. We consider two types of temporal protoforms:

“ET among all y’s Q are P ”, exemplified by “Recently, among

all segments, most are slowly increasing”, and “ET among

all Ry’s Q are P ”, exemplified by “Initially, among all short

segments, most are quickly decreasing”; they both go beyond

the classic Zadeh’s protoforms.

The analysis of time series data involves different elements

but we concentrate on the specifics of our approach. First,

we have to to identify the consecutive parts of time series

within which the data exhibit some uniformity as to their

variability. Some variability must here be neglected, under an

assumed granularity. Here, these consecutive parts of a time

series are called trends (or segments), and described by straight

line segments. That is, we perform first a piece-wise linear

approximation of a time series and present time series data

as a sequence of trends. The (linguistic) summaries of time

series refer to the (linguistic) summaries of (partial) trends

as meant above. For the construction of a piecewise linear

approximation, we use a modified version of the Sklansky and

Gonzalez algorithm (cf. [18]) though many other methods can

be used cf. Keogh et al. [19], [20].

The next step is an aggregation of the (characteristic features

of) consecutive trends over an entire time span (horizon)

assumed. We follow the idea initiated by Yager [21], [22]

and then shown more profoundly and in an implementable

way in Kacprzyk and Yager [23], and Kacprzyk, Yager

and Zadrożny [24], [25], that the most comprehensive and

meaningful will be a linguistic quantifier driven aggregation

resulting in linguistic summaries of classic protoform exem-

plified by “Most trends are short” or “Most long trends are

increasing” and temporal protoform “Recently most trends are

increasing” or “Recently most short trends are increasing”.
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These summaries are easily derived and interpreted using

Zadehs fuzzy logic based calculus of linguistically quantified

propositions. A new quality, and an increased generality was

obtained by using Zadehs [26] protoforms as proposed by

Kacprzyk and Zadrożny [27].

Here we employ the classic Zadehs fuzzy logic based

calculus of linguistically quantified propositions in which the

degree of truth (validity) is the most obvious and important

quality criterion. Some other quality criteria like a degree of

specificity, focus, fuzziness, etc. have also been proposed by

Kacprzyk and Wilbik [28], [6], [5], [29]. The results obtain

clearly indicate that multiple quality criteria of linguistic

summaries of time series should be taken into account, and

this makes the analysis obviously much more difficult.

As the first step towards an intended comprehensive multi-

criteria assessment of linguistic summaries of time series, we

propose here a very simple, effective and efficient approach,

namely to use quite an old, maybe classic Yagers [30] proposal

on an informativeness measure of a linguistic summary which

combines, via an appropriate aggregation operator, the degree

of truth, focus and specificity.

We illustrate our analysis on a linguistic summarization

of daily quotations over an 8 year period of an investment

(mutual) fund. We present the characteristic features of trends

derived under some reasonable granulations, variability, trend

duration, etc.

The paper is in line with some other modern approaches to

linguistic summarization of time series. First, one should refer

to the SumTime project coordinated by the University of Ab-

erdeen, an EPSRC Funded Project for Generating Summaries

of Time Series Data1 in which English summary descriptions

of a time series data set are sought by using advanced time se-

ries and NLG (natural language generation) technologies [31].

However, the linguistic descriptions obtained do not reflect an

inherent imprecision (fuzziness) as in our approach. A relation

between linguistic data summaries and NLG is discussed by

Kacprzyk and Zadrożny [32], [33].

II. LINGUISTIC DATA SUMMARIES

As a linguistic summary of data (base) we understand a

(usually short) sentence (or a few sentences) that captures the

very essence of the set of data, that is numeric, large, and

because of its size is not comprehensible for human being.

We use Yager’s basic approach [21]. A linguistic summary

includes: (1) a summarizer P (e.g. low for attribute salary),

(2) a quantity in agreement Q, i.e. a linguistic quantifier (e.g.

most), (3) truth (validity) T of the summary and optionally,

(4) a qualifier R (e.g. young for attribute age).

Thus, a linguistic summary may be exemplified by

T (most of employees earn low salary) = 0.7 (1)

or in richer (extended) form, including a qualifier (e.g. young),

by

T (most of young employees earn low salary) = 0.82 (2)

1cf. www.csd.abdn.ac.uk/research/sumtime/

Thus, basically the core of a linguistic summary is a

linguistically quantified proposition in the sense of Zadeh [26]

which may be written, respectively as

Qy′s are P QRy′s are P (3)

III. LINGUISTIC SUMMARIES OF TRENDS

In our first approach we summarize the trends (segments)

extracted from time series. Therefore as the first step we need

to extract the segments. We assume that segment is represented

by a fragment of straight line, because such segments are easy

for interpretation.

There are many algorithms for the piecewise linear seg-

mentation of time series data, including e.g. on-line (sliding

window) algorithms, bottom-up or top-down strategies (cf.

Keogh [19], [20]).

We consider the following three features of (global) trends

in time series: (1) dynamics of change, (2) duration, and (3)

variability. By dynamics of change we understand the speed

of change of the consecutive values of time series. It may

be described by the slope of a line representing the trend,

represented by a linguistic variable. Duration is the length of

a single trend, and is also represented by a linguistic variable.

Variability describes how “spread out” a group of data is. We

compute it as a weighted average of values taken by some

measures used in statistics: (1) the range, (2) the interquartile

range (IQR), (3) the variance, (4) the standard deviation, and

(5) the mean absolute deviation (MAD). This is also treated

as a linguistic variable.

For practical reasons for all we use a fuzzy granulation (cf.

Bathyrshin at al. [34], [35]) to represent the values by a small

set of linguistic labels as, e.g.: increasing, slowly increasing,

constant, slowly decreasing, decreasing. These values are

equated with fuzzy sets.

For clarity and convenience we employ Zadeh’s [36] proto-

forms for dealing with linguistic summaries [27]. A protoform

is defined as a more or less abstract prototype (template) of

a linguistically quantified proposition. We have two types of

protoforms of linguistic summaries of trends:

– a short form:

Among all segments, Q are P (4)

e.g.: “Among all segments, most are slowly increasing”.

– an extended form:

Among all R segments, Q are P (5)

e.g.: “Among all short segments, most are slowly increasing”.

We can extend our protoforms given in (4) and (5) by adding

a temporal expression, ET , like: “recently”, “in the very

beginning” or “in May 2010”, “initially”, etc. (cf. Kacprzyk,

Wilbik [17]). The temporal protoforms can have the following

forms:

• a simple (short) protoform:

ET among all segments, Q are P (6)

ANNA WILBIK, JANUSZ KACPRZYK: ON THE EVALUATION OF THE LINGUISTIC SUMMARIZATION 157



e.g.: “Recently, among all segments, most are slowly

increasing”.

• an extended protoform:

ET among all R segments, Q are P (7)

e.g.: “Initially, among all short segments, most are slowly

increasing”.

The quality of linguistic summaries can be evaluated in

many different ways, eg. using the degree of truth, specificity,

appropriateness or others.

Yager [30] proposed measure of informativeness, a mea-

sure that evaluates the amount of information hidden in the

summary. This measure is interesting as it aggregates some

of previously mentioned quality criteria, namely the truth

value, degree of specificity and degree of focus in the case

of extended form summaries. Now we will present shortly

those 3 measures.

A. Truth Value

The truth value (a degree of truth or validity), introduced

by Yager in [21], is the basic criterion describing the degree

of truth (from [0, 1]) to which a linguistically quantified

proposition equated with a linguistic summary is true.

Using Zadeh’s calculus of linguistically quantified propo-

sitions [26] it is calculated in dynamic context using the

same formulas as in the static case. Thus, the truth value is

calculated for the simple and extended form as, respectively:

T (Among all y’s, Q are P ) = µQ

(
1

n

n∑

i=1

µP (yi)

)
(8)

T (Among all Ry’s, Q are P ) =

= µQ

(∑n
i=1 µR(yi) ∧ µP (yi)∑n

i=1 µR(yi)

)
(9)

where µP , µR and µQ are membership functions of fuzzy

set representing summarizer, qualifier and linguistic quantifier,

respectively. ∧ is the minimum operation (more generally it

can be another appropriate operator, notably a t-norm). In

Kacprzyk, Wilbik and Zadrożny [37] results obtained by using

different t-norms were compared. Various t-norms can be in

principle used in Zadeh’s calculus but clearly their use may

result in different results of the linguistic quantifier driven

aggregation. It seems that the minimum operation is a good

choice since it can be easily interpreted and the numerical

values correspond to the intuition.

The computation of truth values of temporal summaries is

very similar to the previous case. We only need to consider

a temporal expression as an additional external qualifier, as

the temporal expression limits the universe of interest to those

trends (segments) only that occur on the time axis described

by a fuzzy set modeling the expression ET . We compute the

proportion of segments in which “trend is P” and occurs in

ET to those that occur in ET . Next, we compute the degree

to which this proportion is Q.

The truth value of the simple temporal protoform (6) is

computed as:

T (ET among all y’s, Q are P ) =

= µQ

(∑n
i=1 µET (yi) ∧ µP (yi)∑n

i=1 µET (yi)

)
(10)

where µET (yi) is the degree to which a trend (segment) occurs

during the time span described by ET .

Similarly we compute the truth of the extended temporal

protoform (7) as:

T (ETAmong all Ry’s, Q are P ) =

= µQ

(∑n
i=1 µET (yi) ∧ µR(yi) ∧ µP (yi)∑n

i=1 µET (yi) ∧ µR(yi)

)
(11)

A natural question emerges of how to compute µET (yi). Let
µET (t) be a membership function of a fuzzy set representing

a linguistic variable ET . We assume that the time span

considered is normalized, i.e. t ∈ [0, 1], the first observation

is made for t = 0 and the last for t = 1. Let us consider

a segment yi, starting at time a and terminating at time b,
0 ≤ a < b ≤ 1. Then

µET (yi) =
1

b− a

∫ b

a

µET (t)dt (12)

and we can interpret this value as the average membership

degree of ET in [a, b]. Graphically it can be represented as the

gray stripped area divided by the stripped area in Figure 1.

a b t

1

Fig. 1. Graphical presentation of µET
(yi)

B. Degree of Specificity

The concept of specificity provides a measure of the amount

of information contained in a fuzzy subset or possibility

distribution. The specificity measure evaluates the degree to

which a fuzzy subset points to one and only one element as

its member [38].

We will consider the original Yagers proposal [38], in

which specificity measures the degree to which a fuzzy subset

contains one and only one element. The measure of specificity

is a measure Sp : IX −→ I , I ∈ [0, 1] if it has the following

properties: (1) Sp(A) = 1 if and only if A = {x}, (is a

singleton set), (2) Sp(∅) = 0, and (3)
∂Sp(A)
∂a1

> 0 and
∂Sp(A)
∂aj

≤ 0 for all j ≥ 2.

In [39] Yager proposed a measure of specificity as

Sp(A) =

∫ αmax

0

1

card(Aα)
dα (13)

158 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



where αmax is the largest membership grade in A, Aα is the

α-level set of A, (i.e. Aα = {x : µA(x) ≥ α}) and card(Aα)
is the number of elements in Aα.

Fig. 2. A trapezoidal membership function of a set

In our summaries to define the membership functions of

the linguistic values we use trapezoidal functions, as they are

sufficient in most applications [40]. Moreover, they can be

very easily interpreted and defined by a user not familiar with

fuzzy sets and logic, as in Figure 2. To represent a fuzzy set

with a trapezoidal membership function we need to store only

four numbers, a, b, c and d. Usage such a definition of a fuzzy

set is a compromise between cointension and computational

complexity. In such a case measure of specificity of a fuzzy

set A

Sp(A) = 1− c+ d− (a+ b)

2
(14)

C. Degree of Focus

The very purpose of a degree of focus is to limit the

search for the best linguistic summaries by taking into account

some additional information in addition to truth values. The

extended protoform linguistic summaries (5) does limit by

itself the search space as the search is performed in a limited

subspace of all (most) trends that fulfill an additional condition

specified by qualifier R. The very essence of the degree of

focus introduced in this paper is to give the proportion of

trends satisfying property R to all trends extracted from the

time series. It provides a measure that, in addition to the basic

truth value, can help control the process of discarding non-

promising linguistic summaries.

The degree of focus is similar in spirit to a degree of

covering, described above, but it measures how many trends

fulfill property R. The degree of focus makes obviously sense

for the extended protoform summaries only, and is calculated

as (cf. Kacprzyk and Wilbik [29]):

dfoc(Among all Ry’s, Q are P ) =
1

n

n∑

i=1

µR(yi) (15)

In our context, the degree of focus describes how many

trends extracted from a given time series fulfill qualifier R in

comparison to all extracted trends. If the degree of focus is

high, then we can be sure that such a summary concerns many

trends, so that it is more general. However, if the degree of

focus is low, we may be sure that such a summary describes

a (local) pattern seldom occurring.

The formula for the degree of focus for the extended

temporal protoform requires small changes. The temporal

expression may be treated as the external qualifier, and we

can compute the proportion of trends satisfying property R in

the ET time span to all trends occurring in that time span. So

the degree of focus of extended temporal protoform summaries

(7) is computed as:

dfoc(ET among all Ry’s, Q are P ) =

=

∑n
i=1 µET (yi) ∧ µR(yi)∑n

i=1 µET (yi)
(16)

Here also the degree of focus help us distinguish more general

summaries from those describing a (local) pattern seldom

occurring.

As we wish to discover a more general, global relationship,

we can eliminate the linguistic summaries that concern a small

number of trends only. The degree of focus may be used

to eliminate the whole groups of extended form summaries

for which qualifier R limits the set of possible trends to, for

instance, 5%. Such summaries, although they may be very

true, will not be representative.

We could think also about an additional measure similar to

the degree of focus for the temporal protoforms – a degree

of focus of temporal expression. This degree could measure

how many trends extracted from a given time series occurs in

the time span described by ET in comparison to all extracted

trends. Hence, for the simple and extended temporal protoform

summaries we have:

dET (ET among all Ry’s, Q are P ) =
1

n

n∑

i=1

µET (yi) (17)

D. Measure of Informativeness

The idea of a measure of informativeness (cf. Yager, Ford

and Canas [30]) may be summarized as follows. Suppose

we have a data set, whose elements are from measurement

space X . One can say that the data set itself is its own most

informative description, and any other summary implies a loss

of information. So, a natural question is whether a particular

summary is informative, and to what extent.

Yager et. al [30] proposed the following measure of infor-

mativeness of a simple protoform summary

I(Among all y’s Q are P ) =

= (T · Sp(Q) · Sp(P )) ∨ ((1 − T ) · Sp(Qc) · Sp(P c)) (18)

where P c is the negation of P , i.e. µP c(·) = 1 − µP (·) and

Qc is the negation of Q, i.e. µQc(·) = 1 − µQ(·). Sp(Q) is

specificity of Q, similarly it is calculated for Qc, P and P c.

For the extended protoform summary we propose the fol-

lowing measure (cf. Kacprzyk and Wilbik [41]):

I(Among all Ry’s Q are P ) =

= (T · Sp(Q) · Sp(P ) · Sp(R) · dfoc)
∨ ((1− T ) · Sp(Qc) · Sp(P c) · Sp(R) · dfoc) (19)

where dfoc is the degree of focus of the summary, Sp(R) is

specificity of qualifier R and the rest is defined as previously.
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The measure of informativeness of the simple temporal

protoform summary is calculated as:

I(ET among all y’s Q are P ) =

= (T · Sp(Q) · Sp(P ) · Sp(ET ) · dET )

∨ ((1− T ) · Sp(Qc) · Sp(P c) · Sp(ET ) · dET )(20)

where Sp(ET ) is the specificity of the temporal expression

and dET is the degree of focus of temporal expression defined

as in Eq. (17).

The measure of informativeness of the extended temporal

protoform summary is calculated as:

I(ET among all Ry’s Q are P ) =

= (T · Sp(Q) · Sp(P ) · Sp(ET ) · Sp(R) · dfoc · dET )

∨ ((1 − T ) · Sp(Qc) · Sp(P c) · Sp(ET ) · Sp(R)·
·dfoc · dET ) (21)

Here in those formulas different values are aggregated by

the product. We could think of using instead of the product

other t-norms. However, for example, the minimum would

ignore all values that are smaller than the largest one, and

the Łukasiewicz t-norm tends to be very small if we aggregate

many numbers. Moreover, the product may be a natural choice

taking into account many results from, for instance, decision

analysis and mathematical economics.

IV. NUMERICAL RESULTS

The method proposed was tested on data on quotations of

an investment (mutual) fund that invests at least 50% of assets

in shares listed at the Warsaw Stock Exchange.

Data shown in Figure 3 were collected from January 2002

until the December 2009 with the value of one share equal

to PLN 12.06 in the beginning of the period to PLN 35.82

at the end of the time span considered (PLN stands for the

Polish Zloty). The minimal value recorded was PLN 9.35

while the maximal one during this period was PLN 57.85.

The biggest daily increase was equal to PLN 2.32, while the

biggest daily decrease was equal to PLN 3.46. We illustrate

the method proposed by analyzing the absolute performance

of a given investment fund, and not against benchmarks, for

illustrativeness.

0

15

30

45

02-01-2002 02-01-2004 02-01-2006 02-01-2008 04-01-2010

Mutual fund quotations

Fig. 3. Daily quotations of an investment fund in question

We obtain 362 extracted trends, with the shortest of 1 time

unit only, and the longest – 71 time units. We assume 3 labels

only for each attribute: short, medium and long for duration,

increasing, constant and decreasing for dynamics and low,

moderate and high for variability. The use of linguistic values

in the summaries is clearly a reflection of a natural information

granulation.

In Table I there are presented the most valid summaries

of the classic protoforms. They are ordered according to the

degree of truth and then the degree of focus.

TABLE I
SUMMARIES OF THE CLASSIC PROTOFORM

linguistic summary T dfoc I
Among all y, most are short 1.0000 1.0000 0.4675
Among all moderate y, most are short 1.0000 0.3453 0.0969
Among all decreasing y, most are short 1.0000 0.2267 0.0604
Among all increasing y, most are short 1.0000 0.1688 0.0450
Among all medium y, most are constant 1.0000 0.1394 0.0429
Among all medium y, most are constant
and high

1.0000 0.1394 0.0778

Among all medium y, most are high 1.0000 0.1394 0.0349
Among all medium and constant y, most
are high

1.0000 0.1366 0.0794

Among all medium and high y, most are
constant

1.0000 0.1222 0.0780

Among all high y, most are short 0.8453 0.5789 0.1601
Among all constant y, most are short 0.8341 0.6045 0.2027
Among all high y, most are constant 0.8164 0.5789 0.1565
Among all constant y, most are high 0.7564 0.6045 0.1514

We may notice that the first summary has a very big value

of the measure of the informativeness, and this summary is

of a simple protoform. It is very informative. Also the last

four summaries presented in Table I are interesting, as their

values of this measure are quite high. Those summaries do

not have the truth value equal to 1, but nevertheless they are

also true, moreover they have very high values of degree of

focus, indicating that these summaries describe pattern which

are quite often occuring.

In Table II we may see the temporal summaries decribing

that time series. Me may notice the summaries of the first

few years after the the fund wa established (initially), then

the middle time (in the middle), and the last two summaries

describe more or less ime qotations from autumn 2007, when

the finantial crisis started.

The obtained summaries are divide into 2 groups, each

describing separate period. The first group describes what

was happening initially. First 4 summaries have high values

of the measure of informativeness. Especially interesting is

the summary “initially among all y, most are constant and

very high”, it has the value of this measure higher than a

summary with only one of the linguistic values used in the

summary.

In the second group, only one summary stand out –“middle

among all y, most are constant”, with a value of the measure

of informativeness over twice as big than the other values. We

may notice that this value is also the biggest for all summaries

presented in Table II. It is partially so, because the temporal

expression “in the middle” describes the longest period.

In the last group describing the last 2 years – the time of

financial crisis, we obtained just 2 summaries, from which the
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TABLE II
SUMMARIES OF THE TEMPORAL PROTOFORM

linguistic summary T dfoc I
initially among all constant y, most are
very high

1.0000 1.0000 0.0329

initially among all y, most are constant 1.0000 1.0000 0.0387
initially among all y, most are constant and
very high

1.0000 1.0000 0.0770

initially among all y, most are very high 1.0000 1.0000 0.0383
initially among all very high y, most are
constant

1.0000 0.8089 0.0266

initially among all long and constant y,
most are very high

1.0000 0.3566 0.0213

initially among all long y, most are con-
stant

1.0000 0.3566 0.0097

initially among all long y, most are con-
stant and very high

1.0000 0.3566 0.0192

initially among all long y, most are very
high

1.0000 0.3566 0.0096

initially among all medium and constant y,
most are very high

1.0000 0.3292 0.0214

initially among all medium and very high
y, most are constant

1.0000 0.3292 0.0215

initially among all medium y, most are
constant

1.0000 0.3292 0.0107

initially among all medium y, most are
constant and very high

1.0000 0.3292 0.0212

initially among all medium y, most are
very high

1.0000 0.3292 0.0106

initially among all very long y, most are
constant

1.0000 0.3230 0.0069

initially among all long and very high y,
most are constant

1.0000 0.2947 0.0177

initially among all very long and very high
y, most are constant

1.0000 0.1939 0.0105

initially among all high y, most are con-
stant

1.0000 0.1911 0.0059

initially among all very long and high y,
most are constant

1.0000 0.1291 0.0068

initially among all high y, most are very
long

0.7518 0.1911 0.0028

initially among all high y, most are very
long and constant

0.7518 0.1911 0.0073

middle among all very high y, most are
constant

1.0000 0.4860 0.0481

middle among all medium y, most are
constant

1.0000 0.3205 0.0312

middle among all high y, most are short 1.0000 0.2436 0.0249
middle among all medium and very high
y, most are constant

1.0000 0.2422 0.0476

middle among all short and very high y,
most are constant

1.0000 0.1094 0.0228

middle among all y, most are constant 0.9659 1.0 0.1124
middle among all medium y, most are very
high

0.9113 0.3205 0.0281

middle among all short y, most are constant 0.8506 0.4794 0.0447
middle among all medium and constant y,
most are very high

0.8484 0.2840 0.0470

middle among all moderate y, most are
short

0.8188 0.2741 0.0200

middle among all short and moderate y,
most are constant

0.8084 0.1945 0.0301

middle among all moderate y, most are
constant

0.8010 0.2741 0.0179

from the crisis begin among all medium y,
most are constant

1.0000 0.2273 0.0513

from the crisis begin among all decreasing
y, most are very short

0.9887 0.1438 0.0294

first one is more informative than the other, nevertheless both

seems to be interesting for the experts.

V. CONCLUDING REMARKS

We extended our approach to the linguistic summarization

of time series towards a multicriteria analysis of classic and

temporal summaries by assuming as a quality criterion Yager’s

measure of informativeness that combines in a natural way

the measures of truth, focus and specificity. Results on the

summarization of quotations of an investment (mutual) fund

are very encouraging.

REFERENCES

[1] J. Kacprzyk, A. Wilbik, and S. Zadrożny, “Linguistic summarization
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he field of agent technology is rapidly maturing. One of 
key factors  that influence this process is the gathered 

body of  knowledge  that  allows  in-depth  reflection  on the 
very nature of designing and implementing agent systems. 
As a result, we know better how to design and implement 
them. We also understand the most important  issues to be 
addressed in the process.  Therefore,  on the top-most level 
we see progress in development of methodologies for design 
of  agent-based  systems.  Furthermore,  these  methodologies 
are usually supported by tools that allow not only top level 
conceptualization but guide the process towards implemen-
tation (e.g. by generating at least some code). Next, we can 
see that new languages for agent based systems are created, 
e.g. AML or API Calculus. Separately, tools/platforms/envi-
ronments that can be used for design and implementation of 
agent systems have been through a number of releases, elim-
inating problems and adding new,  important  features.  Re-
sulting products are becoming truly robust and flexible. Fur-
thermore, open source products (e.g. JADE) are surrounded 
by user communities, which often generate powerful ad-on 
components, further increasing value of existing solutions.

T

During the Workshop we are primarily interested in all 
aspects of the process that leads from the model of the prob-
lem domain to the actual agent-based solution. These aspects 
will cover both principled approaches and established prac-
tices of software engineering aimed at producing high quali-
ty software. In this context, research into the application of 
agent-based solutions to key challenges faced by software 
engineering (e.g. reduction of costs and delivery times, cop-
ing with a larger diversity of problems) will be of primary 
importance.

ABC:MI Workshop welcomes submissions of original pa-
pers concerning all aspects of software agent engineering.

Topics include but are not limited to:
• Methodologies for design of agent systems
• Multi-agent systems product lines
• Modeling agent systems
• Agent architectures
• Agent-based simulations
• Simulating and verifying agent systems
• Agent benchmarking and performance measure-
ment
• Agent communication, coordination and cooper-
ation
• Agent languages
• Agent learning and planning
• Agent mobility
• Agent modeling, calculi, and logics
• Agent security
• Agents and Service Oriented Computing
• Agents in the Semantic Web
• Applications and Experiences
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TABLE 1

COMPARISON AMONG DIFFERENT WSN MASS
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Abstract—The paper presents an architecture and implemen-
tation that allows distributed execution of workflow applications
in BeesyCluster using agents. BeesyCluster is a middleware that
allows users to access distributed resources as well as publish
applications as services, define service costs, grant access to
other users and consume services published by others. Workflows
created in the BeesyCluster middleware are exported to BPEL
and executed by agents in a distributed environment. As a
proof of concept, we have implemented a real workflow for
parallel processing of digital images and tested it in a real
cluster-based environment. Firstly, we demonstrate that engaging
several agents for distributed execution is more efficient than a
centralized approach. We also show increasing negotiation time in
case of too many agents. Secondly, we demonstrate that execution
in the proposed environment is reliable even in case of failures.
If a service fails, a task agent picks a new equivalent service at
runtime. If one of task agents fails, another of remaining agents
takes over its responsibilities. The communication between the
middleware, agents and services is encrypted.

I. INTRODUCTION

INTEGRATION of various systems and components is one
of the most crucial challenges that needs to be addressed

today. In service-based environments this requires efficient
algorithms for scheduling workflows i.e. selection of services
for particular tasks while meeting optimisation goals. In the
literature [1], [2] the workflow is usually defined as a directed
acyclic graph G(V,E) where vertices V denote tasks to be
executed while edges denote time dependencies between the
tasks. A workflow can be concrete if there is one service to be
executed for each task or abstract, in which case there is a set
of functionally equivalent services for each task, possibly with
different QoS parameters. The latter almost always include ex-
ecution time and cost and if needed others, such as reliability,
reputation of the provider etc. One service needs to be chosen
for each task such that a global goal is optimized with possibly
meeting other QoS constraints. Typical optimisation goals
include minimisation of execution time with an upper bound
on the total cost of selected services which makes the problem
NP-hard. Such workflows are executed by workflow engines
which invoke services, control their statuses and transfer data.

II. PROBLEM STATEMENT

Workflows represent an integration of tasks, in which a
set of alternative services may be defined (either manually
or automatically) for each task. Alternatives may be statically

linked to a task or dynamically assigned at runtime. Regardless
of which service is selected for a task, the workflow should
be executed in such a way that efficiency and reliability of
workflow execution should be maximised. We assume that the
workflow definition as well as the optimisation criteria and
solver are already given [3] which means that services selected
for particular tasks are known.

At this point, the problem becomes how to manage the
execution of a distributed workflow application so that the
following goals are optimized and maintained:

• efficiency — because of potentially high communication
latency and low bandwidth of WANs, communication
between services through agents close to interacting ser-
vices is faster than through a distant centralised execution
engine;

• reliability — since the node(s) on which the workflow
execution engine runs as well as service locations may
be geographically distributed, it is likely that at times
connections may be lost; the solution should ensure
reliable and continuous execution in such cases;

• security — all service invocations and data flows should
be performed in a fully secure manner.

We present an agent-based distributed management mecha-
nism that addresses all of the above and examine its perfor-
mance in a practical example executed in a real environment.

III. RELATED WORK

A. Workflow Types and Workflow Management Environments

Literature studies bring examples of many middlewares
and environments for workflow execution. First and foremost,
these do differ based on the target workflows to be executed.
Scientific workflows usually focus on integration of compu-
tational services into chains executed on HPC resources such
as clusters and supercomputers, or analysis of data acquired
from input sensors or devices by services installed on powerful
machines. Such workflows can span over various geographi-
cally distributed sites and virtual organisations forming grid
systems [4], [5] and usually focus on data flow. There are
several systems [4] that support such applications including
Kepler [6], Gridbus, Triana [7], Pegasus [8], P-GRADE [9],
Directed Acyclic Graph Manager (DAGMan), ICENI [10],
UNICORE, Taverna, GridFlow, GrADS, Askalon, GridAnt.
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Conversely, business workflows focus on discovery, selec-
tion and integration of services offered by various parties so
that certain QoS parameters are met. Such workflows focus
more on controlling the flow and often incorporate constructs
such as choice, loop and other conditionals. Business work-
flows usually consider many more QoS parameters apart from
the execution time and cost such as reliability, accessibility,
fidelity, conformance, security etc. Systems such as Meteor-S
[11], [12] focus on automating the process of service discovery
and selection using an ontology-based approach. Selected
services are executed automatically making service discovery,
selection and execution almost fully automatic, based on the
given workflow specification and given services and their
descriptions. BPEL [13] is often used for describing business
oriented workflows and includes control and data flows as well
as service invocations. There are several execution engines
for workflows specified in BPEL such as The ActiveBPEL
Engine [14], bexee [15] or Silver [16].

Thirdly, in the context of pervasive and ubiquitous com-
puting, workflows often react to events asynchronously and
more importantly the context is considered for invocation of
a service and changing the state. The latter is defined as
information defining the state of an object [17]. As an example,
uWDL [18] is used for describing ubiquitous workflows and
allows specification of both the services as well as the context
and service flow through the node and the link elements
respectively.

B. Existing Service-based Solution in BeesyCluster

The already existing workflow support module in Beesy-
Cluster developed by our research group [3], [19] contains a
workflow editor, an optimiser and execution engine and has
already been tested on a variety of scientific and business
workflow applications, such as multimedia processing, numer-
ical simulations [19] or business workflows [3].

BeesyCluster is a middleware that allows its users to invoke
sequential or parallel applications exposed as services on
registered system accounts on various clusters and servers.
Such services can be assigned to particular workflow tasks
in BeesyCluster’s editor. The workflow editor is implemented
by an applet. Created workflows are saved in BeesyCluster’s
database. Based on service execution times and costs, Beesy-
Cluster’s optimiser selects one service for each task so that
the given criteria are optimised. It can optimise either a linear
combination of the total cost of selected services and the
workflow execution time or e.g. the execution time with a
global constraint on the total cost of selected services. The
execution engine is implemented within a Java EE server. For
each workflow node a SIMessageBean which is a message
driven bean is responsible for executing the service chosen for
a particular workflow task by the optimizer is used. This is
done within the onMessage method which is executed upon
receiving a JMS message. For the given task, after the service
has been executed, the bean copies output files to dedicated
directories of services chosen for successor tasks and initiates
execution of following tasks by sending JMS messages. The

execution status of a particular node instance is updated in the
database dynamically.

The drawback of this solution is centralized management
of execution. If large data is passed between services, it
needs to be passed through BeesyCluster which increases
the workflow execution time. We propose to optimize this
by launching several distributed JADE agents that would
launch services for workflow tasks and act as local proxies
for communication between the services. Comparison to other
agent-based approaches is presented in Section V.

IV. PROPOSED AGENT-BASED SOLUTION

As stated in the previous section, BeesyCluster’s execution
engine is implemented within a Java EE server. This approach
allows for easy execution management, but it can also create
a bottleneck for efficient execution and a single point of
failure. Should a problem with either the server or its network
connectivity occur, the whole workflow execution may be at
risk. This in itself is a serious limitation.

By using a set of well defined, industry standard conformant
interfaces, we migrated the task of execution of a prepared
workflow to an agent-based environment, which we nicknamed
BeesyBees. By separating the two tasks we also gained a
possibility of having a pluggable architecture, allowing for
experimentation with different approaches to workflow execu-
tion. By implementing the execution management in mobile
agents we take advantage of enormous flexibility of this
environment.

In this paper, we concentrate on increased efficiency and re-
liability of the workflow execution, which is a main difference
to original BeesyCluster’s solution.

A. Architecture
The BeesyBees system is based on the JADE (Java Agent

DEvelopment Framework) [20] agent system implementing
the FIPA [21] communication and the OMG MASIF [22] man-
agement standards. It provides distributed and decentralized
workflow execution for BeesyCluster using agents.

BeesyCluster itself can be regarded as a middleware that of-
fers an easy-to-use WWW interface to access various accounts
on various geographically distributed clusters and servers
through a single account in BeesyCluster. This allows man-
agement of files and directories on such clusters and servers,
compiling and running sequential and parallel applications
with support for various queuing systems, a team work envi-
ronment with sharing data and others. Furthermore, users can
publish own applications as services within BeesyCluster and
make them available to other BeesyCluster users. A provider
can specify a cost the client would need to pay for invoking
the service. BeesyCluster contains a subsystem for handling
virtual payments between users. Access to clusters and servers
as well as running particular commands, searching for and
running services is also possible through the Web Service
interface [23], [24].

Figure 1 shows a generalised diagram for BeesyBees system
architecture. There are four types of agents implemented in the
system:

174 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



• GateWayAgent — receives workflow descriptions in
BPEL and spawns TaskAgents,

• GraphAgent — monitors the progress of workflow ex-
ecution and gives a graphical representation of agent
instances and decisions made,

• StatusAgent — collects reports on task execution states
from TaskAgents and persist actual status of workflow
realization,

• TaskAgent — executes a single workflow task. A group
of TaskAgents executes the workflow cooperatively.

A workflow is composed using BeesyCluster’s SIEditor
applet, a tool for modeling workflows that consist of tasks
with services assigned out of those defined in BeesyCluster.
For the each task from one to few services can be chosen.
First, the definition of the workflow to be run is fetched from
BeesyCluster’s database and saved in BPEL, which then is
handed to the BessyBees system where it is received by the
GateWayAgent. All the communication between BeesyCluster
and BeesyBees is handled with appropriate web services. Then
the GateWayAgent spawns TaskAgents in order to execute
workflow’s tasks.

TasksAgents negotiate the assignment of each task [25].
TaskAgent interested in executing a particular task sends its
proposal including its matching score to all other agents.
The score is an object which can be filled with various
comparable metrics, like for example a load of a machine
an agent resides on. When the agent receives other agent’s
execution proposals it agrees only when it is not interested
in that particular task or it’s matching score is lower. This
process is represented in Figure 2. Finally, the TaskAgent
which received approvals only, begins task execution. When
the task is done the TaskAgent sends notification to all agents
executing particular workflow, containing information which
task has been done and using which service. Example of
notification is presented in Figure 3.

The execution state of workflow’s tasks is monitored by a
StatusAgent. Messages sent by TaskAgents during workflow
execution are monitored. These include information whether a
task has been executed, or if there were problems with calling
services. That data is saved persistently by the StatusAgent so
it could possibly be used for recovery after the whole system
crash. Additionally a GraphAgent which shows a graphical
representation of a workflow execution can be turned on.

B. Efficiency

The implementation launches a certain number of software
agents which negotiate which agents are responsible for ex-
ecution of particular tasks. Secondly, the agents may run on
a defined number of containers. This allows deployment and
testing of both a fully centralized architecture in which one
agent acts as a central management point or a fully distributed
approach with several agents and containers. Obviously, the
optimal number of agents and containers may depend on the
size of the workflow as well as locations of actual services.
Starting too many agents results in too much overhead for
negotiation.
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C. Fault tolerance

BeesyBees was designed with fault tolerance in mind.
Currently, it is tolerant of service and TaskAgent failures.
When either fails, the failure is recognised and either the
respective flow path is restarted, or an alternative service is
being sought and utilised. During task execution TaskAgent
is blocking access to its assigned task by rejecting proposals
concerning execution of that task. Thanks to this feature failure
tolerance is achieved. When TaskAgent fails, nothing else is
blocking an uncompleted task, so one of remaining agents
picks it and proposes its execution to other agents. A service
failure is detected after a specified number of unsuccessful
retries. When this condition occurs an alternative service is
chosen if available.

D. Security

At this point, we assume that the agent environment is
managed by a group of trusted entities. We use security
mechanisms implemented in JADE. Each container has its own
certificate signed by our Certification Authority (CA) and it
communicates with other containers using SSL.

Originally, BeesyCluster executes services on computing
nodes using SSH. Each computing node has its own record
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on the BeesyCluster’s main server that contains its public
key. In the agent-based approach we used a similar method.
Each machine that contains an agent container has its own
list of trusted computing nodes. Each agent can establish an
SSH connection from a machine where it actually runs to
communicate with computing nodes and invoke services.

The gateway agent is exposed as a Web Service and
serves as a proxy between BeesyCluster and BeesyBees. The
communication between BeesyCluster and the gateway agent
is secured using HTTPS and certificates. There is always a
possibility of attacks using holes that exist in software or
solutions that we are depending on. In [26] such a problem as
well as a way to mitigate its adverse effects is presented.

V. OTHER AGENT-BASED APPROACHES TO WORKFLOW
MANAGEMENT

One of similar projects we can mention is JBees [27] —
a workflow management system based on agent technology
combining collaboration agents and the coloured Petri net.
As opposed to BeesyBees using BeesyCluster as a system
for workflow creation, JBees makes use of built-in manage-
ment agents providing user interface for the human workflow
manager. Moreover resources in JBees, which can be com-
pared to BeesyCluster services, are strictly integrated with the
system and are represented by resource agents. The idea of
process agents and storage agents is similar to BeesyBees
task agents and state agents. Process agents are responsible
for the execution of particular cases. Storage agents collect
information from process agents (in JBees it is approached
through the monitor agent, as opposed to BeesyBees where
task agents communicate directly with the state agent) and
make it persistent. As mentioned, resources in JBees are
accessed by process agents requesting task execution through
resource agents. In BeesyBees services are called directly by
task agents. As for workflow description, JBees makes use of
coloured Petri nets [28].

WS2JADE presented in [29] is a tool for runtime deploy-
ment and control of web services. It is of interest, because
it uses the same agent system, JADE. The main goal of this
project is integration of agent systems and web services, it is

approached by representing each web service by a specialised
agent. Similarly to JBees, web services are called through
their associated agents. In order to call a web service, a
client agent searches DF (Directory Facilitator, JADE built
in service directory agent) for it, then if the service is not
present, DF can trigger WS2JADE to look it up in the web
service environment. If an appropriate service is found, the
web service agent, which registers its service in DF, is created.
Finally, the service is called by exchanging messages between
agents.

SwinDeW-A [30] integrates services using WS2JADE by
enhancing SwinDeW (Swinburne Decentralised Workflow)
with agents. As opposed to BeesyBees using BeesyCluster’s
optimiser in order to choose best services for specified task,
SwiNDew-A makes use of negotiation agents which are able
to negotiate with a number of service agents. In order to
choose the most suitable service, a Service Level Agreement
(SLA) needs to be formed between the negotiation agent and
each service provider. Agents can negotiate non functional
parameters (such as time, cost, availability), which are similar
to those proposed in BeesyCluster [3].

Finally, a relatively recent development is WADE (Work-
flow and Agents Development Environment) [31], which is
an extension of JADE agent framework, facilitating both the
possibility to define agent tasks according to the workflow
metaphor and an architecture with mechanisms allowing ad-
ministration of distributed WADE based applications. Work-
flows in WADE are expressed as Java classes.

VI. SIMULATIONS

A. Testbed Workflow and Environment

As an example, we have run a workflow application for
parallel processing of RAW digital images in order to produce
a Web album. The process uses standard steps in professional
photo editing ($1 is the input file name):

• rawtotiff — conversion from RAW to lossless
TIFF. Implemented using the dcraw converter as dcraw
-T $1
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Figure 7. Testbed Workflow in BeesyCluster’s Editor

Figure 4. Visualisation of Workflow Execution

• normalize — normalisation of the image using Im-
ageMagick’s convert as convert $1

-normalize $1

• sharpen — sharpening the image implemented as
convert $1 -sharpen 1x1.2 $1.jpg

• resize — resizing the image implemented as convert
$1 -resize 600x400 $1.jpg

Figure 5. Visualisation of Workflow Execution with Service Failure

• albumgeneration — implemented by either jigl or
album.

All those services are bash scripts executed through ssh. Input
for each service contains pictures being processed.

Figure 7 presents the testbed workflow created in
BeesyCluster’s editor. Parallel paths include nodes running
rawtotiff, normalize, resize and sharpen filters
while the final node gathers resulting jpg images and produces
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Figure 6. Visualisation of Workflow Execution with Agent Failure

a web album. For each node a primary and a backup ser-
vices were deployed on a dedicated computer. Such a simple
workflow was chosen on purpose, in order to facilitate the
process of verification of experiment results with theoretical
expectations.

There are several approaches to choosing appropriate ser-
vices for tasks’ execution. One is that following static op-
timisation done by BeesyCluster’s optimiser before the run,
task agents responsible for the given task call BeesyClus-
ter’s optimiser and fetch the selected service. Optimizer can
consider such metrics like execution cost and time. Another
approach, where knowledge about services is gathered during
their execution and subsequently used to choose the best
service considering metrics given, for example a probability of
a service failure, was presented in [32]. If a particular service
is not available or has a runtime failure, the agent selects the
next best service for the task.

We have implemented a monitoring mechanism that shows
the status of the workflow execution visually and updates
it as the execution progresses. Figure 4 shows a snapshot
of the testbed workflow being executed. Nodes 1–3 execute
rawtotiff, nodes 4–6 execute normalize, nodes 7–9
execute resize, nodes 11–13 execute sharpen and node
14 executes albumgeneration. Figures 2 and 3 show
communication between TaskAgents obtained by the JADE
sniffing tool. They show the negotiation process described
earlier and notifications about current task status sent to other
TaskAgents respectively.
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B. Optimization of Execution Time through Distributed Agent
Processing

Figure 8 presents workflow execution time depending on the
number of participating agents. They show execution times for
processing the workflow with big files. There were 4 big files
of 34MB each. Each of the series corresponds to a different
number of system nodes on which agents work. The situation
with only one agent and one agent node corresponds to a
centralized environment, which performance should be similar
to BeesyCluster’s one because of using the same mechanism
to invoke services. We can see that increasing the number of
agents and nodes reduces the execution time, but only up to
a certain number of agents. Further increase in a number of
agents causes negotiation costs to offset any gains in execution
time. In the testbed worklow there are three parallel paths and
it can be seen that the results are best also for the number of
working agents equal to three.

C. Mechanism for Fault-tolerant Execution and its Perfor-
mance

We have been able to demonstrate that the execution
environment is tolerant of faults in communication, service
execution and agent execution. The workflow application can

be completed successfully even if the following failures occur:

1) a service fails to complete after it has been invoked. As
shown in Figure 5, if taskagent2 detects a failure
of service 1, it automatically switches to a functionally
equivalent service 2 that executes the given task;

2) if a failure of a task agent occurs then another task
agent takes over the responsibility of the former auto-
matically. As shown in Figure 6, if taskagent0 fails
then taskagent1 takes over its responsibility and the
workflow execution can continue.

Figure 9 shows the total execution time of the worklow
application assuming a certain probability of agent failure or
service failure. It can be seen that execution time is getting
higher with a higher probability of failure. If an agent fails,
another one is given a chance for taking over the responsibility
over its task and service. Again, it may fail with the given
probability. For a given probability of agent or service failure,
the final execution time is higher for the latter case. This is
because for each task there is one agent but the service needs
to be invoked four times because of four files being processed
in each task. If any of the service invocations fails, a new
service needs to be chosen, input files copied and again the
service is invoked for the input files for the task.
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VII. CONCLUSIONS

We described the architecture and its implementation that
allows efficient, fault-tolerant and secure execution of work-
flows using agents. A standard execution management module
would invoke remote services from one central server which
would result in performance bottleneck and could fail if the
server loses connections with the services. We have shown that
for an optimal number of agents and containers, distributed
management of workflow execution by agents is more efficient
than a centralized approach. The distributed approach can
complete successfully as long as agents supposedly located
much closer to the services are able to reach the latter. We
have been able to show that execution of a testbed workflow
application for parallel processing of digital images completes
successfully even if a task agent or a service fails.
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Abstract—Recently we have setup the goal of investigating new
truly distributed forms of Ant Colony Optimization. We proposed
a new distributed approach for Ant Colony Optimization (ACO)
algorithms called Ant Colony Optimization on a Distributed
Architecture (ACODA). ACODA was designed to allow efficient
implementation of ACO algorithms on state-of-the art distributed
multi-agent middleware. In this paper we present experimental
results that support the feasibility of ACODA by considering a
distributed version of the Ant Colony System (ACS). In particular
we show the effectiveness of this approach for solving Travel-
ing Salesperson Problem by comparing experimental results of
ACODA versions of distributed ACS with distributed random
searches on a high-speed cluster network.

I. INTRODUCTION

AS NATURAL phenomena are inherently distributed, we
think that nature-inspired computing should allow a

straightforward mapping onto existing distributed architec-
tures. Therefore, to take advantage of the full potential of
nature inspired computational approaches, we have setup the
goal of investigating new distributed forms of Ant Colony
Optimization (ACO hereafter) using state-of-the-art multi-
agent technology.

In our recent work [1] we proposed a scalable multi-agent
system architecture called ACODA (Ant Colony Optimization
on a Distributed Architecture) that allows the implementation
of ACO in a parallel, asynchronous and decentralized environ-
ment. The novelty of our approach is: (i) the problem environ-
ment is conceptualized and implemented as a distributed multi-
agent system ( [2], [3]) and (ii) ant management is reduced
to messages exchanged asynchronously between the agents of
the problem environment.

Existing computational approaches of ACO [4] are based
on sequential algorithms, are highly synchronous and re-
quire use of global knowledge. While few parallel and dis-
tributed versions of ACO exist [5], they are mainly based
on their sequential counterparts, thus hindering the potential
gain through parallelization. For example, in [5] the authors
propose a parallel, distributed, asynchronous and decentralized
implementation of ACO. However, their approach requires
maintenance of the globally best solution currently known
using global update each time a better solution is found.
Moreover, the authors’ claim that “their implementation does

not effect the accuracy, speed and reliability of the algorithm”
is not supported by any experimental evidence.

The focus of this paper is to experimentally evaluate the
feasibility of ACODA by considering a distributed version
of ACO inspired by the Ant Colony System (ACS) [4]. In
particular, we show the effectiveness of this approach at
solving Traveling Salesperson Problem (TSP hereafter) by
comparing experimental results of ACODA versions of dis-
tributed ACS with distributed random searches on a high-speed
cluster network. The results clearly show that our distributed
version of ACS based on ACODA preserves the nice heuristic
properties of standard ACS, while also providing scalability by
exploiting distributed computing architectures – multi-agent
middleware in this case.

The paper is organized as follows. In Section II we present
some background on ACO and distributed approach and
we briefly review the ACS model that inspired our initial
experiments. There are however notable differences between
classic ACS and our distributed version based on ACODA (see
Section V). In Section III we introduce ACODA architecture
and underlying search algorithm. Section IV presents experi-
mental results that support the effectiveness of our approach
by comparing results obtained with running on ACODA our
distributed version of ACS with other three distributed search
methods. Section V presents related works, while Section VI
presents our conclusions and points to future works.

II. BACKGROUND

ACO is inspired by behavior of real ants. When ants are
searching for food, they secrete pheromone on their way back
to the anthill. Other colony members sense the pheromone
and become attracted by marked paths; the more pheromone is
deposited on a path, the more attractive that path becomes. The
pheromone is volatile so it disappears over time. Evaporation
erases pheromone on longer paths as well as on paths that
are not of interest anymore. However, shorter paths are more
quickly refreshed, thus having the chance of being more
frequently explored. Intuitively, ants will converge towards the
most efficient path, as that path gets the strongest concentration
of pheromone. Artificial ants are programmed to mimic the
behavior of real ants while searching for food. More details
on the ACO metaphor can be found in [4].
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In this paper we propose ACODA distributed approach
for the implementation of ACO algorithms and show its
effectiveness for solving TSP. The goal of TSP is to compute
the shortest tour that visits each node of a complete weighted
graph exactly once. The decision version of TSP is known
to be NP-complete so it is very unlikely that a polynomial
solution for solving TSP exists. So TSP is a good candidate
for the application of heuristic approaches, including ACO.

The main and also new idea behind ACODA is to pro-
vide a multi-agent distributed architecture for modeling the
problem environment. One or more anthills are located in
this environment. Artificial ants originating from anthills will
travel in the environment to find optimal solutions, following
ACO rules. In order to approach TSP using ACO, the problem
environment is modeled as a distributed set of interconnected
graph nodes that are also anthills. Each graph node is modeled
as a software agent that can host a population of ants. The
ants travel between nodes until they complete a tour. Once
they return to their originating anthill, they mark the solution
with pheromone by retracing their path. The ants traveling is
modeled as messages exchanged by the agents that represent
the graph nodes.

Many ACO algorithms have been proposed in the literature.
A good survey is [4]. While with ACODA we aim at proposing
a general distributed framework based on agent middleware
for different ACO algorithms, the ACO model considered in
this paper is based on a particular version of ACO – the
ACS system [4]. ACS is a sequential implementation of ACO
that chooses to move ants in parallel instead of moving each
ant until it finishes its tour. Our approach presents a few
differences due to the ACODA requirements: (i) distributed
architecture based on asynchronous message passing and (ii)
avoid to use global knowledge.

ACO rules determine the amount of pheromone deposited
on edges, the edge chosen by each ant on its way, and how
fast the pheromone deposited on each edge evaporates. For
this purpose we use the mathematical model of ACO that is
used in ACS.

In ACS, ant k located at node i decides to move to node
j using “pseudo random proportional rule” (1). Equation (1)
chooses to directs the ant either to a completely random node
or to a node of high desirability, and this decision is taken
probabilistically.

j =

{
argmaxl∈Ni((τi,l)

α(ηi,l)
β), if q ≤ q0

J, otherwise
(1)

where:
• α is a parameter to control the influence of τi,j
• τi,j is the amount of pheromone deposited on edge (i, j)
• ηi,j is the desirability of edge (i, j) computed as the

inverse of the edge weight, i.e. 1/wi,j

• β is a parameter to control the influence of ηi,j
• q is a random variable uniformly distributed in [0, 1]
• q0 such that 0 ≤ q0 ≤ 1 is a parameter that controls the

selection between a random neighbor and most promising

neighbor based on pheromone deposit and edge desirabil-
ity

• J is a random node selected according to the probability
distribution given by equation (2)

• Ni represents the set of neighbors of node i

An ant located in node i will randomly choose to move to
node j with the probability pi,j computed as follows:

pi,j =
(τi,j)

α(ηi,j)
β

Σj(τi,j)α(ηi,j)β
(2)

where:

• α is a parameter to control the influence of τi,j
• β is a parameter to control the influence of ηi,j
• j is a node reachable from node i that was not visited

yet

Following equation (1), the ant makes the best possible
move (as indicated by the learned pheromone trails and the
heuristic information, i.e. the ant is exploiting the learned
knowledge) with probability q0, while it performs a biased
exploration of the arcs with probability (1− q0).

Better solutions need to be marked with more pheromone.
So whenever an ant k determines a new tour Vk of cost Lk

the ant will increase pheromone strength on each edge of the
tour with a value that is inversely proportional to the cost of
the tour.

∆τki,j =

{
1/Lk if edge (i, j) belongs to found tour Vk

0 otherwise
(3)

When an ant travels along a given path, this traveling takes
an amount of time that is proportional with the travel distance
(assuming the ants move with constant speed). As pheromone
is volatile, if a real ant travels more, pheromone will have
more time to evaporate, thus favoring better solutions to be
discovered in the future. We conclude that adding pheromone
evaporation to our model can be useful, especially for solving
a complex problem like TSP.

When an ant completes a tour it will retrace its steps
marking the edges on the way with pheromone. The update
will also take into account pheromone evaporation. Assuming
an evaporation rate 0 ≤ ρ < 1, evaporation and pheromone
update are implemented in ACS as follows:

τi,j = (1− ρ)τi,j + ρ∆τki,j (4)

Ants use equation (1) to probabilistically determine their
next step. Therefore they will often choose the edge with
the highest pheromone, while the exploration of less probable
edges is low. This behavior can be compensated by decreas-
ing the pheromone on edges chosen by ants using a local
pheromone evaporation process. This has the effect of making
them less desirable, increasing the exploration of the edges
that have not been picked yet. Assuming that 0 ≤ ξ < 1
is the local evaporation rate and τ0 is the initial amount of

198 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



Fig. 1: Node structure in ACODA.

pheromone on each edge, whenever an ant traverses an edge
it applies local evaporation by updating pheromone as follows:

τi,j = (1− ξ)τi,j + ξτ0 (5)

A good heuristics to initialize pheromone trails is to set
them to a value slightly higher than the expected amount of
pheromone deposited by the ants in one tour; a rough estimate
of this value can be obtained by setting τ0 = 1/(nC), where
n is the number of nodes, and C is the tour cost generated by
a reasonable tour approximation procedure [4]. For example
we can set C = nwavg where wavg is the average edge cost.

In order to observe the impact that evaporation has on
the solutions, we have also considered a pheromone update
scheme that does not include evaporation at all. In this case
equations (5) and (4) are replaced with:

τi,j = τi,j +∆τki,j (6)

III. ARCHITECTURE

In ACODA, the nodes of the graph are conceptualized and
implemented as software agents [2]. For the purpose of this
work, by software agent we understand a software entity that:
(i) has its own thread of control and can decide autonomously
if and when to perform a given action; (ii) communicates with
other agents by asynchronous message passing. Each agent is
referenced using its name, also known as agent ID.

The activity carried out by a given agent is represented
as a set of behaviors. A behavior is defined as a sequence
of primitive actions. Behaviors are executed in parallel using
interleaving of actions on the agent’s thread with the help of
a non-preemptive scheduler, internal to the agent [3].

Node design (see Figure 1) must include a behavior for
sending and receiving ants. Whenever an ant is received, the
RECEIVE-ANT() behavior (see Table I) immediately prepares
it and then sends it out to a neighbor node following ACO
rules.

Ants are represented as objects with a set of attributes: cost
of the currently search path (which becomes Lk when the
ant completes a tour), pheromone strength (value of ∆τki,j),
returning flag, best tour cost (value of the currently best tour
that the ant knows, based on its search history) and a list of
node IDs representing the path that the ant followed to reach
its current location. The list is necessary for two reasons: i)

the ant needs to retrace its steps in order to mark the tour with
pheromone and ii) we need to avoid loops so only unvisited
nodes are taken into account as possible next hops. Attributes
are initialized when an ant is created and updated during the
process of ant migration to reflect the current knowledge of
the ant about the explored environment.

Nodes (represented as software agents) manage a list of
neighbor nodes and best tour cost (the value of the currently
best tour that the node knows, based on ants that traveled
through this node). For each neighbor node we record the
weight and the value of deposited pheromone of the corre-
sponding edge. Note that each node and each ant maintain
their own values of the best tours they encountered so far.
So, whenever an ant is traveling through a node, the ant
and the node are able to exchange and update their best tour
information accordingly.

In our approach each node creates its own ant population
thus becoming an anthill. Nodes calculate pheromone strength
according to the tour cost (see equation (3)) and also update
the ants’ pheromone strength attribute. Additionally, nodes set
the returning flag for returning ants, exchange ant information
with other nodes, deposit pheromone when needed, and update
the cost of the currently search path of an ant.

The structure of a node is presented in Figure 1. RECEIVE-
ANT() behavior parses a received ant message, adjusts ant’s
attributes using ADJUST-ATTRIBUTES() method and sends
it out to the address determined by BEST-NEIGHBOR()
method. This happens whenever the agent’s message queue
isn’t empty [3]. ADJUST-ATTRIBUTES() method sets return-
ing flag and calculates pheromone strength using equation (3)
whenever an ant has completed a tour. Ants that have returned
to the anthill are re-initialized.

BEST-NEIGHBOR() uses the RANDOM-CHOICE()
method determine the address of the node where to send
the ant. When the ant returns to the anthill, the ant is sent
to the first node from its list of visited nodes, popping it
from the list, and the method DEPOSIT-PHEROMONE() is
then called. LOCAL-EVAPORATE-PHEROMONE() together
with DEPOSIT-PHEROMONE() implement pheromone
update (deposits and evaporation). In order to implement
different forms of ACO it is usually sufficient to modify the
methods LOCAL-EVAPORATE-PHEROMONE(), DEPOSIT-
PHEROMONE() and RANDOM-CHOICE() (see Section IV).

IV. EXPERIMENTS AND DISCUSSIONS

In order to facilitate experimentation with ACODA, we cre-
ated a distributed platform based on JADE framework [3] that
can be configured to run on a computer network. The focus of
the experiments was to show the effectiveness of ACODA to
support distributed ACO-based algorithms for solving TSP. We
configured ACODA platform on a high-speed cluster network
of 7 computers and then we analyzed experimental results
that we obtained by running (i) our distributed ACS-based
algorithm and (ii) other distributed random search algorithms.
Setup. An experiment is structured as a fixed number of
independent experimental rounds. A round consists of one
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TABLE I: Algorithms for processing ant information.

RECEIVE-ANT()
1. RECEIVE(ant)
2. ADJUST-ATTRIBUTES(ant)
3. SEND-TO(ant,BEST-NEIGHBOR(ant))

ADJUST-ATTRIBUTES(ant)
1. if AT-ANTHILL(ant) then
2. if RETURNING(ant) then
3. INITIALIZE(ant)
4. else
5. SET-RETURN-FLAG(ant)

⊲ calculate ant pheromone using equation 3.
6. CALCULATE-ANT-PHEROMONE-STRENGTH(ant)
7. UPDATE-BEST-TOUR()

BEST-NEIGHBOR(ant)
1. if RETURNING(ant) then
2. DEPOSIT-PHEROMONE()
3. return LAST-VISITED-NODE(ant)
4. bestNeighbor ← RANDOM-CHOICE()
5. UPDATE-CURRENT-PATH-COST(bestNeighbor)
6. LOCAL-EVAPORATE-PHEROMONE()
7. ADD-TO-VISITED-LIST(bestNeighbor,ant)
8. return bestNeighbor

execution of an algorithm on ACODA, for a given set of
parameters. All parameters are initialized at the start of each
round. Experimental data are collected during each round.
At the end of the experiment (when the fixed number of
rounds is reached) these data are used to calculate performance
measures.

ACODA is a distributed platform. Setting-up and running
it on several computers assumes two stages: (i) initialization;
and (ii) execution.

During the initialization stage: JADE platform is started, a
number of containers are created (typically one container for
each available machine), and finally node agents are created
and evenly distributed on available containers of the JADE
platform.

The experiment is ran during the execution stage. Experi-
ment execution is controlled using special control messages.
Control messages are distinguished from ant exchange mes-
sages using their conversation ID. Command messages have
their conversation ID set to “command”, while ant exchange
messages have their conversation ID set to “ant”. Command
messages are given higher priority than ant exchanging mes-
sages.

An experimental round starts when all node agents receive
a “start” command, and ends when all node agents receive
a “stop” command. A designated node agent – called Mas-
terNode is responsible with issuing commands and calculating
performance measures. MasterNode counts the total number
of ants that it receives. When this number reaches a given
maximum value M , MasterNode stops the current round
(issuing a “stop” command) and starts a new round (issuing a
“start” command). Note that MasterNode is needed only for
evaluation and consequently it is not part of the distributed
approach.

Duration Ti of a round i is recorded by MasterNode agent as

time elapsed between issuing a “start” and “stop” command.
While the distributed ACO algorithm is running, minimum
tour costs are passed from node to node via ants. Whenever
a node agent updates its current value of the minimum tour,
the time elapsed since the node received the “start” command
is also recorded. When an experimental round is finished,
MasterNode agent saves the experimental data collected during
the round.

We cannot assume that the best tour recorded by MasterN-
ode is actually the best tour computed during an experimental
round. So we must determine minimum of the best tours
computed by all node agents together with the time when this
tour was found.

Let us suppose that we have n node agents and k experi-
mental rounds. For each node agent j ∈ {1, 2, . . . , n}, let ti,j
be the time of the last update of the best tour performed by
node agent j in round i ∈ {1, 2, . . . , k}, and let vi,j be the
cost of the corresponding tour. MasterNode agent will collect
values vi,j and ti,j and will determine the solution vi and
associated time ti in round i as shown in first two rows of
Table II.

The experimental data that were acquired during all the
rounds of an experiment are post-processed to calculate per-
formance measures as shown in last five rows of Table II.
Initial performance analysis. We experimented with ACODA
on increasingly complex search versions (see Table III) in
order to establish its effectiveness for implementing ACO-
based algorithms. We considered our ACS-based version of
ACO, together with other three distributed search methods –
Random Choices, Cost Only, and Pheromone Search. The first
two are not ACO-based, while the third is ACO-based.

For the Random Choices (RC) version we replaced equation
(1) with randomly choosing the next hop of an ant from the
unvisited nodes – i.e. the deposited pheromone and the edge
weights are ignored.

For the Cost Only (CO) version we choose the next hop
using equation (2), setting α = 0 and β = 1 – i.e pheromone
deposits are not taken into account.

Pheromone Search (PS) is an ACO-based search that uses
equation (1) to determine the next hop. PS allows all ants to
deposit pheromone regardless of tour cost. For this model, the
ACO parameters were set to the values recommended by [4]
for the ACS algorithm: τ0 = 1/(n2wavg), ρ = ξ = 0.1, α = 1,
β = 5.

Finally, the ACS-based version of ACODA uses the same
parameters as PS, but it allows only the ants that found the
best tour so far to deposit pheromone. For all searches, the
total number of ants is chosen equal to the number of nodes
n (for each node the ant population consists of a single ant)
as recommended in [4].

Note that, as we focus on finding the best solution, we chose
q0 = 0 in Equation (1), thus avoiding the convergence to
a suboptimal solution (this fact is relevant for PS and ACS
versions).

We ran several experiments using the following benchmark
TSP maps selected from TSPLIB [6]: eil51, st70, kroA100,

200 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



TABLE II: Calculation of performance measures.

vi = minnj=1 vi,j vi is the solution found by round i.
ti = minnj=1{ti,j |vi,j = vi} ti is the time in which solution was found by round i.
vavg = (

∑k
i=1 vi)/k vavg is the average value of solutions found in all rounds.

tavg = (
∑k

i=1 ti)/k tavg is the average time in which solutions were found in all rounds.
vmin = minki=1 vi vmin is the best solution found after carrying out all rounds.
tmin = minki=1{ti|vi = vmin} tmin is the time taken to find the best solution in all rounds for the first time.
Tavg = (

∑k
i=1 Ti)/k Tavg is the average execution time of the rounds in an experiment.

TABLE III: Algorithms implemented on ACODA. “nop” means that the corresponding function has an empty body for that
specific case.

RC CO PS ACS
evaporation no no no yes no yes

LOCAL EVAPORATE PHEROMONE() nop nop nop eq (5) nop eq (5)
DEPOSIT PHEROMONE() nop nop eq (6) eq (4) eq (6) eq (4)

Observations: no
pheromone
update

no
pheromone
update

all ants deposit
pheromone

only the best tour
is marked

RANDOM CHOICE() random
unvisited
neighbor

eq (2)
α = 0,
β = 1

eq (1) α = 1,
β = 5

eq (1) α = 1,
β = 5

ch150. Note that the number in the map name indicates
the number of nodes of the map, so for example map st70
contains 70 nodes. These maps were chosen to experiment
with different values of wavg and ∆w = wmax−wmin where
∆w is the difference between the maximum and the minimum
edge weight and wavg is the average edge weight.

Taking into account that we create an agent for each node,
it follows that for st70 problem 70 agents were created. These
agents are evenly distributed on 7 computers, so 10 agents
must be created on each computer for solving st70 problem.

We define an ant move as the action of transferring an ant
from a source node to destination node along a given edge. The
number of ant moves was chosen according to the proposal
from [4]. There, 1000 moves per ant were chosen for a 19 node
map. Taking into account the sizes of our maps and scaling
up proportionally, we determine a number M = 10000 of ant
moves for our experiments.

We ran 10 rounds for each experiment on networks of 7
computers with dual core processors at 2.5 GHz and 1GB of
RAM memory. These workstations were interconnected using
a high-speed Myrinet interconnection network at 2Gb/s.

In the CO model the ants pick the smallest available weight
(i.e the nearest unvisited neighbor) with a greater probability
than the rest. This strategy guides the ants to worse solutions
than the RC model. As expected, in the RC model, the
difference vavg − vmin is larger as the tours variate in cost
more.

In Table V we considered both evaporation scheme sug-
gested by [4] for ACS (equation (4); see rows marked with
evap = 1 on Table V) and absence of evaporation (equation
(6); see rows marked with evap = 0 on Table V). Note that
the PS model has no significant benefit from using the ACS
evaporation scheme with the recommended parameter values

in [4]. As a matter of fact in most cases evaporation decreases
the quality of the solutions, see Table V for evap = 0 the
values of vmin and vavg are better than those for evap = 1.
This is not the case for the ACS version of ACODA where
evaporation improves the solutions. This suggests there is still
room for improvement in the PS model. However, further
study is needed in order to establish wether the evaporation
parameters should be adjusted or a completely new approach
should be developed.

Our experiments (see Table V) clearly show that the
ACODA versions that take into account pheromone deposits
are much more efficient at determining good solutions since
the values of vmin and vavg from Table V are better than those
in Table IV. The fact that all these variations can be easily
implemented using ACODA supports the flexibility of this
architecture, while the fact that the best results are obtained
when pheromone deposits are taken into account shows the
effectiveness of ACODA in supporting distributed forms of
ACO.

V. RELATED WORK

TSP is a classic benchmark problem for heuristic search
algorithms. With the advent of distributed computing tech-
nologies, distributed versions of heuristic algorithms for TSP
were also proposed. However, based on our literature review,
there are very few works that propose ACO-based truly
distributed TSP algorithms. Moreover, there are even fewer
proposals that utilize recent advances of multi-agent systems
middleware for ACO-based TSP [5]. Nevertheless, we could
find references to multi-agent approaches to ACO algorithms
for other combinatorial optimization problems ( [7], [8], [9]).

A closely related approach to agent-based distributed ACO
is presented in [5]. There, both graph nodes and ants are
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TABLE IV: Experimental results for RC and CO.

RC CO
map vavg tavg [s] vmin tmin[s] Tavg [s] vavg tavg [s] vmin tmin[s] Tavg [s]

eil51(426) 1390 85.6 1240 1.72 37.6 1263.8 22 1236 1 38.4
st70(675) 2504.6 53.6 2386 48.9 58.6 2612.6 18.3 2596 6.2 57.8

kroA100(21282) 38729.8 31.4 35276 29.6 99.3 78510.4 49.7 76387 90 145.4
ch150(6528) 46409 58.5 44815 148.1 209.4 31724.8 45.3 30766 186.8 201.2

TABLE V: Experimental results for ACS and PS.

ACS PS
map evap vavg tavg [s] vmin tmin[s] Tavg [s] vavg tavg [s] vmin tmin[s] Tavg [s]
eil51 1 448.6 14 440 27.2 40.1 482.2 15.8 471 2 38.1
(426) 0 453.2 19.3 444 7.2 39.7 449.4 12.8 442 10.9 39
st70 1 688.4 37.4 682 47.2 55.2 688 25.3 684 6.4 56.2
(675) 0 729.2 29.2 722 20.2 54.5 684.6 28.1 679 20.8 54.6

kroA100 1 23066 66.7 22380 60 91.9 22601.8 53.8 22286 31.6 92.3
(21282) 0 24887 53 24396 76.7 94.2 22997 29.1 22605 77.3 92
ch150 1 7263 86.6 7150 131.2 188.6 7729.4 17.4 7638 26 194.2
(6528) 0 7930.4 45.3 7806 6 194.7 6753.8 71.7 6692 57.5 192.8

implemented as JADE software agents. Ants centralize infor-
mation about pheromone deposits and nodes’ best tour cost
through a single ACL message exchange per node [3]. This
procedure adds up to 2n messages per tour per ant, where n
is the number of nodes. Each ant has to notify the node about
its next hop and the cost of its tour in order for the node to
be able to update its pheromone levels. This generates other
n messages. When an ant completes a tour, it compares the
tour cost with the collected best tours from the nodes. A best
tour synchronization is triggered for all the nodes if a better
tour has been found. This brings an additional overhead of n
messages. So, [5] approach requires at most 4n messages per
tour per ant, while our approach requires at most 2n messages:
n messages (ant moves) to complete a tour and n messages
to deposit the pheromone. We avoid the additional overhead
of sending to nodes all the information necessary to carry out
their tasks, as in ACODA this information is already contained
in ant messages exchanged between nodes.

ACODA implementation reported here is based on the
sequential ACS algorithm presented in [4]. There are however
three notable differences: i) We avoid the explicit iterations
of the standard ACS. An iteration lasts until each ant has
found a tour. With the distributed architecture it would be
time consuming to provide the synchronization necessary for
implementing the explicit iterations, because it would cancel
the main benefits of an asynchronous, distributed architecture;
ii) In ACS, best tours are compared after each iteration, thus
allowing only the best ant to mark its tour. Again, this would
require synchronization and centralized computation and we
avoid it by allowing all ants to mark their tours; iii) In ACS
ants move synchronously, taking one step at a time, while in
our approach ants move asynchronously.

Papers [8] and [9] propose JABAT – a JADE-based middle-
ware for agent teams. JABAT supports distributed implementa-
tion and collaboration of population-based optimization algo-

rithms. In particular, JABAT was applied to TSP. There is how-
ever an important difference between JABAT and ACODA.
JABAT agents represent improvement algorithms, which basi-
cally means that improvement algorithms are sequential and
they cooperate for solving a problem in a distributed way.
ACODA agents provide a natural distributed model of the
problem environment that is suitable for distributed ACO
algorithms. Moreover, we could not find scalability studies
referring to JABAT.

Paper [7] proposes a JADE-based multi-agent environ-
ment for dynamic manufacturing scheduling that combines
intelligent techniques of ACO and multi-agent coordination.
However, the focus in [7] is to evaluate the impact of ACO
intelligence on multi-agent coordination, rather than to utilize
multi-agent middleware for improving ACO. ACO intelligence
is embedded into job and machine agents with the role of ants,
which is different from ACODA where ants are passive objects
exchanged by software agents that provide a distributed model
of the problem environment.

In [10] authors compare a distributed form of ACS with
flooding algorithm applied on resource discovery problem.
They experiment with both algorithms using ns-2 network
simulation tool [11]. The down side of this is that no real
execution time measure can be made using their approach.
They showed that ACS is the better approach in terms of:
best success rate, least number of hops and least traffic. The
detailed algorithm and ACO parameters are not presented in
order to duplicate their approach using our ACODA frame-
work, for a realistic comparison. The differences between their
approach and ACODA are: (i) resource queries are handled
centrally at a single anthill, thus introducing single point of
failure, (ii) they do not take edge weights into account as they
are trying to solve the resource discovery problem, not the TSP
problem, and (iii) ants are implemented as ns-2 mobile agents,
while in ACODA we are using JADE. Moreover, in practice
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there is no need for code mobility as every ant is governed by
the same behavioral rules. So, in our approach we use “nodes
as agents” to control ants’ movement using messages, rather
than using code (i.e. JADE agent) mobility.

Paper [12] proposes purely theoretical frameworks for
multi-agent systems. No experiments or implementations are
mentioned. The authors present a distributed form of ACO
based on so called “smart messages” approach to multi-agent
systems where agent mobility is used to implement complex
communication over dynamic networks. They use delegate
multi-agent systems to manage these smart messages in order
to design a multi-agent approach for ACO. They do not
present ways of representing the environment, determining
convergence or stopping condition of ACO experiments.

In [13] authors thoroughly analyze multi-colony ACO al-
gorithms applied on TSP. The main difference between their
and our approaches is that they run a separate colony on
each available processor. At predetermined points in time, the
solutions are centrally collected and local search is performed
on the best solution provided by each of the colonies. This
is not a fully decentralized approach to ACO, as it requires
synchronization and centralized sequential local search after
each solution was centrally collected. Our approach is com-
pletely decentralized, parallel and asynchronous, and thus it
could lend itself to heavy parallelization.

VI. CONCLUSIONS

In this paper we presented experimental results with our new
multi-agent framework for truly distributed ACO. An initial
implementation of the framework using JADE multi-agent
platform was outlined. This implementation followed the ACO
approach initially proposed for the ACS system. However,
three important differences between ACODA and original ACS
system were highlighted. This approach was initially evaluated
on sample benchmark TSP problems. Experimental results
were encouraging, as they clearly support the effectiveness of
our proposal for distributed ACO, thus confirming the feasibil-
ity of our ACODA framework. We already identified suitable
directions for future works: i) strengthen the scalability results
by experimenting with this approach on larger TSP problems
and larger computer networks; ii) support the generality of our
framework by considering other forms of ACO rather than

only ACS; iii) improve the ACODA architecture to enable
experimentation with larger TSP problems than the current
version of ACODA is able to support.
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Abstract—The paper presents selected security aspects related
to confidentiality, privacy, trust and authenticity issues of a
distributed, agent-based computing. Particular attention has been
paid to authenticity of and trust in migrating mobile agents
executables, agent’s trust in runtime environment, inter agent
communication and security of agent’s payload. Selected attack
vectors against agent-based computing were described and risk
mitigation methods and strategies were proposed and discussed
based on presented cryptography measures. In summary ex-
pected effectiveness of proposed countermeasures was described.

I. INTRODUCTION

A
GENT-BASED computing based on conceptual software

entities named agents (often intelligent agents) plays an

important role in integration of various distributed systems and

services. Agent paradigm describes agents as closed entities,

existing within agent runtime environments (e.g. [1]), capable

of percepting and effecting their environment and aware of

their mission. Agents typically have a large dose of autonomy

in pursuing their goals.

Systems incorporating agent paradigm rarely utilise single

agents. More often whole societies of agents are employed,

interacting socially to reach common goals. Typical examples

of such interactions are negotiations, contracts, cooperation

and coordination of common tasks. All such interactions

are based on communication, which in most cases follows

established patterns and norms [2]. Runtime environments

for agents also try to follow a set of established rules and

guidelines [3].

In heterogeneous, open agent environments, where both

agents and agent environments originate from and are hosted

by different organisations special attention must be paid to

security issues—both agent’s security and payload (data) se-

curity.

Risks may originate from social attacks (e.g. attempts at

fraud, cheating, deception) and technical attacks (e.g. agent

environment modifying agent’s code or data; agents attack-

ing their environment and creating a denial of service by

overloading of selected resources or crashing the container

etc.). Many authors addressed selected aspects of agent-based

computing in recent years. Extensive research of threats and

countermeasures was presented by NIST [4]. In a followup

to this paper, Jensen [5] described a taxonomy of protection

techniques for agents and agent platforms. The taxonomy was

divided into two main groups:

• detective measures—methods to detect modifications of

agent’s code, agent’s payload and agent environment;

• preventive measures—obfuscating of code, data, agent’s

route etc.).

A major role in those techniques is played by cryptography—

digital signatures, encrypted code, one time passwords, session

keys. A review of agent protection measures reflecting the so-

cial element of agent architectures (agent’s context, autonomy,

communication with other agents, mobility) was presented by

Borselius in [6]. Moreover, author proposes the following ways

of addressing threats coming from malicious servers:

• contractual agreements—where server platform operators

enter into contract with customers, declaring safety of the

environment and administrative practices crafted to avoid

violation of customers’ privacy or integrity of their data,

agent code and computations;

• trusted hardware;

• trusted network nodes;

• fault tolerant computing techniques—i.e. cooperation of

many agents, partitioning and duplication of data and

redundancy in agents functionality;

• execution tracking—gathering and offering logs of agents

activities;

• data encryption (however it should be noted that, once

decrypted, data will be easily available to interested

parties and also that communication is required to obtain

decryption key);

• hiding of code and data in blackboxes [7];

• undetachable signatures carrying encoded constraints on

permitted agents’ code use—if those constraints are not

met, messages sent by agents will not be signed by a host;

• sandboxes and code signing when agents’ code meets

requirements of security policy requirements (proof

carrying code).

Computations carried out by use of encrypted functions were

deemed prospect less.

Another attempt at protection methods taxonomy was made

by Leszczyna [8]. In his paper he proposed to classify protec-

tive measures into following subgroups:

• runtime data protection,

• ensuring of mobile code immutability and security,

• event logging.

In addition, he proposed an extension of JADE agent platform

protecting agents against tracking. His proposed solution [8]
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assumes use of trusted parties, encrypting agents route and

possibly other data it carries en route between hosts, thus

making it impossible for an attacker to determine where a

given agent is coming from and its route, which in turn makes

it difficult to deduct on agents’ goals and findings. A drawback

of this approach is a necessary requirement for agents to

always return to a recent forwarding trusted party. In addition,

nodes forming trusted parties must securely store encryption

keys and correctly match them to returning agents.

Yet another JADE extension was proposed in [9], where

Zwierko and Kotulski proposed an original method of ensuring

mobile agent’s integrity, combining protection of code, data

and computational state. Their method was based on secret

sharing scheme and zero-knowledge protocol.

A secure agent platform, based on Public Key Infrastructure

(PKI), was described by Ismail [10]. Author points at the

importance of protection of objects containing data from other

agents or server data, because such objects may be referenced

by a mobile agent. Java environment (sandboxes, memory

protection) provides only a partial protection of data against

destruction by a malicious mobile agent, because it lacks

mechanisms which would allow definition of various access

rights based on authentication or permit runtime evolution

and delegation of such access rights during execution and

communication as well as carrying such rights during agents

migration. A proposed solution [10] is to introduce a mecha-

nism of dynamic permissions exchange between cooperating

agents. When migrating between hosts an agent needs to

carry its permissions and export them to other agents already

working on target host. To allow it agents must have means to

mutually authenticate themselves. It was proposed that such

mechanisms are to be provided by hosts using an external,

trusted PKI. A trusted CA generates a key pair for each host

(platform) and signs the public keys. Initially agents provide

only minimal rights to other cooperating agents. As cooper-

ation progresses those rights may be gradually extended. A

right in this context means a particular method able to act on

a particular object. In her deliberations author did not address

agents’ mobile nature, methods of rights protection, ease of

implementation or expected gains. In her paper she defined

requirements and analysed various authentication scenarios:

• of a client agent created by a local server;

• of a foreign (visiting) agent—a problem in this case is the

necessary communication between a local and a foreign

agent because of its impact on processing performance.

Access control lists (ACLs) were proposed for rights manage-

ment and secure naming services and servers were proposed

to allow communication where symbolic names are used as

addresses. Each server uses a key-store mechanism to store

its private key. Every agent has three relations (sender, owner,

writer) with other entities (servers, users): Each of them signs

agents’ code, data and rights.

A protection against hostile hosts hosting agent platforms

was proposed by Hohl [7]. Author stresses that protection

of mobile agents against malicious servers and protection

of agent environments against malicious agents are of equal

importance. He describes attacks which can be carried by

servers against agents’ data, code and execution. Two main

attack classes are distinguished:

• passive attacks—where agents’ data, code and communi-

cation are spied upon / intercepted;

• active attacks—where agents’ data, code, execution pat-

terns and communications are subject to modifications,

alterations and impairment.

A main concept addressed in [7] is a blackbox mechanism—

blocking access to code and data. Author states, that it is

not possible to construct an agent with a generic blackbox,

but only with a time limited one. The stated reason is threat

of dictionary attacks. He proposes to construct such a time

limited blackbox with the use of transformations using random

parameters (so called mess-up algorithms). However, this

method ca not be applied to every kind of code and data.

In addition, blackboxes may be vulnerable to various attacks,

including sabotage, testing of limitations (e.g. finding agents’

upper limit on price it is willing to pay) which lets an attacker

uncover partially agents’ data. Another problem is finding the

right time limit of a blackbox. Too short limit may impede

achievement of agent’s goals and reveal its data and mission

before it is accomplished. Setting the limit too long increases

the chance of a successful attack against the blackbox.

II. SECURITY ISSUES IN TYPICAL AGENT ENVIRONMENTS

Each type of computing has security considerations. Agent

based computing is no different in this respect. Typical

problems include: authenticity (who is the sender/author of

a message), confidentiality (of sensitive/valuable data) and

privacy (when personal data is carried/processed). Sometimes

non-repudiation is also important. Cryptographic protocols are

used to address these issues, mostly digital signatures and data

encryption. Agents may sign messages to try to ensure its

authenticity. As discussed later in this paper, this approach

may be insufficient. All the mentioned security aspects of

computations influence users trust in results—also known as

results authenticity. Agent-based computing security mainly

consists of:

• ensuring agent authenticity (is it really the agent sending

data and not a malicious phantom (fake));

• trusted computing environment (including trusted agent

platform — i.e. not introducing changes to agent’s code

or data; not interfering with agent actions unless it is

necessary to protect itself against a malicious agent);

• authenticity of results—obtained results can be trusted to

be original, not falsified;

• maintaining confidentiality of results during their transfer

to recipient.

Typical agent environments [11][12][13] assume full trust

in hosts and provide only a limited set of security tools —

user authentication and cryptographic data tunnels (TLS/SSL).

Moreover agent containers may be authenticated using dig-

ital signatures. Typically combinations of DSA/SHA1 and

RSA/MD5 are used. MD5 algorithm is considered weak [14]
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as collision possibilities were detected. To start data signing it

is necessary to provide a password deciphering a private key.

It implies, that during agent activity either the password or

the deciphered private key is accessible and visible, otherwise

user engagement would be necessary on each signing attempt.

Public key certificates are self-signed by corresponding private

keys and must be distributed in advance to agent containers

with the assumption, that each agent container uses identical

combination of hash and signing functions. It implies full

control over agent and hosting environment by users deploying

agent-based applications. In addition, this environment should

be isolated from threats coming from the Internet to ensure

trust in results.

III. ATTACKS ON AGENT ENVIRONMENT AND SECURITY

ASSESSMENT

Typical attacks on agent environments and agent-based

computing lead to falsifications of computing results or dis-

ruption of agent activities. They include:

• undetected injection of hostile agent(s) posing as legiti-

mate ones and deforming the results of agent interactions;

• snooping or substitution of messages;

• posing as a legitimate agent to damage or destroy data

stored on machines hosting agent environment.

Unfortunately, neither JADE [11][12] nor other environ-

ments provide security to agents or authenticity of results

because of several reasons: agents acting within a remote agent

container are in an alien environment, thus are susceptible

to remote interference (eavesdropping, intrusion, decompiling,

interception of results, etc.). Agents in this situation are

unable to securely store any sensitive data (e.g. signing keys,

passwords, etc.) because at any time such data may be read

by a host. Even SSL session keys are not protected because

of these issues.

Current solutions in agent-based computing do not address

any of the security postulates [10][4][5][8], i.e. neither really

confidential communication is provided nor it is authentic.

Proposed remedies are selective in their nature (i.e. nothing

is gained by SSL encryption when session keys are readily

available). Any solution in this area requires cooperation

between agent and a trusted host to be effective [8].

IV. IMPROVING SECURITY OF AGENT-BASED COMPUTING

To solve the problem of authentic and confidential delivery

of agent-based computing results to the originating party

several assumptions should be made:

• hosts taking part in agent-based computing should be

methodically designed, tested and reviewed, i.e. they

fulfil the requirements of ISO Evaluation Assurance

Level 4 [15]. Such requirements are in use when de-

signing digital signature environments that are considered

valid by authorities (government, legal system). Similarly,

system projects should follow generally recognised soft-

ware engineering safe practices, i.e. automatic architec-

ture management and testing to ensure system resistance

to most potential attacks.

• Public Key Infrastructure with PK certificates issued

by recognised Certification Authorities (CA) should be

designed and implemented.

• Agent environments should be extended to provide com-

munication interfaces to host based services like signing,

time stamping, session key generation, etc.

The solution proposed below is similar to the one described

in [10]. However, it is based on the assumption of trusted

hosts availability. We postulate, that without the support of

trusted hosts the security of agent-based computing can not be

attained. With these limitations in mind we envision a secure

agent-based computing in a following way:

1) User (computation originating party) signs the agent’s

code and data, assuring the receiving host of agent’s

credibility.

2) Agent executes inside a monitored container, trusted not

to modify agent’s code or results.

3) For communication with other agents or originating host

agent calls local trusted host provided services like:

digital signing or time stamping. After obtaining either

a time stamp certificate or a signature agent combines it

with a message and sends it to a recipient. To provide in-

transit data security either SSL tunnels may be utilised

or, in their absence, messages can be encrypted with

a session key enciphered by a recipient’s public key.

Encrypted session key is attached to a cipher text.

4) A receiving party, using trusted PK certificates of com-

puters involved in computations, verifies the signature

of a message, therefore gaining trust in its contents and

its origin.

V. SUMMARY

We analyse the security of a proposed approach:

1) A signed agent should convince each hosting computer

about agent’s code authenticity. Public key certificate of

the originating party should be commonly available to

allow any party to validate the signature and therefore

identify agent’s origin.

2) Data and results gathered or produced by an agent will

be trustworthy if the environment in which they were

obtained is sufficiently secure. Access to a public key

certificate issued by a commonly recognised CA attests

to the hosts credibility. The procedures of obtaining such

a PK certificate ensure, that the host and the organisation

running it is sufficiently trustworthy.

3) Similar arguments can be used to indicate, that trust can

be extended to a hosting computer and its signature. Host

security requirements create a similar level of confidence

in its private (signing) key. Agents can not store any

signing keys—even in an encrypted form — because at

signing it would have to be uncovered and in a such

case accessible to all observers.

Implementation of our proposals should significantly im-

prove trustworthiness of agent based computing. They are not

perfect, and additionally require a very high level of security
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for all computers and a PK infrastructure. In our approach it

is also mandatory to develop new mechanisms of cooperation

between an agent and a hosting computer, because agents can

not hide any secret within themselves and such secrets are

necessary to use cryptographic protocols. Currently we are

working on implementation of our proposals as extensions to

Jade environment. We expect to have some results sometime

around half of next year and after verification of their efficacy

and efficiency we plan to publish our findings.
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Abstract—Argumentation, initially studied in philosophy and
law, has been researched extensively in computing in the last
decade, especially for inference, decision making and decision
support, dialogue, and negotiation.

This paper focuses on the use of argumentation to support
intelligent agents in multi-agent systems, in general and in the
ARGUGRID project1 and Agreement Technology action2. In
particular, the paper reviews how argumentation can help agents
take decisions, either in isolation (by evaluating pros and cons of
conflicting decisions) or in an open and dynamic environment (by
assessing the validity of information they become aware of). It
also illustrates how argumentation can support negotiation and
conflict resolution amongst agents (by allowing them to exchange
information and fill in gaps in their incomplete beliefs). Finally,
the paper discusses how arguments can improve the assessment
of the trustworthiness of agents in contract-regulated interactions
(by supporting predictions on these agents’ future behaviours).

I. INTRODUCTION

A
RGUMENTATION, initially studied in philosophy and

law, has been researched extensively in computing in

the last decade, especially for inference, decision making and

decision support, dialogue, and negotiation [1], [2], [3].

Simply stated, argumentation focuses on interactions where

parties plead for and against some conclusion. In its most

abstract form [4], an argumentation framework consists simply

of a set of abstract arguments and a binary relation represent-

ing the attacks between the arguments. By instantiating the

notion of arguments and the attack relation, different argument

systems can be constructed, predominantly based upon logic.

One such system is assumption-based argumentation (ABA)

[5], [6]. Here, arguments are computed from a given set of

rules and are supported by rules and assumptions. Also, an

argument attacks another argument if the former supports a

claim conflicting with some assumptions in the latter, where

conflicts are given in terms of an underlying notion of contrary

of assumptions. Rules, assumptions and contraries are defined

in terms of an underlying logic language. Different choices

for this language give different instances of ABA.

Argumentation provides a powerful mechanism for dealing

with incomplete, possibly inconsistent information. It is also

fundamental for the resolution of conflicts and differences

of opinion amongst different parties. Further, it is useful for

“explaining” outcomes generated automatically. As a conse-

quence, argumentation is a useful mechanism to support sev-

1www.argugrid.eu
2www.agreement-technologies.eu

eral aspects of agents in multi-agent systems. Indeed, agents

are goal-driven, self-contained entities with partial information

on the environments in which they are situated (including

other agents inhabiting these environments), with conflicting

goals, but often in need to cooperate in order to achieve these

goals (e.g. because resources controlled by other agents are

needed to achieve these goals). Cooperation is supported by

communication in multi-agent systems, and opinions as well

as explanations are often exchanged amongst communicating

agents.

The potential of argumentative agents has been/is being ex-

plored in two European activities: the EC-funded ARGUGRID

project and the COST-funded Agreement Technologies action.

The ARGUGRID project developed a grid-based platform

populated by rational decision-making agents associated with

service requestors/providers and users [7]. Within agents,

argumentation as envisaged in ABA is used to support decision

making, taking into account (and despite) the often conflicting

information that these agents have, as well as the preferences

of users, service requestors and providers [8], [9], [10]. In

the ARGUGRID platform, argumentation is also used to

support the negotiation between agents [10], [11] on behalf of

service requestors/providers/users. This negotiation takes place

within dynamically formed virtual organisations [12]. The

agreed combination of services, amongst the argumentative

agents, can be seen as a complex service within a service-

oriented architecture [13]. The ARGUGRID approach has

been validated by way of industrial application scenarios in

e-procurement and earth observation [7], [8], [9].

The Agreement Technologies action aims at developing

computer systems in which autonomous agents negotiate with

one another, typically on behalf of humans, in order to

come to mutually acceptable agreements [14], [15]. Agreement

Technologies include argumentation, negotiation, and trust

computing, as well as combinations of these.

In this paper we review some of the achievement to date

of these activities, in providing argumentative agents and

validating them against other approaches and in applications.

The paper is structured as follows. In section II we give

some background on abstract argumentation and ABA. In

section III we illustrate ways in which argumentative agents

can take decisions. In section IV and V we describe the use

of ABA for conflict resolution and negotiation, respectively,

amongst argumentative agents. In section VI we review a
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possible integration of arguments with statistical information

in trust computing. In section VII we conclude.

II. ARGUMENTATION

This section gives essential background on logic-based

argumentation, focusing on abstract argumentation [4] and

assumption-based argumentation [5], [6].

Abstract argumentation frameworks [4] are pairs (Arg, att)
where Arg is a set of arguments and att ⊆ Arg × Arg is a

binary relation representing attacks between arguments.

The main purpose of argumentation theory is to identify

which arguments in an argumentation framework are ratio-

nally “acceptable”. Several notions of acceptability have been

proposed in the literature on argumentation, some providing an

“intrinsic” measure of argument strength (e.g. [16]), whereby

the acceptability of an argument depends on its internal logical

structure, others giving a “dialectical” measure (e.g. [4], [17],

[18], [19]), depending exclusively on attacking arguments.

An example of dialectical measure for abstract argumenta-

tion frameworks is given by conflict-free extensions, namely

sets X of arguments such that there is no argument inX which

attacks another argument in X . Another example is given by

admissible extensions [4], namely sets X of arguments that

are conflict-free and capable of defending themselves against

every attacking argument (namely for every argument Y that

attacks X , there is some argument in X that attacks Y ). A

further example is preferred extensions [4], namely (subset)

maximal admissible extensions. These examples of dialectical

measures are all “qualitative”, based predominantly on the

capability of arguments to defend themselves. “Quantitative”

dialectical measures have been proposed too (e.g. [19]).

Assumption-based argumentation (ABA) frameworks [5],

[6] can be defined for any logic specified by means of

(inference) rules, by identifying sentences in the underlying

logic language that can be treated as assumptions. Intuitively,

arguments are deductions (in the chosen logic language) of

a conclusion (or claim) supported by a set of assumptions.

Then, attacks against arguments are always directed at the

assumptions supporting the arguments. More precisely, an

attack by one argument against another is a deduction by the

first argument of the contrary of an assumption supporting the

second argument.

The inference rules may be domain-specific or domain-

independent, and may represent, for example, causal infor-

mation, or laws and regulations. Assumptions are sentences in

the language that are open to challenge, for example uncertain

beliefs (“it will rain”), unsupported beliefs (“I believe that

some service provider is reliable”), or decisions (“I will pur-

chase a specific service”). Typically, assumptions can occur as

premises of inference rules, but not as conclusions. In general,

the contrary of an assumption is a sentence representing a

challenge against the assumption. For example, the contrary

of the assumption “it will rain” might be “the sky is clear”.

The contrary of the assumption ‘I will purchase a specific

service” might be “I will purchase a different service” (where

I only need one service). The contrary of the assumption “I

believe that some service provider is reliable” might be “there

is evidence against that service provider being reliable”.

Given arguments and attacks, several qualitative dialectical

measures of acceptability have been deployed within ABA

[5], [17], [6], including conflict-free, admissible and preferred

extensions. Query answering with respect to these dialectical

measures is implemented, for any ABA framework given as

input, in the CaSAPI system3 [20], [21], [22]. Here, queries

represent claims whose dialectical validity with respect to a

chosen notion of extension is under scrutiny.

III. ARGUMENTATION FOR DECISION-MAKING

Qualitative decision theory [23] has been advocated for

quite some time as a viable and useful alternative to classical

quantitative decision theory [24], when a decision problem

cannot be easily formulated in standard decision-theoretic

terms using decision tables, utility functions and probability

distributions. A number of qualitative approaches to decision

making, e.g. [25], [26], [27], [28], have been put forward,

with argumentation-based decision making amongst them

(e.g. [27]). In decision-theoretic terms, argumentation can

be used as a model to compute a utility function which is

too complex to be given a simple analytical expression in

closed form. Argumentation has been proposed for decision

making under certainty (where the outcomes of decisions are

known to the decision maker) [8], [9], strict uncertainty (where

the outcomes of decisions are uncertain and no probabilistic

information is available) [29], [30], [31], [32], [10], and also

for decision under risk (where some probabilistic information

is known) [16], [33], [34]. Argumentation has also been

used to support practical reasoning [35], [36], and decision

support systems [37], [38], [39]. Further, arguments can be

seen as supporting “values”, as in value-based argumentation

for decision-making [40]. Finally, argumentation can be used

for computing decision tables, utility functions and probability

distributions in classical quantitative decision theory [41].

Here we summarise two different uses of ABA (see sec-

tion II) to support decision making under certainty [8], [9]

and under strict uncertainty [10].

We consider the following decision problems:

• Let D be a (non-empty) set of alternative decisions.

• The outcomes of decisions are individual states s ∈ S
(if under certainty) or sets of states S ⊆ S (if under

uncertainty).

• States can be seen as sets of “goals” of (or benefits for)

the decision maker, which can be represented as sentences

in a given set G.
• Preferences over goals may be optionally specified, e.g.

in the form of weights (positive integers). These can be

expressed by a mapping w : G → N. The case where all

weights are the same is equivalent to the case where no

weights are specified.

3http://www.doc.ic.ac.uk/˜dg00/casapi.html
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• Rather than being known a-priori, outcomes of decisions

are determined from a belief base B. The beliefs “en-

tailed” by this base correspond to states.

Decisions may correspond to products, including e-

procurement products [8], earth observation products [9],

commodities [10] etc. For these decision problems, argumen-

tation can be used to determine the relative value of different

decisions, to single out decisions with “top-most” value and

for explaining decisions.

Under certainty, and assuming all goals have equal weight,

decisions with top-most value can be defined as “dominant”

decisions, where

• a decision d ∈ D is dominant if and only if the outcome

s ∈ S of d is such that, for any alternative decision d′ ∈
D, if s′ ∈ S is the outcome of d′, then s ⊇ s′.

This is the approach taken in [9].

Alternatively, decisions with top-most value are decisions

resulting in states that are upper bounds of partial orders over

states. Under certainty, a partial order ⊒ over states can be

given as follows:

• a state s ∈ S is strictly preferred to a state s′ ∈ S
(denoted s ⊐ s′) if and only if

1) there exists a goal g ∈ G such that g ∈ s but g 6∈ s′,
and

2) for each goal g′ ∈ G, if w(g′) ≥ w(g) and g′ ∈ s′

then g′ ∈ s;

• a state s ∈ S is preferred to a state s′ ∈ S (denoted

s ⊒ s′) if and only if s ⊐ s′ or s = s′.

This partial order is used in [10] to define a partial order

over decisions under strict uncertainty, as we will see below.

Note that, when all weights are the same, s ⊒ s′ is

equivalent to s ⊇ s′.
In [8], [9], the belief base maps features of products to

goals of the decision maker. For example, a hotel with rooms

costing less than 50£ may be believed to be cheap (where

the price is a feature and being cheap is a goal) [9]. Further,

in the case of e-procurement for an e-ordering system [8],

an e-ordering system with a 3-year flat cost may be deemed

to decrease costs. Here, features determine univocally (with

certainty) goals. The belief base is represented as an ABA

framework from which the following arguments can be built:

(i) “choose decision d because d allows to achieve goal g”
(ii) “do not choose d because some other decision allows to

achieve goal g and I am not sure d does”

(see [8], [9] for formal details). Arguments of type (ii)

attack arguments of type (i) and vice versa. Then, dominant

decisions, as given above, correspond to admissible sets of

arguments for the given ABA frameworks. ABA thus allows

to compute dominant decisions and explain these decisions

(by presenting the arguments). Moreover, in [9] we also

propose a different argumentation semantics based on counting

(and resulting in a numerical, rather than Boolean value for

arguments) and links this semantics to dominant decisions

when weights are given (see [9] for details).

In [10], the belief base encodes again a mapping between

features and goals, but using information that may be incom-

plete (e.g. that a good school is located in the vicinity of a real

estate property) and that may lead to conflicts/inconsistencies

(e.g. that a real estate property is in a safe area and is not

in a safe area).4 As a consequence, decisions correspond to

sets of states, where different states correspond to different

assumptions (completing the information) and different reso-

lutions of the conflicts. These resolutions (states) are preferred

extensions, in the argumentation sense (see section II), and

they can be compared using the standard minimax criterion

from decision theory, using the following notations:

• for a given decision d ∈ D, let cred pref(d) be the set

of all s ∈ S such that s is satisfied in some preferred

extension of the belief base extended by d;
• for any set of states S ⊆ S, let min(S) be a state such

that for each goal g ∈ G, g is satisfied in min(S) if and
only if g is satisfied in every state in S.

Then

• a decision d ∈ D is minimax-preferred to a decision d′ ∈
D if and only if

– min(cred pref(d)) ⊒ min(cred pref(d′))

where ⊒ is as defined earlier.

This notion of minimax-preference is equivalent to a purely

argumentative preference notion between sets of states, defined

using the following notion:

• for a given decision d ∈ D, let scept pref state(d) be

the state s ∈ S consisting of all goals holding in all

preferred extensions of the belief base extended by d.

Then,

• a decision d ∈ D is sceptically-preferred to a decision

d′ ∈ D if and only if

– scept pref(d) ⊒ scept pref(d′).

The fully argumentative notion of sceptically-preferred and

the partially argumentative, partially decision-theoretic notion

of minimax-preferred are equivalent [10]. Top-elements of the

partial orders given by either notions are decisions with top-

most values.

Overall, the two approaches considered use argumentation

for different purposes: on one side, [8], [9] encodes a fully

decision-theoretic notion of dominance into an ABA frame-

work, and uses argumentation to “explain” dominant decisions

under certainty; on the other side, [10] uses argumentation to

deal with conflicts and incomplete information for decisions

under strict uncertainty, and a sceptical semantics to mirror a

minimax decision-theoretic criterion.

IV. ARGUMENTATION FOR CONFLICT RESOLUTION

Complex multi-agent systems are composed of heteroge-

neous agents with different, possibly incomplete beliefs and

4Note that, in ABA, assumptions are used as premises of rules to represent
incomplete information that can be “completed” by making suitable assump-
tions. Also, assumptions are used to render rules defeasible, thus paving the
way to resolving inconsistencies.
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different, possibly conflicting desires. Conflicts may thus arise

amongst agents for (at least) two reasons. Firstly, agents may

make different assumptions to fill gaps in their beliefs, where

some of these assumptions may be incorrect, and decide

on incompatible, conflicting actions due to misinformation.

Secondly, even if agents share the same information, they may

still disagree if they have conflicting desires.

Due to ABA’s suitability in dealing with incomplete and

conflicting information, agents’ beliefs and desires can be

represented in ABA [42], [43]. Following an existing trend of

work in argumentation for conflict resolution (e.g. see [44]),

in [45] we use ABA to resolve conflicts between two agents.

These conflicts arise when the agents have different goals, g1
and g2, and different decisions, d1 and d2, having those goals

as respective outcomes, according to their respective individual

belief bases. These bases are assumed to be represented as

ABA frameworks. Here, rules are used to represent beliefs

about the achievement of desires as well as factual informa-

tion.

For both agents, the goal belongs to a conflict-free extension

of the agent’s ABA framework, extended with the agent’s

decision. The agents’ objective is to resolve the conflict, by

agreeing on a common goal g and a common decision d
such that g is a variant of both g1 and g2. For example, in a

service-oriented architecture, if the two agents represent two

service requestors from the same organisation, with different

requirements but with the shared goal of obtaining some

service of a certain type, then

• g1 may correspond to obtaining a service s1 of that type,

by purchasing it (decision d1),
• g2 may correspond to obtaining another service s2 of the

same type, by purchasing it (decision d2), and
• g may correspond to obtaining a service s of that type,

by purchasing it (decision d), where s may be one of s1
or s2 or a new service.

Here, the original choice of s1/s2 by the agents may be

dictated by their lack of knowledge of the other agents re-

quirements or of the availability and characteristics of services.

For example, the first agent may know that s1 fulfils some re-

quirement of the second agent while the latter may be unaware

of this. By passing information to the second agent, the first

agent may be able to persuade the second to purchase s1 (in

this case s would be s1). Thus, conflict resolution amounts to

identifying a goal that is the outcome of a decision in conflict-

free extensions of either belief bases (ABA frameworks) after

the agents have shared factual information (e.g. that s1 fulfils

some requirement).

Alternatively, this conflict resolution can be achieved by

“merging” the two ABA frameworks. The merge eliminates

misunderstanding between agents, allows to revise the agents’

incorrect assumptions and takes into account desires from both

agents. To satisfy desires from both agents, the mechanism

of concatenation is used to merge rules. Upon a successful

concatenation merge, both agents’ desires may be satisfied (if

they can be satisfied). Details of this approach can be found

in [45]. Here, a dialogical counterpart to the merge is also

sketched as a more realistic approach to conflict resolution.

V. ARGUMENTATION FOR NEGOTIATION

The need for negotiation arises when autonomous agents

have conflicting interests/desires but may benefit from cooper-

ation in order to achieve them. In particular, this cooperation

may amount to a change of goals (as in conflict-resolution,

see section IV) and/or to the introduction of new goals (e.g.

for an agent to provide a certain resource to another, even

though it may not have originally planned to do so). Typically

negotiation involves (fair) compromise.

Argumentation-based negotiation is a particular class of

negotiation, whereby agents can provide arguments and justi-

fications as part of the negotiation process [46]. It is widely

believed that the use of argumentation during negotiation

increases the likelihood and/or speed of agreements being

reached [47]. Argumentation can be used to support the

decision-making taking place prior to or during negotiation.

Moreover, argumentation can be used to conduct negotiation,

by supporting the resolution of conflicts giving rise to the need

of negotiation and by filling in information gaps and rectifying

misinformed beliefs.

In [10] we propose the use of ABA to support decision

making under strict uncertainty (as described in section III)

prior to the agents engaging in negotiation. The negotiation

takes place between a buyer and a seller (e.g. of services) and

results in (specific forms of) contracts, taking into account

contractual properties and preferences that buyer and seller

have. The negotiation is guided by a “minimal concession”

strategy that is proven to be in symmetric Nash equilibrium.

Adopting this strategy, agents may concede and adopt a

less-preferred goal to the one they currently hold (namely

a goal with a smaller weight, according to the presentation

in section III) for the sake of reaching agreement. Thus,

agreement amounts to compromise. This approach has been

extended in [48] to incorporate rewards during negotiation.

These rewards in turn can be seen as arguments in favour of

agreement.

In [11] we study the use of a form of ABA, given in [49], for

improved effectiveness of the negotiation process, in particular

concerning the number of dialogues and dialogue moves that

need to be performed during negotiation without affecting the

quality of solutions reached. The focus here is on negotiation

of resources in resource reallocation settings. This work com-

plements studies on protocols for argumentation-based nego-

tiation (e.g. [50]) and argumentation-based decision making

during negotiation (e.g. [10]) by integrating argumentation-

based decision making with the exchange of arguments to

benefit the outcome of negotiation. Agents engage in dialogues

with other agents in order to obtain resources they need but do

not have. Dialogues are regulated by simple communication

policies that allow agents to provide reasons (arguments) for

their refusals to give away resources; agents use ABA in

order to deploy these policies. We assess the benefits of
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providing these reasons both informally and experimentally:

by providing reasons, agents are more effective in identifying

a reallocation of resources if one exists and failing if none

exists.

VI. ARGUMENTATION FOR TRUST COMPUTING

Computing trust is a problem of reasoning under uncer-

tainty, requiring the prediction and anticipation by an agent

(the evaluator) of the future behaviour of another agent (the

target). Despite the acknowledged ability of argumentation

to support reasoning under uncertainty (e.g. see [16]), only

Prade [51], Dondio & Barret [52] and Parsons et al [53] have

considered the use of arguments for computing trust in a local

trust rating setting. Dondio & Barret [52] propose a set of

trust schemes, in the spirit of Walton’s argument schemes

[54], and assume a dialectical process between the evaluator

and the target whereby the evaluator poses critical questions

against arguments by the target concerning its trustworthiness.

Prade [51] proposes an argumentation-based approach for

trust evaluation that is bipolar (separating arguments for trust

and for distrust) and qualitative (as arguments can support

various degrees of trust/distrust). Parsons et al [53] define

an argumentation logic where arguments support measures

of trust, e.g. qualitative measures such as “very reliable” or

“somewhat unreliable”.

There are several non-argumentation based methods to

model the trust of the evaluator in the target. Sabater and

Sierra [55] classify approaches to trust as either “cognitive”,

based on underlying beliefs, or “game-theoretical”, where trust

values correspond to subjective probabilities and can be mod-

elled by uncertainty values, Bayesian probabilities, fuzzy sets,

or Dempster-Shafer belief functions. The latter approach is

predominant nowadays for trust computing. However, Castel-

franchi and Falcone [56] argue against a purely game-theoretic

approach to trust and in favour of a cognitive approach based

upon a mental model of the evaluator, including goals and

beliefs. Moreover, some works (e.g. [57]) advocate the need

for and benefits of hybrid trust models, combining both the

cognitive and game-theoretical approach.

In recent work [58], we propose a hybrid approach for

constructing Dempster-Shafer belief functions modeling the

trust of the evaluator in the target by combining statistical

information concerning the past behaviour of the target and

arguments concerning the target’s expected behaviour. These

arguments are built from current and past contracts between

evaluator and target, and are integrated with statistical infor-

mation proportionally to their validity. Concretely, in a service-

oriented setting, the statistics are drawn from past behaviour

of the target in the delivery of agreed services and, following

[59], a classification of this behaviour as “good” (the service

was delivered as agreed), “bad” (the service was not delivered

as agreed) or “inappreciable” (the evaluator cannot judge the

delivery of the service). Clearly, the more “good” behaviour

the target has shown in the past the more likely the evaluator

will be to trust it. The arguments are drawn from contracts

regulating the delivery of services, as follows:

• a forecast argument supporting the claim of not trusting

the target (as far as delivering a service is concerned) if

there is no guarantee on the quality of that service in the

form of a written contract clause;

• a forecast argument supporting the claim of trusting the

target if there exists a guarantee in the form of a contract

clause;

• an argument attacking the forecast argument for trusting

the target if the target has in the past “most often” violated

existing contract clauses.

The applicable arguments and attacks form an abstract

argumentation framework (see section II). They are combined

with the statistics in accordance to their strength, measured

using the method of [19].

This method of measuring trust extends a standard method

for trust [59] that relies upon the statistical information only.

The two methods have identical predictive performance when

the evaluator is highly “cautious”, but the hybrid method gives

a significant increase when the evaluator is not or is only

moderately “cautious”. Moreover, with the hybrid method,

target agents are more motivated to honour contracts than

when trust is computed on a purely statistical basis. The

comparison between the two methods is performed within a

simulated setting (see [58] for details).

VII. CONCLUSION

Argumentation, initially studied in philosophy and law, has

been researched extensively in computing in the last decade,

especially for inference, decision making and decision support,

dialogue, and negotiation.

This paper has summarised some of the uses of argumen-

tation

(i) to help agents to make decision, either in isolation (by

evaluating pros and cons of conflicting decisions) or in an

open and dynamic environment (by assessing the validity

of information they become aware of)

(ii) to support negotiation and

(iii) conflict resolution amongst agents, and

(iv) to improve the assessment of the trustworthiness of agents

in contract-regulated interactions.

The paper has focused on contributions to (i)–(iv) developed

within two European initiatives: the EC-funded ARGUGRID

project and the COST-funded Agreement Technologies action.
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Abstract—Advanced network infrastructure plays an impor-
tant role in the e-Science environment to provide high quality
connections between largely distributed data sensors, and com-
puting and storage elements. However, the quality of the network
services has so far rarely been considered in composing and
executing scientific workflows. Currently, scientific applications
tune the execution quality of workflows neglecting network
resources, and by selecting only optimal software services and
computing resources. One reason is that IP-based networks
provide few possibilities for workflow systems to manage the
service quality, and limit or prevent bandwidth reservation or
network paths selection. We see nonetheless a strong need from
scientific applications, and network operators, to include the
network quality management in the workflow systems.

Novel network infrastructures open up new possibilities in
network tuning at the application level. In this position paper,
we discuss our vision on this issue and propose an agent based
solution to include network resources in the loop of workflow
composition, scheduling and execution when advanced network
services are available. We present the first prototype of our
approach in the context of the CineGrid project.

Index Terms—Quality of Service, Semantic web, Advanced
Network, Scientific Workflow, e-Science

I. INTRODUCTION

A
DVANCED network infrastructure plays an important

role in the e-Science environment to provide high quality

connections between largely distributed data sensors, and

computing and storage elements; by enabling large scale data

movement between different devices and nodes, applications

which require extremely large scale data movement can be

enabled. However, The quality of the network connections

and services has rarely been taken into account by current

scientific workflow management systems, because 1) tradi-

tional IP-based networks provide limited reservation capability

for workflow engines; 2) the existing e-Science applications

assume available network connections as non-changeable ser-

vices, and seek customized solutions at software level to

optimise computing processes and data storage; and 3) the

existing applications mainly consider the functionality of the

e-Science services, and limited support has been provided for

including (network) quality requirements for the services in

the composition, enactment and execution of workflows.

Still advanced network services are essential for many

scientific applications, where data transmission delays become

a bottleneck of the global performance of the application

[1], [2] . Without the quality guarantee at the network level,

the global workflow quality requirements can not be assured.

Several strategies have been tried to improve the workflow

performance in these cases, such as caching data in a closer

location to the computing element [3], [4], or reducing the

load of computing tasks by reusing the previous computed

results [5]. However, for applications that require data streams

from remote data sensors, such as in [6], those solutions

will not be sufficient, and advanced network services are

crucial to accelerate large data transfer between the distributed

application components.

The recent emergence of advanced network infrastructures

for e-Science enables tuning of network performance at the

application level. For instance, the hybrid network architecture

[7] can provide connections on different layers based on

the same physical fibre; this allows applications to reserve

dedicated circuits for transferring very large quantity data.

By including network resources in the scheduling loop, the

high level application gets an extra opportunity to optimize

execution and improve performance.

These new opportunities come with some challenges. Not

all network infrastructures provide the network services for

reserving specific connections or allocating network band-

width; the service invocation in different network domains

is often proprietary and not easily extensible, and makes

request for network service provisioning across sites difficult

[8]; scheduling network resources requires knowledge on the

current state of the network, which implies the existence of a

sophisticated monitoring system.

In this paper, we discuss the challenges in including network

resources in scientific workflows, and propose an agent based

architecture to accomplish this goal and realize application

level quality tuning of network resources. We apply this in

the context of an ongoing project, CineGrid [9]. The paper is

organized as follows; first, we will review the state of the art in

this field, and then present our solution and the first prototype

of our system.

II. RESOURCE QOS IN SCIENTIFIC WORKFLOW

The quality of a service is often expressed as set of quality

attributes. Sabata presented a QoS taxonomy in which QoS

attributes are grouped into metrics and polices [10]. The met-

rics include quantifiable attributes for measuring application
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performance (namely performance metrics), security (security

level) and importance, while the polices refer to the qualitative

attributes for specifying service level and management polices.

A QoS attribute is typically represented as a triple (attribute

name, value, the range of the value), and timeliness and

accuracy are the most often cited performance metrics. A

description language such as QML [11] aims at a generic

model for specifying different categories of quality attributes.

Since the development of services are highly application

dependent, and the quality description models are often pro-

posed by different society, semantic web based technologies

have been widely used for describing QoS attributes [12]–[14],

and to integrate different QoS models [15]. While composing a

workflow, services at different abstraction level will naturally

have different model on the quality; a semantic model for

matching these quality attributes and mapping them will be

essential.

From the perspective of a scientific workflow life cycle QoS

is relevant to four aspects: composition, selection, execution

control and provenance. In the following sections we briefly

review the existing work on each issue.

A. QoS aware workflow composition

A workflow composition process that is QoS-aware must:

1) compose a service of the highest quality and 2) determine

the quality of the composition process itself. The first goal

is achieved by computing the global quality starting from the

QoS attributes of constituting services [16]. Graph reduction

is a widely used approach [17]; a pre-defined set of logic

patterns define certain reduction rules which can be used to

simplify the logical dependencies among constituting services.

From the reduction rules, the quality parameters are computed;

for instance the computing time of two sequentially connected

services is computed as the sum of the quality of each of them,

the computing time of a two parallel services is computed

as the maximal one from them. The second goal requires

modelling the quality attributes of the semantic links between

services, the composition quality of the workflow can then be

evaluated by the semantic fit and the reliability of the selected

service in the workflow [16].

B. QoS aware service selection

Searching for suitable services from available resources

is a basic procedure in composing a workflow. QoS aware

service selection implies two steps: properly formulating the

requirements and selecting resources that meet these re-

quirements. Rosenberg proposed a QoS enabled description

language, the Vienna composition language (VCL) [18], to

specify an abstract flow for workflow composition. The VCL

defines an abstract workflow as four parts: feature definition,

feature constraints, global constraints and the business protocol

(the desired workflow language). The feature constraints and

global constraints include both functional constraints and QoS

attributes. The problem of resource selection has been formu-

lated differently. A commonly used formulation is shortest

path finding in a weighted graph, in which the available

services are represented as a directed graph according to

the service types, and the graph nodes are labelled by the

quality attributes of the service [19]. Well known shortest

path finding algorithms include Bellman-Ford and Dijkstra’s.

These algorithms exhibit optimal performance because of

their greedy search strategy and avoid backtracking operations

during the search; however, the minimal cost path found by

the algorithms is often not the most optimal solution if there

are multiple constraints on the quality attributes. Therefore, the

problem has also been formulated as a multi constraint optimal

path problem [20], or multi objective optimization problem.

Ant colony optimization (ACO) is a meta heuristic search

approach proposed in [21], [22] for discovering minimum

cost path in a graph, and for solving NP-hard combinatorial

optimization problems. Fang et al, [23] applied ACO in service

selection and proposed a multi objective ACO approach which

can simultaneously optimize several objectives. Genetic algo-

rithm in searching optimal paths, and constraint programming

or Integer programming methods are also widely used for the

multi objective optimization problem.

C. QoS aware workflow execution

Workflow execution is the mapping of workflow processes

to underlying computing resources and the scheduling of the

execution sequence. Task based scheduling is a straightforward

approach, in which the workflow tasks are submitted to

the local manager of the computing infrastructure. Several

researchers have instead proposed a workflow level scheduling

that takes into account future task performance [24]; this

approach will achieve higher performance and better resource

utilization than only using local resource managers. Multi

objective optimizations are widely used to formulate the prob-

lem of QoS aware scheduling. Avanes proposed a constraint

programming based approach to search for best match between

workflow requirements and the available computing resources

[25]. The basic idea is to describe the quality requirements

and resource dependencies as constraints by partitioning the

workflow into different parts based on its patterns and their

QoS requirements. One of the contributions from Avanes

work is that the network dynamics has been also included

in the procedure of constraint resolving. Resource provision

plays an important role to improve the fault tolerance and

the performance of the workflow [26]. Basically, provisioning

can be either static or dynamic. Advance reservation is a

typical static provisioning mechanism, and several batch based

schedulers support it. Based on the high level quality re-

quirements, the workflow engine reserves computing resources

and time slots from the Grid resource manager. One of the

disadvantages of static provisioning is its overhead on the total

cost for computing the workflow. To improve this, Raicu et al.

[27] proposed multi level scheduling strategies, in which the

application level scheduler is able to interact with the low level

resource manager to tune the requirements at runtime. This

approach introduces a dynamic component in the provisioning

process.
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D. QoS and provenance

The provenance service tracks the events occurred in the

workflow execution, and allows scientists to trace the evolution

of data computed in the workflow and to obtain insights in the

experiment processes. Moreover, provenance data can also be

used to debug errors of the workflow execution and optimize

the workflow design. The Open Provenance Model (OPM)

[28] emerges as a standard model to represent workflow

provenance information. Including QoS information of the

workflow processes and the execution in the provenance model

allows scientists to analyze the quality of the services and

the workflow scheduling. In [29], the provenance service is

provided by a QoS aware middleware, which records the

changes of the service quality as events. Evaluating trust and

reliability of the provenance data itself has also been discussed

in the literature [30]. However, research on the provenance

model which includes the QoS information of the workflow

processes is still in its very early stage.

III. PROBLEM AND CHALLENGES: NETWORK QOS AND

SCIENTIFIC WORKFLOWS

Our research interest focuses on the inclusions of the net-

work quality of service in the high level e-Science workflows.

Workflow systems have been recognized as an important tool

to manage the invocation of lower level network services

and the security related routines [31]. In SC09, the VLAM

workflow system [32] demonstrated allocation of workflow

modules over specialized network connections. Several e-

Science environments already recognized the importance of

the network resources reservation in the context of workflow

scheduling, for instance in [33]. When including network

resources QoS in a scientific workflow, we have to solve

several issues:

1) We need a representation and mapping mechanism be-

tween the user level requirements and the quality model

of underlying network resources. When mapping high

level workflow processes to low level resources, the

abstract quality descriptions of the workflow also have

to be translated to the proper quality constraints on the

underlying resources.

2) A good network resource monitoring system is es-

sential in using QoS in the system design, execution

and evaluation [34]. A workflow description composed

from carefully selected resources or services does not

imply that the actual execution will achieve the desired

performance. The quality guarantee of the workflow

execution is a dynamically adapting procedure between

the workflow engine and the actual state of the resources

involved in the workflow execution, unless one can guar-

antee a priori that all the resources perform at their best

state. A problem is that monitoring quality metrics of the

network resources in the workflow context is also in its

initial state. Truong proposed a monitoring framework

for Grid services, which monitors the resources from

four different levels: machine, network path, middleware

and application [34], and derives the QoS value for

the reliability and availability of the machines, network

paths and middleware from the monitoring.

3) We need to optimize the negotiation between the work-

flow engine and the underlying network resource man-

ager, for both resource provisioning and tuning the

scheduling of workflow (or replacing workflow com-

ponents). This is made more difficult by the ad-hoc

APIs adopted by the different network providers, which

prevent a generic solution.

4) In a scientific workflow we need to schedule multi

level resources to support real time applications. Solving

multi-level constraints between heterogeneous resources

requires different optimization searching technologies in

the problem space and it is time consuming compared

to the state updates of the underlying resources. For in-

stance, discovering suitable network paths often involves

not only searching connected intra-domain paths be-

tween network devices, but also inter-domain exchange

of topologies. Further, the evolution of the underlying

network state make scheduling more difficult.

5) We need to adapt the provenance model to include

the (network) quality of service information, and to

let the logging facility obtain such information and

record it in the database. The current provenance model

mainly focuses on the evolution of the data, and uses

certain partial relation to indicate the dependencies of

the data process; it does not explicitly include the quality

of actual services when the data was produced. Such

information can be very important for improving the

scheduling strategies utilised by the workflow engine.

We propose a QoS ware planner which covers the life-cycle

of workflow not only at composition, but also scheduling and

execution. Our system tackles the issues we just summarised

above.

IV. DESIGN REQUIREMENTS AND SYSTEM DESIGN

We had two alternatives when we looked at the inclusions of

QoS aware functionalities in a scientific workflow system: 1)

re-engineer the functional components of an existing workflow

system to include the QoS support, or 2) consider the existing

workflow systems as legacy systems, and provide QoS support

as plugged components to the system. Each alternative exhibits

advantages and disadvantages. In the context of our research,

we chose the second approach; one of the motivations is that

generic functional components can be encapsulated as reusable

tools which can serve different specific scientific workflow

systems to get QoS support.

A. Design requirements

We can highlight three scenarios where network QoS sup-

port can be applied: QoS aware resource selection, resource

provisioning and quality assured workflow execution. The

designed system thus needs to meet the following functional

requirements:
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1) The system must include QoS aware resource discovery

and selection of network resources. Network resources

and the quality attributes are necessarily described, and

a search tool is provided to check the suitable resources

based on the input requirements.

2) The system should be able to generate a resource pro-

visioning plan for selected resources based on the input

requirements. The plan is made based on the provi-

sioning services that the available network infrastructure

provides.

3) The system should be able to generate workflows han-

dling large data movement between network resources

with guaranteed data transfer quality, and wrap the

generated workflow as a service which can be executed

standalone or included in a third party workflow.

4) At runtime, the system should provide monitoring ser-

vices to track the actual quality of the network resources.

It should also provide interfaces for third party work-

flows to invoke during their provenance procedure to

record all the runtime information.

B. Agent based technologies

The Agent Oriented (AO) methodology complements the

object and component oriented methods with knowledge re-

lated notions to manage system complexity [35], and emerges

as an important modelling and engineering approach for

constructing complex systems, such as workflow management

systems. The concept of agents originated in the mid-1950s

as a ‘soft robot’ living and doing its business within the

computer’s world [36]. Wooldridge distinguished three types

of agent architectures: deliberative, reactive and hybrid [37].

The difference between the deliberative and reactive architec-

tures is that the former incorporates a detailed and accurate

symbolic description of the external world and uses sophis-

ticated logic to reason about the activities, while the latter

one only implements a stimulus-reaction scheme. Reactive

architectures are easier to implement but lack a subtle rea-

soning capability. Hybrids of the two schemes are commonly

used. During the past two decades, agent based models, in

particular reactive models, have been applied as an advanced

technology in modelling and constructing complex system.

Agent frameworks, such as FIPA [38], abstract the structure of

basic agents and define standardized communication languages

to represent interactions between agents, which facilitate the

implementation of agent based applications.

JADE (Java Agent DEvelopment Framework) is a free

software and distributed by Telecom Italy [38]. Fully imple-

mented in java, Jade realizes a FIPA compliant multi agent

middleware. In our project, a number of reasons motivate

us to choose JADE as the implementation framework. First,

the Jade platform can be distributed across machines and

the configuration can be controlled via a remote GUI. The

Java language makes the development portable; the Jade

framework allows agents move from one machine to another at

runtime. Moreover, being compliant to the FIPA protocol, Jade

provides a standard architecture for scheduling agent activities,

which makes the inclusion of high level functionality easy,

e.g., adding a Prolog module for activity reasoning. Finally,

the ontology enabled agent communication between agents

promotes seamless integration between the semantic network

description, QoS aware searching modules, underlying mod-

els of workflow descriptions, and other necessary functional

components of our system.

C. An agent based QoS workflow planner

We propose an agent based architecture, composed of a QoS

aware workflow planner (QoSWP) and five more agents: a

Resource Discovery Agent (RDA), a Workflow Composition

Agent (WCA), a Resource Provisioning Planner (RPP), a QoS

Monitor Agent (QMA) and a Provenance Service Agent (PSA).

Fig. 1 illustrates a conceptual schema of our agent system.
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Fig. 1. An agent based solution to adaptive QoS aware workflow manage-
ment.

The QoSWP coordinates the other agents to select suitable

services, to propose optimal network connections between the

services, and to create the necessary scripts for the workflow

engine to invoke the requested services. A typical use case

scenario will illustrate the role of each component (see Fig.1).

The QoSWP receives the request for data process services and

the service requirements from the user (step1). After that, the

RDA reads the description of the resources and the network

topologies from the registry, and searches suitable data sources

and destinations, and network paths between them (step2).

The RDA returns a list of qualified candidates, and sorts

them based on the quality metrics of each candidate (step3).

From the candidates, the QoSWP selects the best one, and

request WCA and RPP to generate a resource provisioning

plan and a data transfer workflow (step4 and step5), both of

which will be executed by the workflow engine (step6). At run

time, the QMA monitors the actual state of the resources and

checks whether the global quality required by the workflow

is satisfied (step7). Based on the states updated by the QMA,

the QoSWP decides whether the resources of the workflow

should be adapted. The provenance service records events in
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the resources provisioning, allocation, and combine the actual

state of the quality attributes with the log data (step7).

V. PROTOTYPE AND USE CASE

The research is conducted in the context of CineGrid. An

important mission of the CineGrid project is to provide a

dedicated network environment to connect distributed parties

from different domains to share large quantities of very-high-

quality digital media, such as the high definition video material

used in the movie industry.

We are prototyping our ideas using a small portion of

the CineGrid infrastructure as a test bed. Four locations in

Amsterdam host CineGrid resources and are connected via

dedicated and configurable circuits provided by SURFnet [39].

The results reach beyond the workflow field, and they can be

beneficial to understand how advanced network connections

enhance the digital media delivery in the academic and edu-

cation context.

In this section, we will demonstrate how the designed

architecture works in a use case, and discuss the technical

considerations to prototype the system.

A. A CineGrid use case: QoS guaranteed high quality media

on demand

We are focusing on a digital media delivery on demand

use case: the goal is to retrieve media material from the

infrastructure, and request quality guaranteed connections to

deliver the data to qualified nodes for further processing,

such as playback or visualization. Using the proposed agent

framework, the use case will be prototyped as follows:

1) The user uses the schema provided by the system to

describe the name and properties of the media, and to

specify the quality requirements for visualizing the data.

2) The QoSWP parses the user input and creates queries

for the RDA to look for data sources of the media;

3) Based on the input requirements, the RDA looks for

the data repositories which contains the required media,

and the visualization devices which meet the required

playback quality. Then the RDA looks for all possible

network paths between the sources and the visualization

devices.

4) The RDA returns a list of candidates in the form of

(source, destination, path) triplets, and the candidates are

ordered based on the quality they provide. The QoSWP

selects the best candidate from the list and send it to

the RPP and WCA to make resource provisioning plan,

and to create a workflow which can deliver the media

from the source to the visualisation device, and to play

it back in the visualization device.

5) To help RPP and WCA make the provision plan and

the workflow compliant to a specific workflow engine,

the QoSWP also explicit tells the RPP and WCA what

language of the third party engine will use.

6) After receiving the scripts generated by the RPP and

WCA, the QoSWP sends them to the third party engine

to execute the provisioning plan and the delivery plan.

B. Semantic resource description

The CineGrid community uses semantic web technologies

to describe the services, devices and the network topology.

The UvA team in the project have developed two ontologies.

The Network Description Language (NDL) [40] models the

different levels of a network infrastructure: physical, domain,

capability, layer and topology1. The CineGrid Description

Language (CDL) [9] describes the services and resources

on top of the network infrastructure2. Fig. 2 shows con-

cepts defined in the CDL. Using these two languages, we

have described the resources in the research test bed. Four

locations (UvA, SARA, De Waag and the Dutch Film and

TV institute) in Amsterdam are connected with up to two

dedicated switchable 1Gbit/s links, which can be dynamically

changed between locations using the openDRAC [41] network

provisioning software used by SURFnet.

Fig. 2. The schema of the CineGrid description language.

C. QoSAWF: an abstract workflow description language

Based on the experience of early work [18], [42]–[44], we

propose an ontology for describing abstract workflows (qo-

sawf.owl). It defines the basic concepts of workflow processes,

pre/post/execution conditions of the process, media data, and

quality attributes, as shown in Fig 3. The description of the

user request is described as an object of the Request class,

and a Request consists of one or more Processes which can

be accessed via the request Functionality property. A Process

class uses pre Condition and post Condition to indicate the

requirements for Data the process requires and generates, and

the quality for the required data. The Process class also uses

execution Condition to indicate the service quality for the

process. In the current definition, Data contains two specific

types: Media and Scientific Data. And the service quality is

modelled as set of Quality Attributes. Based on the QoS tax-

onomy defined in [10], Quality attribute can more specifically

be Precision, Timeliness, Reliability and Security Level. In our

case, where the pre and post conditions consist of requirements

for data and the data quality, and Condition and or Condition

are the two most important types. Using the above ontology,

a user is able to formulate a request for obtaining and playing

1Available at: http://cinegrid.uvalight.nl/owl/ndl-domain.owl and
http://cinegrid.uvalight.nl/owl/ndl-topology.owl

2Available at: http://cinegrid.uvalight.nl/owl/cdl/2.0
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Fig. 3. The concepts defined in the qosawf schema.

back a specific video material with a minimal resolution and

frame rate. Fig. 4 shows the graphical representation.

D. First prototype

We have compared different options to realise the resource

search mechanism; we have evaluated several Query lan-

guages (RQL, RDQL, N3, Versa, SeRQL, SPARQL) and

Rule languages (SWRL, Prolog/RDF lib, JESS etc.). We have

finally chosen the RDF library of SWI-Prolog; its triple based

manipulation interface is easy for the high level language we

use to implement the agents (Java); it is also easy to access

the runtime state of the triples. Finally, the Prolog language

provides effective solutions to realise graph path findings.

The FIPA [38] standards provide a suitable architecture

to implement distributed agents in our system. The Agent

Communication Language (ACL) allows agents to exchange

messages using an explicitly defined semantic schema, which

allows seamless integration between agents and remote Ontol-

ogy knowledge bases.

In the current prototype, the RDA receives the URI of the

user requirements and network resources from the QoSWP.

The RDA parses the given abstract workflow and searches the

resource description; it returns results in the form of (storage

host, visualization host, path, quality rank).
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Fig. 4. An example of abstract workflow description.

VI. SUMMARIZING REMARKS

In this paper, we have reviewed the state of the art of

the QoS aware workflow management. We have discussed

different technologies for realizing QoS aware resource dis-

covery, workflow composition, scheduling and adaptation. In

the review, we can summarize several issues:

1) Semantic technologies play an important role in mod-

elling QoS attributes and mapping quality description

between different layers of resources in workflow sys-

tem.

2) QoS aware service selection has been tackled using dif-

ferent solutions: minimal cost path finding in a weighted

graph, multi objective optimization or integer (con-

straint) programming. For selections with constraints of

different QoS attributes, multi objective optimization is

a better solutions.

3) The QoS of network resources have been tried in

workflow system in different ways: using workflow

to manage network services, for interactively creating

network connections from the workflow, or scheduling

part of the workflow in the resources which have special

quality connections. These solutions focuses on runtime

part of the network resource allocation, which is often

tightly coupled with the specific network service.

Based on the existing work, we have proposed an agent

based solution to include QoS aware network resources plan-

ning in the loop of workflow composition, provisioning and

execution. We have proposed an RDF based schema for

describing the data and QoS requirements in an abstract

workflow.

The research is conducted in the context of the CineGrid

project; however, the results of the research aim to be generic

and applicable for any e-Science applications which suffer

from the bottleneck of transferring large quantity data over not

optimal networks. We will develop the QoSWP as a generic

service for legacy workflow engines to support QoS aware
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network resource selection, provisioning and invocation of

network services for transferring data. Moreover we will define

a provenance model which includes the causality relations

between scientific data and the quality of the utilised resources.

This will allow scientists to investigate the dynamics of the

underlying resources allocation and to optimize the workflow

scheduling strategies. The work described in the paper is still

in its early stage. The research will proceed as follows. Firstly,

we will prototype the RDA to enhance an early version of the

CineGrid portal developed in the UvA for QoS aware network

resources discovery. Secondly, we will realise the WCA and

RPP; we will use the VLEWF-Bus system [45] as the first test

case for the underlying third party workflow engine. Thirdly,

we will focus on the QMA and PSA. The OPM will be used

as starting model to develop PSA.
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Abstract—Mergers and acquisitions (M&A) have become fre-
quent events in today’s economy. They are complex strategic
transformation projects affecting both - business and informa-
tion technology (IT). Still, empirical studies reveal high failure
rates regarding the achievement of previously defined objectives.
Taking into account the role and importance of IT in modern
business models, the consolidation of application landscapes
and technical infrastructure represents a challenging exercise
performed during the post-merger-integration. Unfortunately, not
many artifacts in the form of tangible concepts, models, and
methods exist facilitating the endeavors of merging IT.

After providing a broad overview on relevant literature in the
area of M&A from a business and IT perspective, this article
presents a method artifact for consolidating application land-
scapes in the course of a merger. It originates from the approach
applied during a case study in the telecommunication industry
where the application landscapes of two formerly independent
lines of business have been merged.

I. INTRODUCTION

For almost 100 years mergers and acquisitions (M&A) have
been used as a strategic management instrument in many
enterprises [1]. In the 21st century, the appearance of corporate
consolidations and reorganizations remains remarkably high,
whereas M&A are not single events, but rather an integral part
of modern business strategies [2]. A typical driver for M&A
is the realization of increased market power through inorganic
growth, resulting in economies of scale and cost reductions [3].
Penzel [4] for instance, speaks of annual cost savings between
10% and 20%. Moreover, new markets may be conquered
through the enlargement of the product and service portfolio
in order to realize economies of scope [4].

Although the two terms “merger” and “acquisition” in
M&A are often used as synonyms, both words denote slightly
different things and should not be misperceived [5]. Whereas
the terms are sufficiently defined and consistently applied in
the Anglo-Saxon publications (especially in the United States),
German literature still lacks a commonly accepted distinction
between both concepts [6]. However, looking on M&A from
an information technology (IT) perspective, it is sufficient to
consider M&A as any type of enterprises’ fusion under one
economic authority, independent from the legal status of the
participants.

Despite their frequent occurrence, approximately 50% of
all M&A succeed [7]. Gerds [1] even reports a failure rate
higher than 60% which is confirmed by a multitude of
empirical surveys [8], [9]. Several studies evaluate risks and

common pitfalls in order to identify key success factors for
M&A planning and post-merger-integration (PMI) projects.
Our literature research resulted in the subsequent list, which
is mutually agreed upon by the majority of authors ([10], [11],
[12], [13], [14]), even though they apply different languages
and terminology:

• Clear business vision - committed, explicitly described,
and measurable

• High aspiration level, definite directions, common perfor-
mance indicators

• Stakeholder management, effective communication, and
corporate cultures

• Project organization (structures and processes)
• Coordinated and holistic planning of business and IT
• Consistent decisions for business and IT
• Knowledge management
• Risk management
• Realize growth and demonstrate early wins

Given that the majority of enterprises are characterized by
intensive usage of IT today [15], [16] as well as regarding the
items of above’s list, it becomes obvious that IT also should
be taken into consideration during M&A. According to the
Gartner study “IT Spending and Staffing Report 2008” [17],
typical investments for IT account for around 3.4% of the
annual revenue. Even if for many of these enterprises’ IT
presently still plays an inferior role by supporting main busi-
ness processes only, medium to large size companies cannot
be imagined without it. Unfortunately, the significance of IT
is often undervalued in the course of M&A and resulting
integration endeavors [18], [16]. This argument is underpinned
by the work of Johnston and Yetton [19], who emphasize that
the IT division can be critical to merger success in M&A of
large enterprises particularly during the intractable activities
of the PMI phase.

In this article, the term integration refers to post-merger-
integration phase of a merger or an acquisition. Although
sometimes the term is differently defined when taking a
closer look on current literature [20], [21], integration can be
regarded as a logical consequence realizing a strategic deci-
sion in comprising the totality of changes and process steps
necessary for the consolidation of two different entities. In the
following, the terms integration, merge, and consolidation are
used interchangeably for ease of reading. Furthermore, this
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article considers an integration as a complete amalgamation
of two or more entities resulting in one remaining entity.

The integration of IT includes the consolidation of two or
more heterogeneously evolved application landscapes which
previously supported different businesses. In the case of a
complete integration, those landscapes are consolidated en-
tirely, hence coupling solutions and green field approaches are
not considered. Consequently, in the aspired future application
landscape each single functionality is realized non-redundantly
by one dedicated application. When it comes to specific
artifacts facilitating the integration of application landscapes
in the course of M&A projects, little literature exists, both
in academia as well as in practice [22], [23], [19]. In this
regard, an artifact refers to all innovations attempting to create
utility for an organization: constructs, models, methods, and
instantiations as specified by [24]. The present article proposes
a method for consolidating historically independently grown
application landscapes originating from a case study in the
telecommunication industry in which two lines of business
(LoB)s have been integrated. Thereby, the planning and im-
plementation was based on the enterprise architecture (EA)
framework TOGAF (The Open Group Architecture Frame-
work) [25], which was tailored in order to fit to the specific
merger context.

The remainder of this article is structured as follows: Sec-
tion II provides a solid overview on existing M&A literature
covering the business and IT view on the topic. In Section III,
a method for integrating two different application landscapes
is presented as applied in the case study. Finally, Section IV
concludes by summarizing the article and outlining further
fields of research.

II. RELATED WORK

When addressing the challenge of IT integration in the
course of the merger business and IT related sources have
to be taken into account. First group of literature focuses
on the overall M&A process and conditions from a business
point of view while the second group explicitly copes with
merger relevant IT topics. Complementing both views, we
also examine a representative subset of enterprise architecture
management (EAM) literature, which provides a holistic view
on an enterprise with regard to concepts and ideas addressing
M&A challenges like consolidating application landscapes.

Approaching M&A from a business stance, the work of
Bänzer et al. [26] constitutes a comprehensive and widespread
overview. By differentiating between a general planning, exe-
cution, and integration phase, it thoroughly investigates on the
different forms, activities, organizational impacts, constraints,
and artifacts which designate M&A projects. Nonetheless, the
role and importance of IT is solely motivated by a high-
level IT due diligence checklist [26]. The in German-speaking
countries well known book of Jansen [6], gives a systematic
introduction to the topic of M&A from a business point of
view. Once again, IT is not in the scope of this work. Gerds
and Schewe [1] shed light on M&A by elaborating a so-
called “recipe for success” regarding beneficial post merger

achievements. In providing several case studies from global
positioned enterprises, the work points out main differences
between top performer and M&A average. Nonetheless, the
significance of IT is not elaborated on in detail. Further
literature proposes specific taxonomies, calculation rules, and
financial metrics to evaluate the outcomes of a merger [7].
However, IT mostly plays a minor role [27] or is even entirely
omitted [28]. In summary, due to their business focus this
group of literature sets the overall context of the merger but
does not provide specific artifacts for the consolidation of IT.

Tackling M&A from an IT perspective, the work of Mik-
litz and Buxmann [22] points out four different integration
strategies for application landscapes. The authors present a
concrete design artifact for selecting applications expressed by
a decision model which targets at the standardization of the
landscape. Unfortunately, their article refrains from evaluating
the model in practice. Penzel and Pietig [14] propose a so-
called “Merger Guide” structuring bank mergers into time
slices and dimensions. The authors highlight the importance
of IT, represented through a proper dimension in the merger
process and spend a dedicated chapter dealing with IT during
M&A. Besides pointing out relevant system integration strate-
gies, system transition plans, and a layer model of a bank’s
system architecture, the work also considers data migration
and the shutdown of obsolete systems. Nevertheless, Penzel
and Pietig do not provide concrete methods or key deliverables
to carry out the transformation from multiple application
landscapes to one.

Considering current literature in the domain of EAM, M&A
is mostly addressed as one possible field of application and
in a brief manner only. Ross et al. [29] observe, that a
certain maturity level of EAM is a prerequisite to manage
M&A. Nevertheless, the authors do not explicitly address
EAM processes or methods, but rather present several M&A
case studies. Niemann [30] shortly sketches a merger situation
as well as the implications on the application and infrastruc-
ture landscape during the development of planning scenarios
without providing a method to deal with this type of situation.
Focusing on the general management of integration projects,
Winter examines a series of case studies. He identifies M&A
as one major trigger for integration projects [21] and motivates
the need for a situation specific integration method being
applied in the course of a PMI phase. Keller [31] dwells
on mergers within IT application portfolio management. He
consciously creates the link between EAM and M&A by
presenting the ladder of integration and the basic pattern of
application consolidation. Still, no specific method is proposed
aiming at consolidating application landscapes.

Due to their high practical relevance and continual in-
creasing awareness amongst academia, EA frameworks are a
valuable source when it comes to M&A. While frameworks
such as Zachman [32] only classify the descriptions of an
EA, The Open Group Architecture Framework (TOGAF) [25]
also provides elements to establish a sustainable architecture
function in an organization and proposes an Architecture
Development Method (ADM). However, since EA frameworks
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are a collection of best practices covering a broad range of
use cases, relevant parts of the chosen framework have to be
selected and explicitly tailored to the specific needs. The same
applies to the case of M&A.

In the reviewed literature, concrete M&A artifacts for
merging IT are rarely addressed. Most notably, the consoli-
dation of application landscapes is not elaborated in detail.
In the majority of cases, the authors differentiate between
the general strategies for IT consolidation: cherry picking,
steamroller, co-existence and green field approach [19], [31],
[22], [33]. Unfortunately, these depicted suggestions remain
rather general and abstract. In contrast, the method proposed
in subsequent Section explicitly copes with the consolidation
of independently evolved application landscapes, ranging from
initial clarification of the common business vision to planning
of a roadmap on an application level.

III. METHOD TO CONSOLIDATE APPLICATION
LANDSCAPES

A. Preliminary considerations

A M&A situation between two companies whose business
models rely on IT inherently entails the complete integration
of the application landscapes during the PMI phase in order
to realize the intended synergies. Following a theory-building
approach from one or more case studies as motivated by
Eisenhardt and Graebner [34], this section suggests a method
artifact for application landscape consolidation. Thereby, the
method is based on a case study from the telecommunication
industry, hence the focus lies on theory building rather than
testing the designed artifact. After a brief introduction to the
case study, the resulting method is presented in the first part of
this section. Subsequently, the article continues by describing
each method step in detail. In doing so, every single step is
accompanied by the respective part of the case study printed
in italic letters.

B. A case study from the telecommunication industry

The telecommunication group comprises two lines of busi-
ness (LoB)s - fixed line and mobile business. The newly-
defined corporate strategic goal driving the merger of both
LoBs was to increase customer satisfaction achieved by high
service quality during each contact. Another major require-
ment was the responsive support of personalized market-
ing campaigns providing customers with product and ser-
vice offers in a timely manner. Consequently, the need for
an integrated customer relationship management (CRM) had
been identified. Both LoBs acted in different competitive
environments with individual business models, products, and
processes but with partly identical customers. Furthermore,
their CRM application landscapes have been developed in-
dependently to a large degree in the past.

In order to establish an integrated CRM supported by
a common application landscape, the commissioned CRM
project team used the presented method to fulfill subsequent
core tasks:

• develop a comprehensive and corporate-wide approved
vision for CRM consisting of the business target picture
and the architectural blueprint

• gain transparency about the current CRM application
landscapes of both LoBs in addition to their associated
costs

• develop the target CRM application landscape as well as
general architecture principles for the subsequent imple-
mentation initiatives

• elaborate an implementation roadmap, taking into account
the existing CRM roadmaps of each individual LoB

Thereby, it was especially important to balance between
strategic corporate goals and operative process and data re-
quirements of the various sales and service divisions at the
two LoBs. Both had to be considered in the target application
landscape. At this point in time, the parallel business project
which was in charge to work out the common target business
processes was not completed. Therefore, a stable structure to
coordinate the business and the IT project was required to
start work immediately and integrate the different requirements
relevant to the common CRM later on.

C. Method overview

The presented method is based on the EA framework
TOGAF [25] and provides an approach for consolidating appli-
cation landscapes driven by a merger and acquisition activities.
Typically, the main IT integration work is performed during
the PMI phase by means of one to more dedicated project(s).
Figure 1 shows the stringent top-down approach which has
been derived from the TOGAF Architecture Development
Method (ADM). The ADM, as one core element of TO-
GAF, describes the holistic development of architectures (i.e.
business, information systems, and technology architecture)
following 11 distinct phases. Therefore, the method allows to
interlink IT consolidation activities with general integration
work conducted in other domains, e.g. business processes,
resources, or staffing.

The final deliverables of the presented method artifact
consist in a business target picture, an architecture blueprint,
and an implementation roadmap. Table I provides short a
definition of each term. After pointing out basic information
and main context of the case study in which the method was
successfully applied, the different steps of the artifact are
explained in detail. At the same time, each individual step
is exemplified by the experiences made and the challenges
encountered during the execution of the case study.

D. Detailing the method

1) Design and establish governance model: Before work-
ing on the project’s core task, i.e. the consolidation of appli-
cation landscapes in the course of the PMI phase, an overall
governance model is established. The main rationale behind is
to provide a binding working environment and to form a foun-
dation for all subsequent method steps performed by the re-
sponsible project team. As major constituents, the governance
model gives information about the project organization, clear
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1
Design and Establish Governance 

Model

2
Understand and Document Business 

Target Model 

3 Develop Capability Map

4 Develop Architecture Vision

5 Capture Baseline Architecture

6
Evaluate Alternative Target 

Application Landscapes

7 Evaluate Financial Impact

8 Plan Implementation Roadmap

9
Implement Governance and Change 

Management

Fig. 1. A method for consolidating application landscapes

TABLE I
KEY METHOD DELIVERABLES AND THEIR DEFINITION

Name Description
Business target picture An explicitly documented common corpo-

rate vision for the respective functional
scope.

Architecture blueprint A description of the target application land-
scape on a logical level.

Implementation roadmap A list of individual steps of change laid out
on a time line to show progression from the
baseline application landscape to the target
application landscape.

responsibilities, conductive rules for collaboration, reporting,
as well as effective escalation paths. Besides the formal
governance model, the overall project success strongly relies
on the management of multidisciplinary stakeholders and the
establishment of adequate communication and information
activities.

The project steering committee of the telecommunication
company was given the mandate to act as the required cross-
LoB decision board by forming an interim architecture board
for the time of the project. In total, the CRM project had
to manage a group of nearly 50 stakeholders. This included
representatives of various business units (e.g. CRM, marketing,
sales, and product management department), IT, and control-
ling from both LoBs, who had to be regularly informed about
the transformation progress. Fortnightly information sessions
were scheduled to present and discuss relevant architecture
views.

2) Understand and document business target picture:
During the second step, the mandate of the application
consolidation project including the functional scope, rights,

and responsibilities, is specified in more detail and formally
agreed upon. The functional scope is defined with the help
of architecture segments, which according to TOGAF are “a
detailed, formal description of areas within an enterprise,
used at the program or portfolio level to organize and align
change activity.” [25]. The business target picture is thoroughly
analyzed and documented in order to derive the strategic
requirements, which will drive the development of the target
application landscape.

The clarification of the business target picture for CRM of
the company was based on a study about CRM market trends
in the telecommunication sector, an analysis of the company
strategy and business goals, as well as interviews with se-
lected executive management representatives of both LoBs. It
included the substantiated requirements from a business point
of view, which had to be addressed by the target application
landscape. The definition of the functional scope of CRM was
achieved in close coordination with the corporate-wide enter-
prise architecture initiative. This initiative had the mandate
to develop an overarching architecture model consisting of
non-overlapping segments which represent distinct business
domains (e.g. CRM, billing, product management, or logistics).
Based on the elaborated segment structure, responsibilities
considering the business and IT requirements could be non-
ambiguously mapped. By this means, the CRM project team
was able to develop the target application landscape for the
agreed CRM segment, while routing requirements to their
respective projects. For instance, requirements which resulted
from the business target picture for CRM but related to
different segments. Additionally, a set of architecture principles
was derived from the business target picture as main guidelines
to ensure a strategy-aligned execution of the implementation
roadmap.

3) Develop capability map: In this step, a common lan-
guage and structure for the relevant segments of the con-
solidation project is established among the multidisciplinary
stakeholders. This is especially important to ensure a high
degree of acceptance and sustainability for the solution to be
developed in the course of the project. A capability map is
used to break down the relevant architecture segment. Again,
this article adheres to the definition of TOGAF, where a
capability represents “an ability that an organization, person,
or system possesses” [25]. According to TOGAF, capabilities
are typically expressed in general and high-level terms, e.g.
customer contract management or campaign management.

The defined CRM segment was detailed using a CRM
capability map to provide a common terminology and structure
among the different stakeholders from business units, IT, and
controlling of both LoBs. The commonly agreed cross-LoB def-
initions for the CRM capabilities have been identified during
a series of workshops with business and IT representatives.
Afterwards, the functional view of the capabilities was com-
plemented with major business objects, including definition
of ownership and depending information flows. As a mean of
communication, a graphical representation of capabilities and
assigned business objects was elaborated.
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4) Develop architecture vision: The architecture vision
depicts a high-level view on the as-is and target enterprise
architecture, according to the priorly elaborated business target
picture. As one key element of the architecture vision, the ar-
chitecture blueprint describes the target application landscape
on a logical level. It is needed to analyze and compare existing
application landscapes in order to support the selection of the
target applications. To facilitate the comparison of the differ-
ent applications, logical architecture building blocks (ABB)s
which cluster functional and non-functional requirements, are
assigned to the capabilities identified in previous step. Thereby,
an ABB “represents a (potentially re-usable) component of a
business, IT, or architectural capability” [25] as defined by
TOGAF.

The CRM target application landscape was described on a
logical level, according to the formulated CRM business target
picture. The architecture blueprint was worked out in a series
of workshops with subject matter experts and business and IT
representatives of both LoBs. The various requirements from
the CRM business target picture could ultimately be classified
and consolidated on the basis of the capabilities. Afterwards,
the planned IT support for the elaborated capabilities was
described in the form of ABBs before key business objects
were mapped to those ABBs in order to define data mastership
and information flows derived from data usage. To ensure
consistency regarding further IT initiatives in the company,
the resulting architecture blueprint was also cross-checked in
terms of feasibility against other segments. At this point, the
business requirements which have been refined and detailed
by the parallel ongoing business project were incorporated in
the identified ABBs.

5) Capture baseline: In order to select the applications
that optimally support the elaborated architecture blueprint,
the baseline of existing applications is captured. Different
applications are compared on the basis of information about
their lifecycle, functional, non-functional, and financial cri-
teria. Thereby, the developed architecture blueprint including
capabilities and architecture building blocks is applied as a
common reference structure to make results comparable.

To define the major applications from both LoBs that
support the described architecture blueprint, the baseline
of existing CRM applications was captured. To compare
nearly 150 applications, a tool-based inventory with lifecycle
information, functional and non-functional requirements, as
well as financial properties was created. The analysis of the
baseline did also include already planned changes within the
application landscapes of both LoBs and existing migration
roadmaps. Depending on the main functionality identified with
subject matter experts from business and IT of both LoBs,
each application was assigned to those ABBs it supports.
This allowed for a direct comparison between the functionality
offered and as-is costs of both application landscapes on ABB
and capability level.

A brief illustration of assignment of applications to ABBs
is depicted in Figure 2. In this example, the business seg-
ment “Customer relationship management” consist of the

two distinct capabilities: “Contract management” including
three ABBs, and “Campaign management” containing two
ABBs. In the depicted scenario 1, ABB 1 and ABB 2 of
the capability contract management are realized by the func-
tionally enhanced application of LoB2 (APP 2). For ABB 3,
a new application (APP 7) is needed to meet the common
requirements. The capability campaign management is best
supported by an application of LoB 1 (APP 5). Note that
the business objects described above are not shown in this
example.

6) Evaluate alternative target application landscapes:
To select the optimal target application landscape, different
alternatives are evaluated against functional and non-functional
requirements attached to the respective ABBs. In each case,
the required migration steps towards the target application
landscape are elaborated and documented (e.g. functional
extensions, data migration, or retirement).

In the case of the telecommunication company, three differ-
ent target scenarios were evaluated. In each case, the required
migration steps towards the target application landscape have
been derived by the project team, additional subject matter
experts of business departments, and IT of both LoBs.

7) Evaluate financial impact: To support the decision for
one target application landscape, a corresponding business
case is worked out. The calculation has to encompass esti-
mated transformation costs, current operation and maintenance
costs, as well as estimated saving potentials. Costs are struc-
tured according to LoB-specific cost center structures, but for
an in-depth comparison a common reference is necessitated.
The different alternative target application landscapes can be
evaluated using the formerly elaborated capability map which
is extended through the application of a novel controlling
approach allowing to analyze costs and benefits of the transfor-
mation on capability level [35]. Finally, the step is concluded
with the decision for one target landscape.

Due to the project scope, an IT cost case model was
applied in the case of the telecommunication company. The
estimated costs and saving potentials on application level
were structured and communicated using a CRM capability
map which was extended by financial information. In follow-
up projects, the IT cost case model was complemented to a
full business case by incorporating benefits identified on the
business side.

8) Plan implementation roadmap: Finally, an implementa-
tion roadmap (cf. Figure 3) for the selected target applica-
tion landscape is elaborated. The business vision is broken
down into major milestones, which realize concrete business
value (e.g. establishment of a common information base).
The required activities concerning the different application
landscapes can be grouped in workpackages according to
these milestones. In addition, those applications that have to
be modified (e.g. functional extensions, data migration, or
retirement) can be assigned to each of these workpackages.

The implementation roadmap represented a step-by-step
migration plan for the preferred scenario. It points out the
sequence of projects to be carried out in order to build
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Fig. 2. Exemplary assignment of different LoBs’ applications to the elaborated architecture building blocks

one common CRM application landscape. Additionally, the
developed roadmap considered all formerly existing projects
of each LoB and highlighted resulting dependencies.

9) Implementation governance and change management:
Lastly, an adequate implementation governance has to be
established in order to guide the following implementation
projects. According to TOGAF [25], implementation gov-
ernance provides an architectural supervision of the imple-
mentation. Therefore, a common set of recommendations and
guidelines is formulated. Regular checkpoints are established
along the implementation process to guarantee conformance
with the defined target architecture and ensure the realiza-
tion of the estimated business value. Furthermore, a proper
change management establishes procedures to identify needs
and manage changes in order to adjust the implementation
roadmap if necessary. Implementation governance and change
management have to be closely integrated into general inte-
gration activities.

The set of architecture principles defined in step 2 ensured
a strategy-aligned execution of the developed implementation
roadmap and change management was organized. By reasons
of the continuous character of these two activities, the project
organization was formally closed and the responsibility was
handed over to the line organization.

E. Conclusion

This section presented a method for consolidating appli-
cation landscapes by following a theory-building research
approach. In the presented case study, the defined core tasks
have been achieved in time and budget. Due to the successful
accomplishment, the method has been debriefed as a reference
method for the respective telecommunication company. The
main benefits of the method perceived by the project sponsor
and the participating stakeholders were

WP

WP

WP

WP

Milestone WP Workpackage
Legend

Application App

Fig. 3. Exemplary implementation roadmap

• the consistent planning, from corporate strategy for CRM
to IT implementation,

• the stringent methodology, transparent and traceable for
business and IT,

• the establishment of a common terminology and a com-
mon understanding for CRM, and

• the strong involvement of key stakeholders.
These benefits generated in this PMI project tie in with the

general key success factors for M&A presented in Section I.

IV. OUTLOOK & DISCUSSION

M&A can be seen as complex and intricate company-
wide transformation projects attempting to integrate two for-
merly disjunctive business entities. Unfortunately, they are
often leading to disillusioning economical results or complete
failure. Due to the fact, that IT is an integral part of the
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business model in many industries, its importance during an
M&A should not be underestimated. However, the selected
literature analyzed in this article does not provide relevant
artifacts, i.e. concepts, models, and methods helping to meet
the challenges of an IT integration. In particular with regards to
the complete consolidation of different application landscapes
in the course of a merger, no comprehensive approach exists
to the knowledge of the authors.

By examining a real-world case study in which two differ-
ently administered lines of business had to be integrated from a
business and IT perspective, this article proposes a method ar-
tifact aiming at consolidating formerly independently evolved
application landscapes. As one core concept of the presented
method, capabilities proved to be valuable in serving as a
stable foundation between business and IT when assessing
two landscapes from a functional, non-functional, as well
as financial point of view. Furthermore, the document also
showed how an adapted TOGAF Architecture Development
Method (ADM) can be successfully applied in the context of
M&A.

The method requires further evaluation and justification in
order to prove its applicability and relevance for the merger
context. While the artifact has been established as a standard
method in the respective telecommunication company, it is
currently re-applied in the course of an application landscape
consolidation project of two German software companies. In
this vein, the artifact could be further on extended by a dis-
tinctive role and organizational model depicting the different
actors and their respective points of action during the method.
Moreover, specific context factors of M&A as described by
business resources (e.g. [1], [15]) should be taken into account
when refining the method. In a subsequent step, concrete
architecture viewpoints validated by means of complementary
case studies should be designed and evaluated.

In all, this article presents an initial foundation when
studying IT integration during M&A situations. The depicted
method is one of several artifacts which is useful in supporting
the consolidation of application landscapes during the PMI
phase.
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1�������� C� �C������C� �"�!C#�C�#��C��C�����EC#�� C�#�"�C
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�& �����C'E����!��C#���C*C������D+�!CDEC� �C5��C��E$

�"���<

D�C��<8C�DF�E��%D��"DE�C�"� ��D���C�E�����D��&
    TT2: is_issued(TT1)

    Occurs(TT2)

Then occurs(valid(TT1), instant(TT2))

If  TT2: valid(TT1)

     Occurs(TT2)

Then Holds_on(valid(TT1), period(TT3))

Period(TT3) Equals(5y, 50y) 

#& 'E����!��C#���C�ECF��D���C#���D���C��C�E���C*C���$

���D+�!CDEC� �C9�����H	0C��E�"���C:3.//;;=�C!�$

�D�E�! C �� C ������D+� C F�EF���"�� C ���� �,� C .� C � �C

'E����!��C#���CD�C���������C� �C��D�DE��CF�EF���"��C

���� � C E����D�E C  �� C #��E C �"���E��! C �D� C �"++�C

��������C������EF���C��'�EC����C:3.5	;@=�

[CRB]  –  actn  ->  [change]  –  manr  -> 

[proportionally] :-

[sit = [fluctuations] – attr -> [fre-

quent],

-  ptnt  ->  [DER]  ]  <-  tref  –  [TR  = 

[[GCGty: #ctx] – TAgo -> [month: {}@3]] 

<- TOvr].

(if during the past 3 months frequent 

fluctuations of DER has been observed, 

then CRB changes proportionally)

[CRB] – actn -> [lower] :-

[sit = [decrease] – ptnt -> [DER]] <- 

tref  –  [TR  =  [Year:  2004]  –  Tsnc  -> 

[GCGty: #end]].

(if since the end of 2004 the decrease 

of DER has been observed, then CRB low-

ers)
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,C.C� ���C�����E��D�EC�ECF�EF���"��C���� �CD�C�D��ECDEC.���E!D�C/�

!& ���E�������D�EC��C�D��C�E�����D��C��C�#��DEC�EC"ED$
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If  TT2: valid(TT1)

     Occurs(TT2)

Then Holds_on(valid(TT1), period(TT3))

Period(TT3) Equals(1825d, 18250d) 
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�E��C� �C�DE��C��������C������D���C�EC� �C�������C� ���C���C

� �C������DE�C��������C�#C�F��8

$ ���E�8C�DF�E��CD��"DE��C�������D�E��CF �E��C��C�C#��$
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��D�E�C��C�B��

$ ��F�8C���D!D��C��C�C�DF�E��B
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$ F�E���E�8CDE������C:<M,@!�C<M,@;!=C*C��C#�C!�E���!C

��C�,�

$ ���D�#��8C�E�����D���C�DF�E���

$ DE������8C-C��E� �C#�����C� �C������EF�C��DE�C�;C*C��C

#�C!�E���!C��C�-�C�ECDE������C����C� �C�E!C��C,;;?C��C
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��CF�E����C#�� C'E����!��C#����C�E��C.���E(�CDE������C��$

��#��� C��C DE���!"F� C ���C���!DF����8 CA.)%� ��� C� �& C �E!C

���.����C%DE�������C��E�� &�C.����CF�E����D�EC���C� �C�"���C

%#�� C#����C�����!C����� ��&�C"�DE�C� �C�D��C�E������C����#$

�D� �!CDEC����C!&C���C��C� �C������DE�C����8

OCCURS(ACAUSE(issuing_authority,  li-

cense_issuing), t1) ⇒ OCCURS(license_is-

suing, t1)

OCCURS(license_issuing, t1) ⇒ HOLDS(li-
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Abstract—In the paper, a novel two level algorithm of time
series change detection is presented. In the first level, to iden-
tify non-stationary sequences in processed signals preliminary
detection of events is performed with short-term prediction
comparison. In the second stage, to confirm changes detected
in first level a unique changes similarity method is employed.
Detection of changes in non-stationary time series is discussed,
implemented algorithms are described and results produced on
exemplary four financial time series are showed.

I. INTRODUCTION

I
NFORMATION on changes in analysed time series is

relevant to detect alarm situations, in particular, when

signals are processed in real-time systems. Implementation of

dedicated algorithms to event detection from non-stationary

time series requires considering many factors, such as statisti-

cal and frequency-domain data characterisation, different type

of short- and long-term changes, time lags between events

or sampling frequency. Results given with such algorithms

are helpful in advanced data analysis, prediction and finally—

decision making process.

Our research are aimed at advanced algorithms of time

series change detection, based on statistical approach, sig-

nal analysis [4] and employing immune paradigm to

event detection support [15]. In particular, we proposed

a method to gain information on early symptoms of sig-

nificant changes by analysis of short-term prediction effi-

ciency [14], [16], [13], [15] through comparison between zero-

order-prediction (ZOP)/zero-order-hold (ZOH) model [1] and

adaptive Holt predictor [9]. Proposed method is suitable for

a particular type of changes in signals, for example occur

in financial time series which consist of many non–random

components. We also showed that application of artificial

immune systems techniques [8], [21] is a way to improve event

detection and thus prediction efficiency (especially prediction

error variance). In the paper [15] we proposed original idea

of implementation immune based approach to early detection

This work was supported by the European Regional Development Fund,
Grant no. UDA–POIG.01.03.01–12–171/08/00.

of significant changes in time series (long term changes of

mean value), where detection is decomposed into two stages:

fast detection of nonselfs (employing fast statistical and pre-

diction procedures) and then more accurate (and more time–

consuming) recognition of the nonself type and the system

recovery. In the papers [15], [18], [17] an improvement of

this idea aimed at long term event detection were described.

The aim of this paper is to provide detection method of

changes in diagnostic signals to early detection of emergency

situations. It has been designed for monitoring a set of diag-

nostic signals (medical, technical, financial ones) to capture

differences, i.e. unusual behavior of selected signal (process

variables). Such solution may be implemented as detector

of rapid changes in signal (for example alarm situations as

dangerous changes of technical process temperature, liquid

pressure) or exceeding the threshold valued of process lim-

itations (technology losses minimisation).

We present and analyse two-level algorithm of change

detection in time series, based on simultaneous processing

of two time series of fixed length in a moving window, to

capture unique changes—which occur only in one of two

processed diagnostic signals, i.e. are not results of the same

external factors. In the first stage, preliminary detection of

events is performed with one-step-ahead prediction compar-

ison given with methods dedicated to stationary or non-

stationary data [19], [1], [13]. In the second stage, to confirm

changes detected in first level, a unique changes similarity

method is employed.

Proposed event detector is tested on financial time series—

stochastic processes with unknown random inputs, which are

hard-predictable and difficult to perform reliable statistical

analysis, compared to technical ones. Therefore, efficient event

detection in financial ones with proposed algorithm will indi-

cate its applicability to technical time series (as a starting point

for further implementation and adjustment in order to detect

well-defined, specific changes).

In this paper, we describe the detection algorithm as a

part of large detectors set capable of—through two signals
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concurrent processing—handling possible event patterns in

processed time series. Such idea can be further developed

as an autonomous event detector and implemented as one

component (e.g. agent) of available set supervised by T-

lymphocyte (immune-like event detector [15]).

II. EVENT DETECTION FROM TIME SERIES

Event detection from time series is aimed at identifying

short and long term periods of uncommon series behaviour,

analysed in moving window, to detect a change in station-

arity due to random external factors. Event detection task

may be viewed as finding corresponding probability distribu-

tion [13], [14], [16] or as unsupervised classification task (one-

class classification) where one may describe only one class

and a method to distinguish between possible object (decision

boundary between normal and anomaly class) with appropriate

(training set tested) mapping function [19].

Considering long-term signal changes, detection of short-

term "announcing" events may be a way to perform faster

computation compared to classical, but robust statistical pro-

cedures of long-term changes detection. Such events may

precede statistical properties changes in processed series and

generate the need of adjust of assumed analysis window width,

i.e. change of detection delay thus probabilities of false alarm

and undetected events [12].

An implementation of given algorithmic method depends

on input data properties (statistical, frequency, dimensional-

ity, completeness), attributes of events (amplitude, duration,

periodicity, applicability, coincidence, delay) or permissible

detection error. Many algorithms require adjusting parameters

and signals selection to specific conditions of dataset. In

practice, usually the most important is appropriate selection

of classification algorithm which directly affects the detection

reliability and a possibility of implementation for heteroge-

neous data sets.

An application of a detection method suitable for dataset

requires is to find specific attributes of events and the use

of dependencies between processed signals and occurring

events (often delayed). To achieve this aim, a number of

methods can be exploited to time series quantitative analyses,

such as analysis of the frequency of events [10], analysis of

trends, patterns and characteristics similarity [12] or statistical

methods for testing deviants and outliers, algorithms based on

neural networks, genetic algorithms [11] and other data mining

techniques applied to event detection from time series [7], [10],

including methods based on similarity measures, in particular

distance ones [22]. However, reliable results produced by

such algorithms usually depend on length of series or learn-

ing [15] and highly accurate estimation of parameters such

as mean value, information about trend, dynamics parameters

and random component dispersion—which are an input for

statistical tests [20]. In this paper we focus on methods based

on similarity measures and signal analysis.

Fig. 1. A block diagram of unique changes similarity algorithm.

III. A UNIQUE CHANGES SIMILARITY METHOD

Considering event detection from one time series, un-

usual behavior (non-stationarity) may be recognised as abrupt

changes of mean value (visible as deviations exceeding fixed

threshold), sequences of changes (of the same or different

signs) or patterns understood as specific configuration of devia-

tions. Considering a pair of time series, original (unique) event

detection may be viewed as a selection of events occurring

only in one processed dataset. To capture such events we

propose distance-based similarity measures [5] applying in a

moving window.

One of novel measures, designed and developed for a partic-

ular problem is an unique changes similarity method (distance-

like one), first mentioned in our earlier papers [5], [17],

denoted as method U and measure dU . It is dedicated to

identify unique changes which are considered as sequences

of deviations of the same sign with different sequence length

(1,2,...,N ) exceeding an arbitrary fixed threshold—ρU in two

processed diagnostic signals of the length N (constant moving

window width N is assumed).

The goal is to calculate a similarity coefficient—distance

measure dU (see equations 1–3) based on counting of se-

quences of fixed length (subsequences of different length or

signs are treated as different ones). A block diagram of such

detection for one sample (for assumed window width N ) is

shown in figure 1.

’Distance measure’ term is used instead of distance or met-

ric because all required conditions related to formal definition

of metric are not satisfied, in particular symmetry condition.

To compute dU value three partial calculations are per-

formed (eq. 1–3). Coincidence percentage of detected se-
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quences of deviations in analysed signals is calculated as:

wpzg = wp

Kk∑

k=1

k·min(Lkx, Lky) (1)

where Lks denotes a number of sequences of length k in series

s (x or y). To compute coefficient wp the following formula

is employed:

wp = 1/(

Kk∑

k=1

k·max(Lkx, Lky)) (2)

Finally, distance measure dU is computed as:

dU = 1− wpzg (3)

Notice, in case of similar sequences in both series dU will

have 0 value (wpzg near 1). As threshold ρU value, standard

deviation in moving window or its multiplicity may be used,

however, arbitrary adjusting may be valuable.

To avoid an impact of time delay between events, for

instantaneous values of computed distance measures dU , a

tolerance (denoted as Ltol) is assumed as permissible delay

between analysed signals. For each time instant t, a number

(Ltol) of distance measures dUn is calculated for time instants

n (n = t−Ltol+1, . . . , t). Finally, dUn for which the lowest

value was obtained is taken as the measure dU between two

subseries for sample t.

IV. TWO-LEVEL CHANGE DETECTION ALGORITHM

Proposed algorithm is designed to different types of diag-

nostic signals. We have chosen financial time series as difficult

ones to perform event detection or forecasting because of

existing many non-random components. Notice, that financial

time series are available from heterogeneous sources, however,

causal-consecutive dependencies between time-lagged events

are possible.

Proposed hybrid algorithm performs detection in two steps:

1) preliminary detection of short-tem non-stationarities in

signals;

2) unique changes detection with method U (see eq. 1–3).

Considering detection in the first level, we have chosen an

approach based on one-step-ahead prediction error compari-

son with methods efficient for stationary and non-stationary

data [14], [16], performed for both signals separately.

Autocorrelation of daily increments of typical financial time

series is statistically insignificant [3], thus during usual behav-

ior no autocorrelation of daily returns may be expected [1].

The most efficient short-term prediction (the minimum vari-

ance error) is achievable by extrapolation of averaged re-

turns [15], i.e. by the ZOP or ZOH model [1], [15]. To

predict non-stationary data, three-parameters adaptive Holt

method is employed (parameters α, β, γ adjusted for each

sample) [13], which is more flexible than classical one [9]. The

comparison allows to basic identification of non-stationarities,

i.e. non-random components (advantage Holt method over

ZOP/ZOH) in relatively short time and low computational

resources consumption.
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Fig. 2. Examined financial time series - daily returns (one-day increments).

In the second level, two signals are taken to calculate

unique changes similarity measure (dU ) thus differences be-

tween found sequences of deviations. Finally, change in a

signal is found after non-stationarity confirmation with dU
value exceeding fixed threshold ρU . In this stage, only unique

(original), non-stationary sequences are selected (accuracy

depended on ρU ).
Detection schema described above provides a possibility of

minimizing false alarms as a result of identifying changes that

are, in fact, random fluctuations. In addition, proposed two-

level algorithm decrease computation time consuming which

through switching similarity detection method U for relatively

small amount of samples only.

V. CALCULATION RESULTS

Four financial time series, individual (Comarch) and aggre-

gated (WIG20, Nikkei, Nasdaq), has been used as exemplary

dataset to analyse the proposed two-level detection algorithm.

We have chosen local (Comarch, WIG20) and global time

series (Nikkei, Nasdaq) from 2006–05–22 to 2010–05–14

(1040 samples).

Financial time series (see daily returns depicted in fig. 2)

represent stochastic processes with unknown random inputs

(in the simplest approach, such series can be considered as

Wiener processes). Acceptable detection results obtain on such

hard-predictable sequences of samples allow to assume that

proposed solution applied to diagnostic signals generated by

technical devices (which don’t contain many variable compo-

nents) will result in more accurate event detection.

For each processed time series, subsequent samples were

taken to compute one-sample-ahead prediction with naive

method (level 1; exemplary results of preliminary detection

are shown in table I—for all analysed series non-stationarity

identified for about 5%) while distance measure dU was calcu-

lated in moving window of constant length N = 22 samples

(see fig. 1) between series 1 and 2 and in a reverse order

(because of asymmetry of dU measure mentioned above).

Processed signals were unified with standard deviation to

achieve comparable orders of magnitude.

In the example discussed in this paper, to provide detection

reliability, threshold sequence length was fixed to ρPC = 3.
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Fig. 3. Results of change detection for Comarch (1) and WIG20 (2)—
depicted with solid lines—with proposed two-level algorithm. Recognized
non-stationarity in series no.1 confirmed with dU1 denoted as ’cross’
(H1/dU1) and dU2—as ’dot’ (H1/dU2); non–stationarity in series no.2 con-
firmed with dU1—’asterisk’ (H2/dU1) and dU2—’circle’ (H2/dU2); changes
H1 and H2 detected for the same samples—’square’ (H1/2), changes (H1/2)
confirmed with dU1—’dotted line’ and with dU2—’dashed line’.

The main parameter of the second-stage detection level (ρU )
was set to 1 as an equivalent of signals standard deviation

after performed unification. Values of these parameters were

selected in an experimentally way (related to properties of four

analysed time series) to achieve the smallest number of false

alarms and undetected events.

Detection results produced with proposed two-level algo-

rithm are depicted in figures 3–6 (with the sampled series in

the background). The figures show confirmations of changes

with short-term prediction comparison in the first level (de-

noted as H1 and H2) and distance measure dU in the second

level (eq. 1–3).

It may be seen in figures 3–6 that proposed method allows

to detect local changes (denoted as ’cross’, ’asterisk’, ’circle’

and ’dot’—see figure 3 caption), obtained with simple H1 or

H2 confirmation with method U, and long-term changes, i.e.

reversal in a trend (see vertical lines in fig. 3–6).

In the first case, a number of short-term changes were

detected correctly, however, false alarms were found for some

samples. Application of non-stationary detection confirmation

(level 1) significantly reduces overall number of detected

events (see table I and figures 3–6 caption).

In the second case, H1 and H2 changes are synchronised

(non–stationarities detected in one signal only are rejected),

which is illustrated as ’squares’ in figures 3–6, and then—

confirmed with dU1 or dU2 measure. This is relevant step to

eliminate false alarms.

VI. CONCLUSIONS

Proposed two-level algorithm of change detection in time

series may be viewed as an inspiration for construction effi-

cient detectors, adaptable to signal properties. It was found as
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Fig. 4. Results of change detection for Nasdaq (1) and Nikkei (2)—depicted
with solid lines—with proposed two-level algorithm. Description of symbols:
see fig. 3.
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Fig. 5. Results of change detection for Comarch (1) and Nasdaq (2)—
depicted with solid lines—with proposed two-level algorithm. Description of
symbols: see fig. 3.

a suitable for short- and especially long-term changes of mean

value through confirmation of non-stationary subsequences

of processed signal. Acceptable detection results obtained

on financial time series (stochastic processes with unknown

random inputs, with many non-random components) allow to

assume applicability end effectiveness for other types of time

series, in particular, diagnostic signals generated by technical

devices.

Calculation results presented in this paper show that to

achieve reliable detection of symptoms of rapid changes in

long-term trends in one processed time series, processing of

series set of the same class (in the paper—financial ones)

is valuable. Depending on the set (pair) of signals taken to

calculate distance measure, detected changes may occur for

different samples. This issue will be developed towards (1)
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TABLE I
EXEMPLARY RESULTS OF DETECTION OF NON-STATIONARY SUBSEQUENCES IN PROCESSED TIME SERIES

Time series (total number of samples: 1040) Comarch WIG20 Nasdaq Nikkei

Number of detected non-stationary subsequences
60 50 42 59

with one-step-ahead prediction comparison

Percentage 5.77% 4.81% 4.04% 5.67%
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Fig. 6. Results of change detection for WIG20 (1) and Nikkei(2)—depicted
with solid lines—with proposed two-level algorithm. Description of symbols:
see fig. 3.

events recognition and (2) forecasting for one selected (based)

signal through processing signals sets consist of many time

series datasets.

Further research will be focused on implementing and test-

ing of the proposed solution for technical diagnostic signals,

especially processed in real-time systems. Studies will be

required on implementation and testing of similarity meth-

ods dedicated to specific changes and patterns appearing in

analysed signals, including time delays between events and

elimination of false alarms. Further improvement appears to

be obtained by modification of described distance measures

towards variable length of subsequences taken to compute

measure dU (to this aim, fuzzy logic rules may be employed).

Possibility of adjusting parameters (threshold values, win-

dow widths, etc.) seems to be a promising way for further

enhancement of the presented method which is suitable for

the idea of immune-based adaptive detection, in particular as

one of many detectors supervised by T-lymphocytes.
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z wykorzystaniem metod statystycznych [In:] Inżynieria wiedzy i systemy
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umerical  algorithms are widely used by scientists en-
gaged  in  various  areas.  There  is  a  special  need  of 

highly efficient  and  easy-to-use scalable  tools  for  solving 
large scale problems. The workshop is devoted to numerical 
algorithms with the particular  attention to the latest scien-
tific trends in  this area  and to problems related to imple-
mentation of libraries of efficient numerical algorithms. The 
goal of the workshop is meeting of researchers from various 
institutes and exchanging of their  experience, and integra-
tions of scientific centers.
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Abstract—The authors consider the impact of the structure of
the matrix on the convergence behavior for the GMRES pro-
jection method for solving large sparse linear equation systems
resulting from Markov chains modeling. Studying experimental
results we investigate the number of steps and the rate of
convergence of GMRES method and the IWZ preconditioning for
the GMRES method. The motivation is to better understand the
convergence characteristics of Krylov subspace method and the
relationship between the Markov model, the nonzero structure
of the coefficient matrix associated with this model and the
convergence of the preconditioned GMRES method.

I. INTRODUCTION AND MOTIVATION

MARKOV chains are a particularly robust and wide used
tool for analyzing a variety of stochastic (probabilistic)

systems over time.
A CTMC (Continuous-Time Markov Chain) may be rep-

resented by a set of states and a transition rate matrix Q
containing state transition rates as coefficients. To compute
the steady-state probabilities we must solve a (homogeneous)
sparse system of linear equations, of the form QTx = 0,
of size equal to the number of states in the CTMC. Q is
a singular matrix demanding adequate methods to solve the
equation. Solving the equation system generally requires ap-
plying iterative methods, projection methods or decomposition
methods but occasionally (for the need of an accurate solution)
direct methods are used as well. The rich material concerning
the methods mentioned above can be found in [13].

In this article we consider one of the Krylov subspace
methods, namely the GMRES method. This method was first
introduced by Y. Saad in the article [12] as the method to
solve linear systems of equations. GMRES for Markov chains
was studied in the article [11]. The full GMRES algorithm is
guaranteed to converge in at most n steps, but it is not useful
for large systems of equations, because a good approximate
solution is often computed quite early, after very few iterations.
In the literature, we find results, which would provide an
upper bound on the convergence rate of the GMRES [9]. The
traditional bounds of the residual are expressed in terms of
eigenvalues of Q and the condition number of the eigenvector
matrix. It is of limited practical interest because we need
the condition number, which is typically not known. For any
matrix determination of its condition number is a task of
the complexity O(n3). In practice, it is difficult to use the

theoretical knowledge about the convergence of the GMRES
method.

One of the tools used in the convergence analysis of
GMRES are numerical experiments. We perform numerical
experiments to help us understand the effect of nonzero
structure of the matrix on the convergence characteristics of
preconditioned Krylov subspace methods. We try to provide
some properties of the coefficients of the matrix Q, which
affect the convergence of the method GMRES and the pre-
conditioned GMRES.

One of the famous preconditioning techniques is incomplete
factorization, for example IWZ factorization. The incomplete
WZ factorization is originally described in our previous works
[3], here we discuss its performance for Krylov subspace
methods like GMRES.

Basing on our previous investigation we consider impact
of the incomplete WZ factorization on the GMRES method
for the numerical solution of Markov chains. We study re-
lationship between the number of iterations, the convergence
rate of the GMRES method and properties of the matrix Q.
Research was carried out for two models. The first model
concern matrices associated with some abstract model. These
matrices have not got any structure. The second model concern
matrices known from the literature as the epidemic model and
this matrix has got a structure.

The rest of the paper is organized as follows. Section II
presents the problem. In Section III Krylov subspace are
reminded. Section IV recall briefly the IWZ preconditioning.
Section V presents two test models. Section VI describes
conducted numerical experiments. Section VII contains some
conclusions.

II. CTMCS AND THE STEADY-STATE SOLUTION

While modeling with Markov chains, in a steady state
(independent of time), we obtain a linear equation system like
following;

QTx = 0, x ≥ 0, xT e = 1 (1)

where Q is a transition rate matrix, x is an unknown vector
of states probabilities and e = (1, 1, ...., 1)T . The matrix Q is
a square one of size n× n, usually a big one, of rank n− 1,
sparse, with dominant diagonal.
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1) choose:
• an initial approximation x(0)

• a subspace K spanned by V = [v1, . . . ,vm]
• a subspace L spanned by W = [w1, . . . ,wm]

2) r(0) ← −QTx(0)

3) y← (WTQTV)−1WT r(0)

4) x(0) ← x(0) +Vy

Fig. 1. A basic projection step for the equation QTx = 0

III. KRYLOV SUBSPACE METHODS — GMRES

In this section we recap the basics of projection methods.
The projection methods consist in approximating the solu-

tion vector with a vector from a small-dimension subspace.
Such approximations are repeated until our approximation
is sufficiently close to the solution — in some sense the
projection methods are iterative methods.

The projection methods need more space than iterative
methods (because they have to store huge basis vectors of
subspaces), but can converge faster than classical iterative
methods — although the convergence rate is much better for
the matrices ‘more beautiful’ in their structure than the ones
arising in solving Markov chains.

A. The Projection Step

To solve a linear system Ax = b by a projection method
first we have to choose two subspaces of dimension m from
the n-dimensional space:

• K which is a subspace containing the approximation;
• L which is a subspace defining constraints for selection

of approximation from K.
Let the subspace K be spanned by V = (v1, . . . ,vm). The

approximated solution is in K so it can be written

x = Vy

where y is an m-dimensional unknown vector. To find y we
require that the residual vector b − Ax = b − AVy be
orthogonal to the subspace L spanned by W = (w1, . . . ,wm),
that is:

WT (b−AVy) = 0,

and then (if the matrix WTAV is nonsingular):

y = (WTAV)−1WTb.

If we know an initial approximation x(0) we will rather
seek a difference d between the exact solution x and x(0):
x = x(0) + d. Setting r(0) = b −Ax(0) we are to solve the
equation

Ad = r(0),

what can be done with the described above projection step.
A basic projection step for our equation 1 (where A = QT

and b = 0) is shown in Figure 1.

1) v1 ← v/||v||2
2) for j = 1, 2, . . . ,m:

a) w← Avj

b) for i = 1, 2, . . . , j:
i) hij ← vT

i w
ii) w← w − hijvi

c) hj+1,j ← ||w||2
d) vj+1 ← w/hj+1,j

Fig. 2. The basic Arnoldi process for a subspace Km(A,v)

The most efficient method for general, non-symmetric co-
efficient matrices (like QT ) are methods based on Krylov
subspaces. A Krylov subspace is defined by its dimension m,
a matrix A and a vector v:

Km(A,v) = span{v,Av,A2v, . . . ,Am−1v}.

Many of such methods require that an orthonormal basis be
found for the Krylov subspace. Unfortunately, classical Gram-
Schmidt orthogonalization is numerically poor. To deal with it
there are two main kinds of methods: Arnoldi process (which
is a modified Gram-Schmidt orthogonalization) and Lanczos
methods (originally for symmetric coefficient matrices but
generalized in some ways).

B. The Arnoldi Process

The Arnoldi process [1] on its own (see Figure 2) generates
the orthonormal basis V = (v1, . . . ,vm) for the subspace
Km(A,v) and an upper Hessenberg matrix H = (hij):

H =




h11 h12 h13 · · · h1,m−1 h1m

h21 h22 h23 · · · h2,m−1 h2m

0 h32 h33 · · · h3,m−1 h3m

0 0 h43 · · · h4,m−1 h4m

· · · · · · · · · · · · · · · · · ·
0 0 0 · · · hm,m−1 hmm




,

which represents the linear transformation A restricted to
Km(A,v) with respect to the basis V, that is H = VTAV.

The original Arnoldi process applied to a linear system
Ax = b is called the full orthogonalization method (FOM)
[10] but a better approach is the generalized minimum residual
algorithm (GMRES) [12]. Both the methods are shown in
Figure 3. They differ only in one step — how to find the
vector y (but both the procedures are projections [12]).

The GMRES algorithm is very popular in its iterative form.
In the iterative GMRES after computing the new vector x(0),
the new residual −QTx(0) is checked if it is sufficiently close
to 0. If not, the whole algorithm is repeated with the new x(0)

as the initial guess.
One of the advantages of this method is no fill-in generation

(because the matrix Q is only used in the matrix-vector
multiplication), the other is the fast convergence rate. The
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1) choose x(0) and m
2) r(0) ← −QTx(0)

3) β ← ||r(0)||2
4) v1 ← r(0)/β
5) for j = 1, . . . ,m:

a) w← QTvj

b) for i = 1, . . . , j:
i) hij ← vT

i w
ii) w← w − hijvi

c) hj+1,j ← ||w||2
d) vj+1 ← w/hj+1,j

6) FOM only:
find y = (y1, . . . , ym) from the m×m Hessenberg
system Hy = βe1

7) GMRES only:
find y = (y1, . . . , ym) minimizing ||βe1 − H̄y||2
where H̄ = (hij) is an (m + 1) × m upper
Hessenberg matrix

8) x(0) ← x(0) +
∑m

i=1 viyi

Fig. 3. The FOM and GMRES methods for the equation QTx = 0

iterative GMRES algorithm is also convenient to vectorize [5]
and parallelize [4]).

One of the problems which materialize when using the
GMRES method is to select the optimal parameter m. The
lower the value of the parameter m, the shorter loop and thus
the less calculation time and space. Additionally, the vector v
is also shorter.

IV. IWZ PRECONDITIONING

The convergence rate of iterative methods depends on
properties of the coefficient matrix of the linear system. If
matrix Q is ill-conditioned, this can make the convergence of
iterative methods slow. One way to prevent such problems is
to transform the system (1) into an equivalent system (having
the same solution), but with better numerical properties. Such
a transformation can be done by preconditioning, that is by
converting the system (1) into:

M−1QTx = 0,

n∑

i=1

xi = 1, x ≥ 0, (2)

where the nonsingular matrix M (known as a preconditioner)
approximates the matrix QT in a manner. The system (2)
has the same solutions as (1) but it is (hopefully) better
conditioned.

The matrix M should have the following properties:
• its use should entail low memory requirements;
• its inverse should be cheaply applicable;
• the transformed problem (2) should converge faster (in

computational less time) than the original problem.
There is a clear conflict among these three requirements, espe-
cially for the construction of general purpose preconditioners.

Fig. 4. The form of the output matrices in the WZ factorization (left: W;
right: Z)

Generally, computing and using a good preconditioner is
an expensive task consisting of finding the matrix M and its
inverse. If the preconditioning is to be used, that cost should
be refunded by reduced number of iterations needed to acquire
required accuracy — or by using the same preconditioner for
various linear systems.

The preconditioner matrix is usually built on the basis of
the original coefficients of the matrix Q. In [2] preconditioners
for Krylov subspace methods for solving large singular linear
systems arising from Markov modeling are considered. The
incomplete WZ factorization is originally described in our
previous works [3]; here we only recall it. The WZ factor-
ization consists in decomposition of the given matrix (QT in
the paper) into a product of two matrices: W and Z (Figure
4).

Incomplete WZ factorization (denoted IWZ) is based on the
described above WZ factorization, where we find matrices W̃
and Z̃ (of the form of matrices W and Z shown in Figure 4)
and the product W̃Z̃ is a kind of approximation for the matrix
QT .

In IWZ computations are conducted as in complete WZ
factorization, but new non-zero elements (wij and zij) arising
in the process are dropped if they appear in the place of a zero
element in the original matrix QT . Hence, the factors together
have the same number of non-zeros as the original matrix QT .
It is worth noting that we got the inverse of W̃, because [14]:

W̃−1 = (−1) · (W̃ − I) + I (3)

(just like W−1 = (−1) · (W − I) + I). (4)

After IWZ we have:

QT = W̃Z̃+RWZ , (5)

where W̃ and Z̃ are (respectively) matrices of the form of
W and Z from Figure 4 and the remainder matrix RWZ is
supposed to be small in a sense.

V. THE TEST MODELS

Two models are chosen to test: an abstract model (Model
I) and a model of epidemics known from literature (Model
II). Parameter d was introduced for the characterization of
the matrixes. So, d is an average number of non-zeros in a
row/column of the matrix.
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TABLE I
ESSENTIAL CHARACTERISTICS OF THE MATRICES USED IN TESTS

Group Matrix ID n nz d

I 1 100 1190 11.9
II 2 100 388 3.88
I 3 1500 37955 25.3
II 4 1500 5873 3.9
I 5 3000 120590 40.2
II 6 3000 11636 3.9

TABLE II
THE TEST MATRIX ATTRIBUTES FOR A 2D MARKOV MODEL.

ID 7
Nx 64
Ny 16
n 1105
nz 9457
d 8.56

A. Model I

In this section we describe matrices corresponding to the
model I. Matrices (with IDs from 1 to 6) used in tests were
generated by the paper authors on the basis of some abstract
queuing models — the matrices are infinitesimal generators of
Markov chains describing these models — and they are neither
symmetric nor anyway structural. In Table I the essential
characteristics of the matrices are presented (n is the number
of rows/columns of the matrix, nz is the number of non-zeros
in the matrix, d = nz/n).

For these matrices we can observe, that the matrices might
have the same size and a different value of the parameter d.
The matrices were divided into two groups, the first group
include matrices with d > 8, the second group include
matrices with d ≤ 8.

B. Model II

The matrix from model II was generated from a standard
two-dimensional model [6], [7]. Table II shows the test matrix
attributes for a 2D Markov model. This particular example has
been taken from [8], [7]. The model is discussed there and it
has been used to compare different solution methods in [13].

The state of the chain is described as a two-dimensional
vector. In the first dimension, the state variable assumes all
values from 0 through Nx; in the second dimension the state
variable takes on values from 0 through Ny . The states of such
a chain are described with two numbers (u, v), u = 0, . . . , Nx,
y = 0, . . . , Ny (here Nx = 64, Ny = 16) and transitions
are only allowed from (u, v) to (u′, v′) if |u′ − u| ≤ 1 and
|v′−v| ≤ 1. There was assumed — as in [6] — that only some
transition from each state are permitted. This two-dimensional
Markov chain model allows for transitions from any non-
boundary state to adjacent states in fixed directions (chosen
from North, South, East, West, North-East, North-West, South-
East, South-West). A sample scheme of the model (with
allowed directions: South, East and North-West) is shown in
Figure 5.

Fig. 5. A sample scheme of a two-dimensional Markov chain.

Fig. 6. The structure for the model II matrix

The matrix describing the two-dimensional Markov chain
has a structure shown in Figure 6.

VI. EXPERIMENTAL RESULTS

The experiment was performed on a Pentium IV 2.8GHz
computer, 1GB RAM, with Debian GNU/Linux operating
system. We used high-level programming language, namely
Octave.

A vector x(0) = (x
(0)
i ) with x

(0)
i = 1

i was chosen as an
initial vector. (We chose x

(0)
i = 1

i because the starting vector
can be selected almost freely, but its elements should not be
equal — x

(0)
i = 1

i fulfils this condition.) As a measure of
accuracy of the solution we chose:

ε(k) = ||0−QTx(k)||2. (6)

Accuracy has been studied experimentally for the matrix
of model I and model II. We study both the number of
iterations needed to achieve a given accuracy, and the rate of
convergence. The stopping criterion used is that the 2-norm
of the residual ||QTxk||2 is less than e−15
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Fig. 7. Relationship between the parameter m and the average number
of iterations needed to achieve accuracy e−16 for GMRES method and
IWZGMRES method, for matrices of Group I (d > 8) and II (d <= 8).

A. Number of iterations

Table III shows numbers of iteration used to achieve a
given accuracy for selected parameters m for two methods:
GMRES(m) alone (denoted GMRES(m)) and GMRES(m) pre-
conditioned with IWZ (denoted IWZGMRES(m)).

Figure 7 shows the relationship between the parameter m
and the average number of iterations needed to achieve a given
accuracy. The average number of iterations is counted for two
groups of matrices. First for the group with d > 8 (matrix
number 1, 3, 5) and the second group of matrices with d ≤ 8
(matrix number 2, 4, 6).

Applications that may be present at the table III and Figure
7 are as follows:

• With the increase of parameter m the average number
of iterations needed to achieve the assumed accuracy of
the method GMRES(m) and IWZGMRES(m) decreases
inversely.

• For each matrix from the first group number of iterations
needed to achieve the assumed precision for the selected
value of parameter m is almost the same. Analogous
relationship can be seen for matrices of the second group.
It means that regardless of the size of the matrix the
number of iterations needed to achieve a given accuracy
is the same and depends on the parameter d.

• In the method IWZGMRES(m) the number of iterations
needed to achieve a given convergence is less than the
GMRES(m) method, regardless of the parameter m and
the parameter d.

Let us define the coefficient p(m), which shows the rela-
tionship between the number of iterations needed to achieve
(given the convergence e−16) in the method of GMRES(m)
and the method IWZGMRES(m).

Let IIWZGMRES(m)(m) mean the number of iterations
needed to achieve the fixed accuracy of the method IWZGM-
RES(m) depending on the parameter m

Let IGMRES(m)(m) mean the number of iterations needed
to achieve the fixed accuracy of the method GMRES(m)

Fig. 8. Relationship between the parameter m and the value of the coefficient
p(m) for matrices 3 (m1500) and 4 (m1500_3)

Fig. 9. Relationship between the parameter m and the value of the coefficient
p(m) for matrices 5(m3000) and 6 (m3000_3)

depending on the parameter m.
Let

p(m) =
IIWZGMRES(m)(m)

IGMRES(m)(m)
.

Figure 8 shows the relationship between the parameter m
and the value of the coefficient p(m) for the matrices 3 and
4 in Table II. Matrices have size 1500 and vary in the value
of the parameter d. Figure 9 shows the relationship between
the parameter m and the value of the coefficient p(m) for the
matrices with the numbers 5 and 6 in Table II. Matrices have
size 3000 and vary in the value of the parameter d.

Figures 8 and 9 show how the value of the parameter m
influence the convergence. The conclusions are:

• With the increase of parameter m (where m changes from
1 to 10) the value of the coefficient of p(m) grows.

• Value of the parameter p(m) for the matrices of group I
is higher than for the matrices in group II.

• For the matrices of the group II growth factor p(m) is
more uniform than for the matrix of the group I.

Let
p = max

1<=m<=10
|p(m)|.
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TABLE III
NUMBER OF ITERATION k NEED TO ACHIEVE A GIVEN ACCURACY ε(k) = e−16 FOR THE SELECTED OF THE VALUE PARAMETER m.

m = 1 m = 5 m = 10
ID GMRES(m) IWZGMRES(m) GMRES(m) IWZGMRES(m) GMRES(m) IWZGMRES(m)
1 45 29 8 6 4 3
2 87 69 17 13 8 7
3 44 24 7 5 4 3
4 185 88 30 17 14 9
5 42 21 6 4 3 2
6 271 92 32 16 15 8

TABLE IV
VALUE OF THE PARAMETER p FOR MATRICES OF THE MODEL I

ID p
1 0.8
2 0.8
3 0.8
4 0.64
5 0.8
6 0.56

TABLE V
VALUE OF THE PARAMETER p(m) FOR THE MATRIX OF MODEL II FOR

DIFFERENT VALUES m

m p(m)
5 0.86

14 1.0
25 1.33
29 1.14
33 1.0
41 1.0
49 1.0
61 0.67

Now, p can be interpreted as a number that indicates how
many times GMRES(m) method can be faster, if we use IWZ
as a preconditioning method.

Table IV shows the value of p for the matrices of model I.
From table IV it can be deduced that the matrices of group

I, the coefficient p is the same regardless of the size of the
matrix and the rate is 0.8. While for the matrices of group II
ratio p decreases with increasing size of the matrix.

Table V provides a value for p(m) for model II. The value
of p(m) is the highest for m = 25 and for m = 33, m =
41, m = 49 is a constant which means that preconditioning
has no effect on the rate of convergence, and for example
m = 61 this ratio is less than 1 which means that the method
IWZGMRES(61) is faster convergent than the GMRES(61).

B. The convergence rate of the GMRES

Figures 10 and 11 present relationship between the num-
ber of iterations and the convergence log(||QTxi||2) for the
matrices with the number 3 and 4 for methods GMRES(m),
IWZGMRES(m) for a few selected values of parameter m. The
plot shows that the higher value of the parameter m, the more
rapidly convergent is the method GMRES(m). Analogously,
the higher value of the parameter m means that IWZGM-
RES(m) method is faster convergent.

The convergence curve log(||QTxi||2) as a function i is
almost of the same shape for a particular parameter m for the

Fig. 10. Plot of the convergence curve log(||QT xi||2) as a function of i
for the matrix 3

Fig. 11. Plot of the convergence curve log(||QT xi||2) as a function of i
for matrix 4

GMRES(m) method and the IWZGMRES(m) method, only for
the IWZGMRES(m) method the curve is shifted upwards. It
means that the IWZGMRES(m) method is faster convergent
than the GMRES(m) method.

Figures 12 and 13 show relationship between the number of
the iterations and the convergence log(||QTxi||2) for matrices
size, respectively 1500 and 3000 with different parameter d
for the GMRES(m) methods and the IWZGMRES(m) methods
for the parameter m = 8. The plots show that the GMRES(m)
method and the IWZGMRES(m) method are faster convergent
for matrices 3 and 5 than for matrices 4 and 6. The rate of
the convergence depends on the d of the matrix and not on its
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Fig. 14. Plot of the convergence curve log(||QT xi||2) as a function of i
for the matrix of the model II

Fig. 12. Plot of the convergence curve log(||QT xi||2) as a function of i
for the matrix 3 and 4

Fig. 13. Plot of the convergence curve log(||QT xi||2) as a function of i
for the matrix 5 and 6

size.
Figure 14 shows relationship between number of itera-

tions and the convergence log(||QTxi||2) for the GMRES(m)
method and the IWZGMRES(m) method for parameter m
with values m = 25, m = 33 i m = 49. Figure 14 and
Table V present, that for certain values of m the method

GMRES(m) had got a faster rate of convergence and for some
the IWZGMRES(m) method had.

VII. CONCLUSION

Those numerical experiments helped us understand the
effect of the nonzero structure and the size of the matrix
on the convergence characteristics of preconditioned Krylov
subspace methods like GMRES. The rate of convergence of
the projection methods GMRES does not depend on the size
of the matrix. Speed of convergence in terms of numbers of
iterations of GMRES depends on the structure of the matrix.
Tested matrices from two different models were characterized
by the fact that the matrices of the model I have no structure,
the matrix form the model II has got some structure.

Matrices from the first model was characterized by a param-
eter d. Namely, the set of matrices, which have a low value
of the parameter d, (d < 8) are slowly convergent and require
additional techniques to improve the rate of convergence. This
technique was preconditioning.

The convergence, expressed in terms of p showed that we
can identify the most optimal value of the parameter m, for
which instead of the use of the GMRES(m) method we use the
preconditioned GMRES(m) method, namely IWZGMRES(m).

On the basis of additional studies it may be concluded
that irrespectively of the size and structure of the matrix
GMRES(m + 1) is faster convergent than the GMRES(m)
for any matrix: similarly for the IWZGMRES(m) method the
same dependence holds. With the increase parameter m, the
rate of convergence of the method GMRES(m) increases, of
course, up to some m0, for which the rate is the largest, for
all m > m0 the rate is already the same.

The numerical example shows, that it is good to examine
whether the matrix associated with a Markov chain is struc-
tured and has some properties, for example, the parameter d. If
there is no structure you can use the preconditioning technique.

For the matrix of the model II it is not always the
IWZGMRES(m) improves the convergence rate, because the
matrices a structure. For this model we need to develop a
separate algorithm to determine the vector of probabilities.
These algorithms should take advantage of some properties of
matrices associated with models.
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Stochastic Lotka-Volterra Models
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Abstract—The stochastic Lotka-Volterra model is an infinite
Markov population model that has applications in various life
science domains. Its analysis is challenging since, besides an
infinite state space with unbounded rates, it shows strongly
fluctuating dynamics and becomes unstable in the long-run.
Traditional numerical methods are therefore not appropriate to
solve the system. Here, we suggest adaptations and combinations
of traditional methods that yield fast and accurate solutions for
certain parameter ranges of the stochastic Lotka-Volterra model.
We substantiate our theoretical investigations with a comparison
based on experimental results.

I. INTRODUCTION

MORE than 80 years ago, Lotka and Volterra indepen-

dently proposed the following three rules to describe

the numerical evolution of two populations in interspecific

competition [24, 30]:

1) The first population (prey) grows at rate αx, where x
represents the population of prey.

2) The second population (predator) “eats” prey and grows at

rate βxy, where y represents the population of predator.

3) The predator population decreases through natural death

at rate γy.

The solution of the corresponding system of (non-

linear) ordinary differential equations (ODEs)

dx
dt = αx− βxy
dy
dt = βxy − γy

(1)

shows sustained oscillations for positive constants α, β, γ
along the closed curves

βx− γ log x+ βy − α log y = const

except if initially the system does start in the equilibrium point

x = γ/β, y = α/β. In Fig. 1(a), we plot the solution for

α = γ = 1 and β = 0.01 across time where we initially

started with x0 = y0 = 20. Since its introduction, the Lotka-

Volterra model became one of the most popular models in

population dynamics, but it has also been successfully applied

to neural networks [25] and game theoretic problems [16].

The stochastic Lotka-Volterra model assumes that x and y
are represented by discrete random variablesX and Y and that

their evolution in time is given by a two-dimensional Markov

process {(X(t), Y (t)) , t ≥ 0} [11, 13, 20]. As opposed to

the original Lotka-Volterra model, the stochastic variant takes

into account the discreteness of the populations and their

random fluctuations. In the stochastic model, extinction of

∗T. Dayar is currently on sabbatical leave from Bilkent University, Turkey.

species is possible and, depending on the initial conditions,

the dynamics of the system can deviate drastically from the

deterministic model. Recently, generalizations of the stochastic

Lotka-Volterra model have been used to investigate the mech-

anisms that maintain biodiversity in Escherichia coli (E. coli)

populations [18, 19, 26]. In such generalizations, the number

of species is larger but the rules of interspecific competition

remain the same.

Here, we are interested in the transient probability distri-

bution of the stochastic Lotka-Volterra model (cf. Section II).

It can be used to derive measures such as the distribution of

the time until extinction, the probability of extinction until

a certain time instant, the expected populations, etc. For a

transient solution of the stochastic Lotka-Volterra model, the

underlying Markov process has to be solved; this involves the

solution of a system of ordinary differential equations known

as the master equation [17]. Standard methods for the transient

solution of Markov processes are based on the numerical

integration of the differential equations, on uniformization of

the process, or on approximations in the Krylov subspace (for

an overview see [28]). An alternative approach, called method

of moments, has recently been proposed by Engblom and is

based on a deterministic approximation of the moments of the

Markov process described by the master equation [10].

Already in the case of two species, the analysis of the

stochastic Lotka-Volterra model using standard methods, such

as numerical integration methods or approximations of the

moments become inefficient or even infeasible for several

reasons. The state space is infinite in two dimensions and

it is non-trivial to truncate the state space in such a way

that the number of states in the finite truncation remains

tractable. Before one of the species becomes extinct, the

expected populations oscillate in a similar way as in the

deterministic model. Therefore the dynamics of the system

change drastically. If the population of at least one of the two

species is high, then a large number of events occur even in

small time intervals. Moreover, the rates are unbounded; that

is, the system is not uniformizable. In order to describe the

strong non-linear dependence between the two populations,

higher-order moments are necessary and a deterministic ap-

proximation of two or more moments yields poor results.

In this paper, we suggest several adaptations and combina-

tions of standard methods that render an efficient solution of

the stochastic Lotka-Volterra model possible. We concentrate

on the numerical integration of the master equation (cf. Sec-

tion III) as well as the method of moments (cf. Section IV).

Proceedings of the International Multiconference on
Computer Science and Information Technology pp. 289–296

ISBN 978-83-60810-27-9
ISSN 1896-7094

978-83-60810-27-9/09/$25.00 c© 2010 IEEE 289



0 3 6 9 12 15 18 21 24 27 30
0

100

200

300

400

time

p
o
p
u
la

ti
o
n
 s

iz
e

 

 

prey

predator

(a) Sustained oscillations of the deterministic Lotka-Volterra model.
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(b) Expected populations in the stochastic Lotka-Volterra model.

Fig. 1. ODE solution and stochastic solution of the Lotka-Volterra model where α = γ = 1, β = 0.01, and x0 = y0 = 20.

We extend these methods in such a way that the cheap but

inaccurate method of moments becomes more accurate and the

expensive but accurate numerical integration becomes faster.

In Section V, we propose a stochastic hybrid approach that

dynamically switches between a moment-based representation

and a distribution-based representation as well as having the

ability to simultaneously use a combination of both. We

implemented all methods in C++ and performed extensive

simulations of the stochastic Lotka-Volterra model in order

to provide comparisons in terms of accuracy and run time.

Numerical experiments on a number of problems indicate that

the stochastic hybrid approach is overall the best method. It

is at least an order faster than the numerical integration of the

master equation and yields no more than a 5 % relative error

in the first moment of the transient distribution.

II. STOCHASTIC LOTKA-VOLTERRA MODEL

We describe the transitions of the stochastic Lotka-Volterra

model in a guarded command style [1, 23]. A guarded com-

mand has the form guard |- rate -> update; and it

describes a set of transitions in the underlying Markov process.

The guard is a Boolean predicate that determines in which

states the transition is possible, the rate is the real-valued

function that evaluated in the current state gives the positive

transition rate in the Markov process, and update is the

function that calculates the successor state of the transition. Let

x and y be the positive integers that represent the populations

of prey and predator, respectively. The three different possible

transitions are given as follows:

x > 0 |- α · x -> x := x+ 1;

x > 0, y > 0 |- β · x · y -> x := x− 1, y := y+ 1;

y > 0 |- γ · y -> y := y− 1;

The above guarded command model specifies the elements

of the infinitesimal generator matrix Q of a Markov process

{(X(t), Y (t)) , t ≥ 0} which takes states (x, y) in N2. More

precisely, if for a pair (x, y) the guard is true, then the element

that belongs to (x, y) and the update of (x, y) is equal to the

rate. E.g. the row of state (2, 2) contains three positive entries.

One for the transition to state (3, 2) at rate 2α, one for the

transition to state (1, 3) at rate 4β, and one for the transition to

state (2, 1) at rate 2γ. The diagonal element is then given by

the negative sum of the off-diagonal elements. It is easy to see

that {(X(t), Y (t)) , t ≥ 0} is a regular Markov process [8].

We remark that the outflow rate from state (x, y) with x, y > 0
is (αx+γy+βxy), where α, γ, β > 0, and this rate increases

unboundedly with increasing values of x and y.
Let us fix the initial state of the system as (x0, y0). Then

the transient probability distribution is given by the master

equation
d
dtp

(t)(x, y) = M(p(t)(x, y)), (2)

where p(t)(x, y) = P{X(t) = x, Y (t) = y|X(0) = x0,

Y (0) = y0}. The master operator M is defined for any real-

valued function g : N2 → R such that M(g) is the function

that maps a state (x, y) to the value1

M(g(x, y)) = α(x − 1)g(x− 1, y)

+ β(x + 1)(y − 1)g(x+ 1, y − 1)

+ γ(y + 1)g(x, y + 1)

− (αx + βxy + γy)g(x, y),

(3)

where α, β, γ are the rate constants as defined before and

x, y > 0. If x = 0 and/or y = 0, then the terms involving

g(x− 1, y) and/or g(x+ 1, y − 1) are removed. The ordinary

first-order differential equation in (2) is a direct consequence

of the Kolmogorov forward equation and describes the change

of the probability distribution as the difference between inflow

of probability from direct predecessors (first three terms) and

outflow of probability in state (x, y) (last term).

III. DIRECT NUMERICAL APPROXIMATION

Since no analytical solution is known for Eq. (2) and the

number of equations is infinite in two dimensions, a numerical

solution is only possible if appropriate bounds for the variables

x and y are found.

1We assume that all terms with a negative argument are zero
(e.g. α(x− 1)g(x− 1, y) = 0 if x < 1).
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A. Dynamic numerical integration

Here, we suggest to construct the state space in a dynamic

manner up to a certain bound. We discretize time and integrate

over small time steps. In the first step, state (x0, y0) has

probability 1 and, for a time step h > 0, we integrate Eq. (2) by
considering only those states that have a non-zero probability

during the next h time units. For the numerical integration, we

use an explicit fourth-order Runge-Kutta method and thus in

each step we add the states within a distance of four transitions

from the current set of states.

The standard explicit fourth-order Runge-Kutta method ap-

plied to Eq. (2) yields the integration step [28]

p(t+h)(x, y)= p(t)(x, y)+ h
6

(
k(1)(x, y)

+2k(2)(x, y)+2k(3)(x, y)+k(4)(x, y)
)
,

(4)

where h > 0 is the time step of the method. For i ∈ {1, 2, 3, 4}
the values k(i)(x, y) are defined recursively as

k(1) = M(p(t)),

k(2) = k(1) + h
2M(k(1)),

k(3) = k(1) + h
2M(k(2)),

k(4) = k(1) + hM(k(3)).

(5)

Let p̃(t) be the approximation of p(t) at time t. Given p̃(t), we
integrate Eq. (2) for h time units as follows. Let S ⊆ N2 be the

set of states (x, y) with p̃(t)(x, y) > 0. Each state (x, y) ∈ S is

represented as an array with entries k(1)(x, y), . . . , k(4)(x, y),
p(x, y). The former four entries are initialized with 0 while

p(x, y) = p̃(t)(x, y) due to the previous integration step and,

in the first integration step, p(x, y) = 1 if x = x0, y = y0
and p(x, y) = 0 otherwise. We have five substeps in which

we go over all elements of S to compute for each state the

four k-values as well as p̃(t+h)(x, y). In the first substep, each

state (x, y) adds the three outflow probabilities αxp(x, y),
βxyp(x, y), and γyp(x, y) to the array element k(1) of the

corresponding successor states (x+ 1, y), (x− 1, y + 1), and
(x, y − 1) (see Eqs. (3) and (5)). Whenever a successor state

is not in S, we add it to S. For i ∈ {2, 3}, in the i-th substep

we first add k(1)(x, y) to the element for k(i)(x, y) and then

add h
2αxk

(i−1)(x, y), h
2βxyk

(i−1)(x, y), and h
2 γyk

(i−1)(x, y)
to the k(i)-field of the corresponding successors (x + 1, y),
(x − 1, y + 1), and (x, y − 1) (again we add successors to S
whenever they do not yet belong to S). The fourth substep is

identical to the second and third except that h
2 is replaced by

h (cf. Eq. (5)). In the fifth substep, we compute for each state

(x, y) the probability p̃(t+h)(x, y) according to Eq. (4).

The dynamic numerical integration procedure described

above yields accurate approximations of the transient prob-

ability distribution p(t) of the infinite Markov process

{(X(t), Y (t)) , t ≥ 0}. Its drawback, however, is that the size

of set S becomes very large since in each integration step

states within a distance of four transitions are added. E.g. after

a computer time of five hours and a time horizon of t = 0.317
we run out of memory on a 64-bit machine with 8 GB of main

TABLE I
RESULTS OF AN APPROXIMATE DIRECT SOLUTION OF EQ. (2).

δ run time |S| error

1e-15 51h 39min 9e5 2e-7

1e-14 40h 51min 7e5 2e-6

1e-12 22h 46min 4e5 9e-5

1e-10 10h 12min 2e5 6e-3

memory where we used the same parameters as in Fig. 1. At

that time instant, the state space contained about 35 million

states.

B. Inexact numerical integration

Similar to the approach in [9], we modify the numerical

integration procedure described above as follows. During the

first four substeps of the integration step, we only add new

states to set S if their probability is greater than a small

positive threshold δ. This has shown to lead to a significant

reduction of the size of S while, for most systems, the

approximation error is small. For instance, for δ = 10−15 the

size of set S at time t = 0.317 is just 0.004% of the size of

S for δ = 0, while the total probability that got “lost”, when

states with probability smaller than δ were ignored, is only

7× 10−12.

In Table I we list our results of approximate direct solution

of Eq. (2) for different values of δ. We analyzed the system

for a time horizon of t = 10 and used the same parameters

as in Fig. 1. For other parameters, such as those that we

used for our experiments in Section VI, the results are similar

(not shown). The column labeled |S| lists the average size

of set S, i.e. average number of states considered during one

integration step. The last column gives the total probability that

got “lost” due to the state space truncation. If the numerical

integration were exact, the values in the last column would

contain the total error of the approximation, i.e. the sum of all

absolute errors of the state probabilities. Note that the resulting

probability distributions provide full information about the

system, i.e. arbitrary moments of the distribution as well as

probability of certain events (such as extinction until time t)
can be derived.

With the proposed numerical approach, we are able to

solve the stochastic Lotka-Volterra model and accurate results

are obtained. The method is, however, rather slow whenever

the expected populations become large. This is because large

populations are represented by a large number of discrete

states, even though the relative variance is small. This problem

gets worse when the populations oscillate in an even higher

range as, for instance, in Fig. 2. On the other hand, a

discrete stochastic representation is necessary whenever the

populations become small.

Also, if the underlying system is stiff the explicit Runge-

Kutta method will perform poorly and should be replaced

by implicit finite difference methods. For instance, if the

transition rates in the Markov process have very different

orders of magnitude, the time step of explicit methods will
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be proportional to the fastest time scale. Besides implicit

methods, it is possible to apply aggregation techniques that

are designed for stiff systems [6, 7].

IV. DETERMINISTIC APPROXIMATION OF MOMENTS

Deterministic approximations are, besides Monte-Carlo sim-

ulation, the analysis techniques with most widespread use.

The mathematical justification of the simplest deterministic

approximation, mean-field analysis, has first been provided

by Kurtz in the context of chemical kinetics [21] where it

is applied extensively.

Mean-field analysis relies on the assumption that the ex-

pected populations can be approximated by variables that

change continuously and deterministically in time. This idea

can be generalized to higher moments where the accuracy

of the approximation increases as higher moments are in-

cluded [10].

A. Mean-field approximation

Let Z(t) = (X(t), Y (t)) denote the two-dimensional pop-

ulation vector at time t and, for d ∈ N let f : N2 → Rd be a

function that is independent of t. Assume that the expectation

E[f(Z(t))] exists. From Eq. (2), it is straightforward to derive

the relationship2

d
dtE[f(Z)] =

∑
(x,y)∈N2 f(x, y) d

dtp
(t)(x, y)

= E[αX(f(X + 1, Y )− f(Z))

+βXY (f(X − 1, Y + 1)− f(Z))

+γY (f(X,Y + 1)− f(Z))].

(6)

If f(x, y) = (x, y) we get as a special case that

d
dtE[X ] = αE[X ]− βE[XY ]

d
dtE[Y ] = βE[XY ]− γE[Y ].

(7)

Thus, if X(t) and Y (t) were uncorrelated (which means

that E[XY ] = E[X ]E[Y ]), we could compute the expected

number of individuals using Eq. (1). But if X(t) and Y (t) are
highly correlated, the approximation of the mean in Eq. (1) is

rather inaccurate. Fig. 1(a), for instance, shows the mean-field

approximation of the Markov process whose true expectations

are plotted in Fig. 1(b).

For finite time instants t, the mean-field approximation

becomes exact for the scaled process {N−1Z(t), t ≥ 0} as the

scaling constant N approaches infinity under the assumption

that the rate functions are density dependent [22]. In the

context of the stochastic Lotka-Volterra model, the latter

assumption means that the constant β depends on the scaling

parameter N (which has a natural interpretation such as the

total number of individuals) while α and γ are independent

of N . Thus, the accuracy of the approximation increases if

the populations become large. In Fig. 2 we plot the mean-

field approximation versus the true expected populations for

α = γ = 1, β = 0.003 and initial state (180, 200). For these

2To improve readability, we omit the dependence on t and write Z instead
of Z(t) and so on.

parameters, both populations stay above 150 at all times in

the deterministic model. Here, the mean-field approximation

remains very accurate at least until time t = 15 (and the same

holds for the expected number of preys).

B. Method of moments

Eq. (7) suggests that we would obtain a more accurate

approximation of the expected number of individuals if we

could accurately approximate the value E[XY ]. The first

idea, of course, is to set f(x, y) = xy in Eq. (6) in order

to extend the system of differential equations in Eq. (7) by

additional equations for E[XY ]. It is easy to see that with

f(x, y) = xy Eq. (6) yields a differential equation that

involves E[X2Y ], E[X2Y 2], and E[XY 2]. To approximate

these quantities as well, additional equations are necessary

that involve even higher moments. This argument repeats and

yields an infinite set of differential equations. The idea of

method of moments is to truncate this infinite set after a finite

number of equations. Here, we improve the quality of the

deterministic approximation by enriching the system in Eq. (7)

with deterministic approximations of the second moments as

proposed by Engblom for Markov population models [10].

Based on a Taylor series expansion of the rate function, the

following deterministic approximation of second order can be

shown:

d
dtE[X ]=αE[X ]− βE[X ]E[Y ]− βcXY

d
dtE[Y ] =βE[X ]E[Y ] + βcXY − γE[Y ]

d
dtcXX =2αcXX + αE[X ]− 2βE[X ]cXY

−2βE[Y ]cXY + βE[X ]E[Y ] + βcXY

d
dtcXY =αcXY − βE[Y ]cXY − βE[X ]cYY

+βE[Y ]cXX + βE[X ]cXY

−βE[X ]E[Y ]− βcXY − γcXY

d
dtcYY =2E[Y ]cXY + 2βE[X ]cYY + βE[X ]E[Y ]

+βcXY − 2γcYY − γE[Y ],

(8)

where cXX , cXY , cYY approximate the covariances

COV [X,X ], COV [X,Y ], COV [Y, Y ], respectively. Note

that the first two equations are as in Eq. (7) if we use the

relationship COV [V,W ] = E[VW ]−E[V ]E[W ] for the two
random variables V and W .

In Fig. 2 we plot the solution of Eq. (8) together with

the mean-field solution as well as the true expectations. For

these parameters both the mean-field approximation and the

second-order method of moments become inaccurate after

t = 23. The second-order method of moments predicts the

dynamics of the expected predator population only slightly

better. The situation is similar for the expected number of

preys. Additional equations for higher moments give a more

accurate approximation (not shown) but become very stiff once

the prey population grows too fast. The main advantages of

the method of moments are the low computational cost (the

ODE can be solved in a few seconds) and the fact that for

many models a second-order approximation is sufficient. If,
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Fig. 2. The deterministic approximations of the expected number of predators
remain accurate until t = 23. Here, we used the parameters α = γ = 1,
β = 0.003, and initial state (180, 200).

however, besides the moments, certain probabilities are of

interest (such as the probability of extinction) other solution

techniques need to be chosen. Also, for the model under study

higher order equations are necessary but lead to numerical

instabilities. E.g. for the parameters considered in Fig. 1,

the fourth-order approximation gives a matrix that is singular

to working precision (while the second-order approximation

yields poor accuracy). More advanced numerical techniques

have to be considered in this case such as implicit finite dif-

ference methods and integration methods that are particularly

designed for oscillatory systems [2–5, 29].

V. STOCHASTIC HYBRID METHOD

In this section, we propose a hybrid solution technique

for the stochastic Lotka-Volterra model that is motivated

by two observations. First, the approximate direct numerical

method presented in Section III-B is able to provide accurate

results. However, if only one of the expected populations (say

E[Y (t)]) is small and the other population is high, then it

becomes inefficient because the number of “significant” states

is large. It treats X(t) and Y (t) as discrete stochastic (DS)

random variables and considers all possible values up to a

predefined accuracy δ > 0, i.e. the infinite ranges of X(t) and
Y (t) are truncated with respect to δ. Second, the method of

moments with a truncation of moments higher than order two

provides a fast continuous deterministic (CD) approximation

that is accurate whenever the expectations of X(t) and Y (t)
are high.

A successful hybrid approach could therefore be based on

the following two properties:

(a) It should be able to switch dynamically between a DS rep-

resentation and a CD representation depending on population

thresholds for E[X(t)] and E[Y (t)].
(b) Whenever X(t) is represented as a DS variable and Y (t)
as a CD variable (or vice versa), a hybrid approach must be

able to take into account the dependencies between X(t) and
Y (t) in an appropriate way.

While requirement (a) is easy to realize, (b) turns out to

be much more challenging. Assume that at a certain point

in time, the predator population is represented by the DS

variable Y (t) and the prey population is represented by the

CD variable x(t) ≈ E[X(t)]; that is, we have a (truncated)

probability distribution for Y (t) and a single real value x(t)
as well as approximations of the covariances cXX and cXY . A

straightforward idea is to consider the “global” ODE in Eq. (8)

for the computation of x(t + h) ≈ E[X(t + h)] as well as

the covariances at time t + h, where h is a small time step

and E[Y (t)] as well as cYY are computed from the current

approximation of the distribution of Y (t). The equations for

E[Y (t)] and cYY are removed in Eq (8) and the distribution

of Y (t + h) is computed by solving a “reduced” version of

Eq. (2) given by

d
dtp

(t)(y) = β(y − 1)x(t)p(t)(y − 1)

+ γ(y + 1)p(t)(y + 1)

− (βyx(t) + γy)p(t)(y),

(9)

where y > 0. For state y = 0, we have d
dtp

(t)(0) = γp(t)(1).
Note that the transition that corresponds to the growth of

prey is not included in Eq. (9) but is taken into account in

Eq. (8). We can integrate Eq. (9) using the method described in

Section III-B. In this way, the possible values for y and thus the

number of equations would remain small (since we assumed

that E[Y (t)] and h are small) which makes the approach

computationally cheap. For instance, the run time needed to

approximate the probability distribution for the parameters

used in Section I is only about 1 minute. However, it turns out

that the approach yields bad accuracy. For instance, at the final

time instant t = 10, the relative errors of the first moments of

prey and predator are above 20%. In particular, the approach

fails to detect the steep increase of the expected number of

preys after t = 6 even though the results are accurate within

[0, 6]. The reason is that when E[Y (t)] is small, the (relative)

variance of Y (t) is important for the evolution of the CD

variable x(t) (and vice versa). For instance, if Y (t) = 0, then
X(t) grows exponentially at rate α. In this case, the total rate

of change will therefore deviate largely from the rate d
dtE[X ]

used in Eq. (8).

A more accurate approach is to consider “local” ODEs,

i.e. if X(t) has a CD representation and Y (t) has a DS

representation, then we consider the conditional expectation

E[X(t)|Y (t) = y] for each state y. Thus, in each integration

step, we represent the current state of the system by the

probabilities p(t)(y) ≈ P{Y (t) = y} (but we still neglect

probabilities smaller than or equal to δ) and real values xy(t)
that approximate E[X(t)|Y (t) = y]. For a small time step h,
we integrate the distribution p(t) and the values xy(t) in three

substeps.

(1) We first integrate p(t) according to Eq. (9) to approximate

the probabilities P{Y (t+ h) = y} by p(t+h)(y).
(2) For each state y with p(t)(y) > δ, we compute x̃y(t+h)
by numerical integration of the ODE

d
dt x̃y(t) = αx̃y(t)− βyx̃y(t)

with initial condition x̃y(t) = xy(t). Note that x̃y(t+h) is not
an approximation of E[X(t+h)|Y (t+h) = y] since the above
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differential equation does not take into account that Y may

leave state y within [t, t+h]. E.g. for newly discovered states

with p(t)(y) < δ and p(t+h)(y) > δ the value xy(t) (and thus

x̃y(t+h)) does not exist. Thus, a third substep is necessary to

approximate E[X(t+h)|Y (t+h) = y].
(3) We compute xy(t+h) by “distributing” x̃y(t+h) according
to the change in the distribution of Y as explained below. If

we assume that [t, t+ h] is an infinitesimal time interval and,

for y 6= y′, q(y, y′, h) is the probability to enter y from y′

within [t, t+ h], then

P{Y (t+h)=y} =
∑
y′ 6=y

q(y, y′, h)P{Y (t)=y′}

+(1−∑
y′ 6=y

q(y′, y, h))P{Y (t)=y}. (10)

Thus, we approximate E[X(t+ h)|Y (t+ h) = y] as
∑
y′ 6=y

x̃y′(t+h)q(y, y′, h)P{Y (t)=y′|Y (t+h)=y} (11)

+ x̃y(t+h)(1−∑
y′ 6=y

q(y′, y, h))P{Y (t)=y|Y (t+h)=y}.

The rationale behind this approximation is that, for t′ ∈
[t, t + h), the variance VAR[X(t′)|Y (t′) = y] is small and

the conditional distributions P{X(t′) = x̂ | Y (t′) = y}
can be approximated by a normal distribution with mean

E[X(t′)|Y (t′) = y].
Obviously, we make use of the current approximations p(t)

and p(t+h) to compute the conditional probabilities P{Y (t)=
y′|Y (t+h) = y}. For a small time step h, q(y, y + 1, h) ≈
hβyx̃y(t) and q(y, y−1, h) ≈ hγy. Using Eq. (11), we define

xy(t+h) ≈ E[X(t+h)|Y (t+h) = y] as

xy(t+h) =
(
hβ(y−1)p(t)(y−1)x̃y−1(t+h)x̃y−1(t)

+hγ(y+1)p(t)(y+1)x̃y+1(t+h)

+(1−hy(βx̃y(t) + γ))p(t)(y)x̃y(t+h)
)
/p(t+h)(y).

We illustrate the three substeps above by means of a simple

example.

Assume that the distribution of Y (t) is such that p(t)(0) =
1
3 , p

(t)(1) = 2
3 and all other states y have probability 0 at

time t. Assume further that the CD variables xy(t) are such

that x0(t) = 600 and x1(t) = 500. For the parameters α =
γ = 1, β = 0.01, h = 0.1 substep (1) yields p(t+h)(0) =
2
5 , p

(t+h)(1) = 4
15 , p

(t)(2) = 1
3 where, for simplicity, we

integrate Eq. (9) with the Euler method. Substep (2) yields

x̃0(t+h) = 660 and x̃1(t+h) = 549.5 and substep (3) gives

x0(t+h) ≈ 641.58 and x1(t+h) = x2(t+h) = 549.5. Note
that state y = 2 “inherits” the x-value of state y = 1 since its

probability inflow of 1
3 originated from y = 2.

The same strategy as explained above can be used for the

case where X(t) is a DS variable and y(t) is a CD variable.

We performed experiments using different parameters to

test the accuracy and run time if the representation is hybrid

(coexistence of CD and DS variables) and also if switching

occurs often. For the parameters used in Section I, for instance,

we start with a purely stochastic representation and use a

TABLE II
RESULTS OF THE STOCHASTIC HYBRID SOLUTION.

pop.

thresh.

δ run time |S| relative error of moments

time 1st 2nd 3rd

100 1e-15 12s 9e2 0.04 0.11 0.22

1e-10 7s 6e2 0.04 0.11 0.22

200 1e-15 1h 43min 5e4 0.03 0.11 0.23

1e-10 11min 9e3 0.03 0.11 0.23

400 1e-15 2h 35min 1e5 0.03 0.10 0.20

1e-10 25min 3e4 0.03 0.11 0.21

population threshold of 350 to switch the representation. At

time t ≈ 3.3 we switch the representation of X(t) from DS

to CD since the expectation reaches 350 (see also Fig. 1(b)).

Around time t = 4, we switch back to a DS representation.

Then, around t = 4.3 we switch the representation of Y (t)
from DS to CD because E[Y (t)] > 350, etc.
We also performed experiments using different population

thresholds and different values for δ. We summarize these

results in Table II. We always compared our results with the

full stochastic solution described in Section III-B to estimate

the accuracy of the hybrid method. We list the relative errors of

the first three moments when the hybrid method is compared

to the full stochastic solution. For these parameters it turned

out that the accuracy of the hybrid approach is less sensitive to

population threshold than expected. In the range of 100−400,
the relative error of the first three moments is at most 23%.

Similarly, the moments are accurately approximated even if δ
is about 10−10. It should, however, be noted that if a higher

value is chosen for δ, then small event probabilities will be

approximated as 0.

The accuracy of the hybrid approach becomes worse when-

ever both variables are represented deterministically. The

reason is that the second-order method of moments relies

heavily on an accurate prediction of the (co-)variances. But

during a preceding hybrid phase where, say, X has CD

representation and Y has DS representation, the variance of

X is much smaller than the real variance VAR[X(t)], i.e. the
approximation

VAR[X(t)] ≈ ∑
y:p(t)(y)>δ p

(t)(y)(xy(t)− E[X(t)])2

is not accurate enough if it is used as an initial value for cxx in

Eq. (8) even though this has only a minor effect on accuracy

during the hybrid phase. The hybrid method exploits the fact

that, if X is large, then the relative variance is small and it is

sufficient to record the evolution of E[X(t) | Y (t) = y] for
each value y that has a significant probability. This seems

to contradict with the approximation in Eq. (8) that relies

on a good estimate for the (co-)variances. For this reason,

we suppressed the configuration CD, CD for our results in

Table II and always kept at least one variable DS. We plan to

extend the stochastic hybrid approach such that the distribution

P{X(t) = x | Y (t) = y} is approximated by a normal

distribution which we represent by two values (mean and

variance) instead of the single value xy(t). This, however,
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complicates the interdependencies between X and Y further

and its study is beyond the scope of this paper.

VI. EXPERIMENTAL RESULTS

We performed experiments using five different parameter

combinations for the stochastic Lotka-Volterra model and four

different solution methods. In Table III we list our exper-

imental results. Each row corresponds to one combination

and is enumerated in the first column. We used the first

and the second combination of parameters also in Section III

and IV (see also Fig. 1 and Fig. 2). Note that for the latter

combination, the expected populations oscillate in a much

higher range. The remaining parameter combinations in rows

3 through 5 are taken from the literature [14] (third row), [15]

(fourth row), [12] (fifth row). In columns two to four we list

the rate constants, and the columns with labels x0 and y0 refer
to the initial population sizes. In the column with label tf , we
list the final time instant at which we compute the transient

distribution. We abbreviate the solutions methods as follows:

• IRK4(δ) refers to the inexact explicit fourth-order Runge-

Kutta method as described in Subsection III-B using a

significance threshold of δ. We list the run time, the

average number of significant states and the error, i.e., the

probability mass lost during the computation for the case

δ = 10−15.

• MF refers to the mean field analysis discussed in Subsec-

tion IV-A. We list the run time and the relative error of

the first moment (expected populations) at the final time

instant where we compare to IRK4(10−15). We took the

average over the two species.

• MM refers to the method of moments that we discussed in

Subsection IV-B. We list the run time and the relative error

of the first and second moments where we again compare

to IRK4(10−15) and average over the two species.

• Finally, SH(δ,K) refers to the stochastic hybrid method

where a significance threshold of δ and a population

threshold ofK is used. Here, we give results for δ = 10−15

and K = 200. The column with label |S| lists the average

number of significant states in each step and the last three

columns list the relative error of the first, second, and third

moments compared to those of IRK4(10−15).

For the first combination of parameters the two determinis-

tic approxmations MF and MM yield fast but poor results.

The stochastic hybrid method gives a significant speed-up

compared to IRK4(10−15) (about 51 times faster) and the

approximation is accurate. The parameters used in the second

row yield a system where the expected populations oscillate

in a high range (between 150 and 650, see also Fig. 2).

Therefore, MF and MM give accurate solutions. The stochastic

hybrid solution is fast since most of the time both populations

are represented as continuous deterministic values. The third

combination of parameters gives similar results as the first

one. In the last two rows, only IRK4(10−15) gives an accurate

solution. The stochastic hybrid method accurately predicts

the first moments of the species but for the second and

third moments the approximation error is high. The reason

is that, for both parameter combinations, at the final time

instant E[Y ] ≈ 0 and |S| = 1 (fourth row) and |S| = 3
(fifth row). During the hybrid solution, Y is represented

as a discrete stochastic variable and X becomes continuous

deterministic. Only a small number of states y remain and the

variance between their conditional expectations E[X |Y = y]
is small. Thus, the second moment E[X2] yields a relative

error of around 90% whereas E[Y 2] ≈ 0 is very accurately

approximated. The average relative error is then around 50%.

VII. CONCLUSION

The popularity of the Lotka-Volterra model for the descrip-

tion of population dynamics relies on the fact that this model is

able to reflect the strongly changing dynamics of interacting

populations. Its stochastic variant includes the possibility of

extinction, which is, for instance, important for modeling

biodiversity and coevolution [18, 19, 26].

The analysis of the stochastic Lotka-Volterra model is chal-

lenging because events such as extinction of predator require

a costly discrete representation of the predator population.

This and other characteristics of the stochastic Lotka-Volterra

model (change between small and large populations, highly

correlated variables, infinite state space, unbounded rates) are

prototypical for Markov population models. Therefore, its

analysis is not only interesting from an application-oriented

viewpoint but also from a methodological viewpoint.

We discussed different analysis approaches for the stochas-

tic Lotka-Volterra model and modified them in order to im-

prove accuracy and run time. It turned out that the stochastic

hybrid approach with local ODEs performs best. It is at least

an order faster than the numerical integration of the master

equation and yields no more than a 5 % relative error in the

first moment of the transient distribution. If high populations

are approximated by continuous deterministic variables, then

error estimates are hard to obtain. The benefits of an ap-

proximate numerical solution, however, are highly dependent

on accurate error estimates. Here, we compared our hybrid

solution with a full stochastic solution. In the future, we will

try to estimate the accuracy of the hybrid approach without a

comparison to a more accurate but costly solution. Moreover,

we plan to additionally consider numerical analysis approaches

based on a diffusion approximation of the stochastic Lotka-

Volterra model such as the one suggested by Ferm et al. [27]

and compare them with the methods discussed here.
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[27] P. Sjöberg, P. Lötstedt, and J. Elf. Fokker-Planck ap-

proximation of the master equation in molecular biology.

Technical Report 2005-044, Department of Information

Technology, Uppsala University, 2005.

[28] W. J. Stewart. Introduction to the Numerical Solution of

Markov Chains. Princeton University Press, 1995.

[29] H. Van de Vyver. A fourth-order symplectic expo-

nentially fitted integrator. Comput. Phys. Commun.,

174(4):255–262, 2006.

[30] V. Volterra. Fluctuations in the abundance of a species

considered mathematically. Nature, 118:558–560, 1926.

296 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



����������������� � 	�A��B � B�BCBA� � D��EF��CD�B � �A�BE�B � �EB�
�FA����FA�A��CB��F����D�B��BBA�B��BA���B�����B��	FE��F���A��B	�
	���BA������DE�B���ABDE�����BC��FA�C�����EF�B��FE�DA��C�����FC�
���BE�����BC����B���DED��B���FC���D��FAD���B��A���B��DEB��EF�
�F�B��	FE���B��DED��B���D��FA�F	�B���������EB�FA����FAB�����FA���
�D�B��FA���D�B��ED��BA�����B�CB��F�����D�B��FA� FE�D��B�!�BE�
D��A��"���BC�#A�BE	D�B�	FE�$A�%�& !"#%'�(�EBD����	FE�C�����
�FEB�����BC��� DED��B���D��FA����D���B�B�����D����A�A��B�BE���FF��
F	 � ��B ��DED��B� � B������� ��EB�FA����FAB������FA���D�B ��FA���D�B�
�ED��BA��"()* � & � *�+,�"()*' � �F � ��B � �B��EB� � A�C�BE � F	�
��EBD���������D���B��A��	FE��FF���DED��B���D��FA��(�BFEB���D��B��
��CD�B��FA���BB�����DA��B		���BA���DEB�D��F��EB�BA�B���-�AD�����
A�CBE��D��EB������	FE���B��BE	FECDA�B�F	���B� � *�+,�"()*�
CB��F� � 	FE � �F���A� � ��DED��BE����� � ��F ���CBA��FAD� � �F�A�DE��
�D��B��EF��BC��FA�C�����FEB��FC���BE�����BC��DEB��EB�BA�B���
������DEB�	D�FED�����FC�DEB���F��FEEB��FA��A��EB������ 	EFC�
C�����EF�B��FE�����BC���(�B��C��BCBA�D��FA�����B��F	���B��EF�
�F�B��CB��F��DEB�D��F��������B�����A� � !"#%�(�EBD���FA�D�
C�����FEB�����BC�

�� �������	����

A�BCDBEF�D����B���B������BD�D���B�������B��B���B������B���

�����B � A! B����F�B �F� B DF����"B�FC�����B���C�B#�F��

���DB��B�$FB�����D�F�D%B&'(B%&)(%B&*(%B&+,(%B����

-
.CB/BD% �+!

BBBBBBBBBBBB� BBBBBBBBBBBBBB� BBBBBBBBBBBBBBB�� BBBBBBB � BBBBBBBB�

BB.�

�

�

�
�
�

�

� �
�

+
�
+

�
0

�
0

�
0

,

���+ ���+ ���+

�� ��

�
�

,

�
��+

�
�

�
�

�
�

1≡��2%3!

4≡��5%6!

$���� B ��� B EF����E���� B �����7 B . B �D B � B �F��D��"C��� B ���"�%B

D#��D�%BC�D�������E%B#FD�����B��������%B���"F�����B�F������B

��×�!B�����7BF�B����"C���BD��CE�C��B�$����B���B���BF���E�����B
���� B ����DB��� B"�FC#�� B �� B ��"C��� B����D BF� B$���� B 	 B ��B

D��������$����B�!%B &0(% B$����BCB �D B ���B ABDF�C��F�B�� B ���B

�F��� B#F���D B��� BD B �D B� B��E�F�% B$���BEF�#F����D B ��DC����"B

��F�B�BEF�������F�BF�BDFC�E�B����DB���B��#FD��B�FC�����B

EF�����F�D�

�C���"B���B��D�B��E���D%B�7#��E��B�##�F7�����B�����D�B#���

EF�����F���"B����F�DB����B����B�7���D�����BCD��B�F�B����E��

�����B DF����"BD#��D� B ������ BD�D���DBF�B�C���#�FE�DDF� B D�D�

���D%B &8(% B &9(% B &*(% B &+,(� B�� B ��E��� B����D B����B��D���E���DB

����B�������B#��EF�����F���DB��D��BF�B����FCDB ��E���:C�D%B

$��E�B���B�����EC��B �FB��B��#��������BF�B#������� BD�D���D%B

&;B(%B&++(%B&+0(�B���B����E������DDBF�B�7#��E��B�##�F7�����B���

���D�B#��EF�����F���"BDE����DB�����DBF�B���BCD�BF�BDC������B

#��EF�����F���DB����B���BE�FD�B�##�F7�����DB�FB���B�����D�BF�B

���BEF����E���� B�����7B��� B��� B ��D� B �F BEF�#C��B ��B#�������%B

&0B(%B&<(�

���B�##�F7�����B�����D�
��
�� B��#��D���DB�BE��DDBF�B"�����

���=��B�##�F7�����B�����D�DB����B��E�C��DB����FCDB�������DBF�B

�##�F7�����B�����D�DB�EEF����"B�FB���B��:C�������DBF�B�EEC�

��E�%BD�F��"�B���BEF�#C����F���B$F�2%B�DBE��B��BD���B��B���B

�F��F$��"B���"�������EB������F�>

BBBE��DDB� E��DDB�� E��DDB���

��
��
�

��
���

� �����������������	 ←←←≡ −=
− �8!

$����B?B�DB���B�7�E�B�����D�B��DC����"B��B�B����E�B����F�%B����B

�/��+B���B@�/�B$���B���B��D�������"�BF�B��"�B���F��B���

:C�������DB���BEF�#C����F���B$F�2B�F�B���"�BF����BD�D���D�B

���B������DBF�B���BE��DDB�B�����D�B����B����B��������B�����B���B

EF�#C����F�BF�B���B�7�E�B�����D�B� � /��+%B@�/�!B��B�������

��"BF���B@�B���B@��+B�������DB��B���B�F$��B���BC##��B#���BF�B

���B�7�E� B �����D�� B���B������DBF�B ���BE��DDB �� B �����D�B����B

����BEF�#C���B���B��������B�C���"B���BEF�#C����F���B#�FE��

�C��BF�B���B��##�F7�����!B�����D�B� � ≤��+%B@�A�!%B$����B���B
������DBF�B���BE��DDB���BF�B���B"�������=��B�##�F7�����B�����D�B

������DBF���B���B���"F���B�������D%B����B@�/+B$����B��:C���DB

F���B���B���B���"F���B������DBF�B���BD#��D�B�F$��B�����7B �A %B

&'(%B&+,(%B��DC����"B��B�B��D�B�����D�B��"F������

BB�0!

,��)��,ED��DA���� ��#��
.D��/DA����

��#�������BF�BA��E���E��B���B	F�#C���B
A�"�������"%BBE�FF�BF�BA�"�������"%B
���FE���CDB������D���BF�B����E�%B

������D���B	��#CD%BC�������%BD�B
';+,,BE�����%BD���E�

A����>B""������F����C���"�GB
#�DE���DF����C���"�

0��.��,�DAAF��D/��
	�����B�F�B��D���E�B���B

��E��F�F"�BH����D%B���F�����EDB
���B��������EDB��D���C��%BD�B
<;,,+%B������%BD���E�
A����>B2"����FCF����"�

���)��1����D/��
��#�������BF�B���F�����ED%B.����DB
������D���BF�BAEF�F��EDB���B

ICD���DD%B;'BJ���DD�F�BD�����%BD�B
+,9B89B.����D%BD���E�
A����>B���F�C���"�

-�A��B���BCBA��)��EF��CD�B�#A�BE�B� EB�FA����FA�A�����A�� !"#%�
��EBD���FA�C�����FEB�����BC�

Proceedings of the International Multiconference on
Computer Science and Information Technology pp. 297–302

ISBN 978-83-60810-27-9
ISSN 1896-7094

978-83-60810-27-9/09/$25.00 c© 2010 IEEE 297



 C������F��%B$�B#��D���B��� B�7#��E�� B ��EF�����F��� B*#�

EF�KC"��� B+F�KC"��� B,��������"()*B �� *#�+,"()*!B

����F�%B$��E�BE��B��B�7#��DD��B��B���B�F��F$��"BEF�#�E�B

DE����>

-��B BC B��B��B���������B�������B�##�F7�����F�B�FB���BDF�C�

��F�B��E�F�BC�B����%B

EF�#C�� D	CE��� BB −= �9!

D��B ���F���F���F�����D��� BBB
�
B = B���B B�F���F�� BB �<!

����%B�F�B�/+%L�%�B�C����BEF����"��E�!BEF�#C��B���B��E�

�F�DBC�%B��B���B���BDE����B:C�������DBM%BN%BO�B�DB�F��F$D>

E��EC���� ( )���
�
B� ��D��F� BB���BB

( )
( )���

����

��

��
�F�� �'!

EF�#C�� ( )D������������F�� ������������� − �;!

�F��
�

��
�� ��F�� � BB���BB D	���� �� = �)!

EF�#C�� ( )�
�
B� ��D���F�� BB���BB D�������F�� ����� �*!

�F�� D	����������������F�� ���
��
�� = �+,!

D�� ( ) ( )������D���������D���F�� �
��
��

��
��

��
��

��
�� ���� B �++!

EF�#C�� ����������� ���������������������C�C =+= BB�+0!

.DDC���"B����B���B�##�F7�����B�����D�B
��
�� �E��B��BEF��

#�E���BD�F���B��B�×�0@��+!B���"F���B��E�F�D%B����B���BEF�#C�
����F��� B EF�#��7��� B F� B ��� B� *#+,�"()* �����F� B �DB

≈�&�'@�P9 	P+'!�B�C��DBPB'�B���D(�BF#�����F�D%B$����BQB�DB

���B�C����BF�B�������F�DB��:C����B�F�BEF����"��E�B�FB�BE���

����B�����BF�B�EEC��E�%B&'(%B&+,(�

��B���DB����E��%B��$B#�������BEF�#C����F���B��E���:C�DB���B

#�F#FD�� B �F� B ��� B#��������=���F� BF� B�7#��E�� B #��EF�����F���B

EF�KC"���B"�������B��#�B����F�D%B��D��BF�BJF������B�#�����

��"BB�D���B�������E�B�F�B���EB�J�B�E!B������D%B�F�B�C����

EF��BD�D���D�B���B�7E�DD���BF�������B#�F�CE��B��B���B����

#�������D��B#�������B ��#���������F�DB$�DB��F����B��BCD��"B

J�B�EB������D%B��7���=��"B���BF������B#���F����E�BF�B���B

#������� B ��#���������F� B F� B ��� B � *#+,�"()*B ����F�B

���B���F�����"B��BE�FD�B�FB���BEF���D#F����"B���F����E��B�D���

�����

 ������%B�C����E��B��DC��DB�F�B���B#���F����E�BF�B���B � �

*#+,�"()*B����F�B�F�BDF����"BE����E����D��EB�$FB������

D�F���B�FC�����B���C�B#�F����DBF�B�C���EF��BEF�#C���BD�D�

���DB���B#��D�����%B$��E�B���B���F�����BEF�#����B�FBEF����

D#F����"B ��DC��D B ��F� B�C���#�FE�DDF� B D�D���D� B��� B ��#���

�������F�B�DDC�DBF�B���B#�F#FD��B����F�B���B��DFB��DECDD��B

CD��"BJ�B�EB������DBF�B�B�C���EF��BEF�#C���BD�D����

���J.�.--A-BI�	��R�D.�AB	��R�D.�ABD�.��A����SJAB?A�H��

��B���DBD�E��F�%B$�B���F�D�����B���B#������� B ��#��������

��F�BF�B��� B� *#+,�"()*�����F�B��D�"���B�F�B�C���EF��B

EF�#C���BD�D���DBCD��"BJ�B�EB������D%B&+(%B&+8(�

B#�E���E����% B2�����������B ������DBF�B ���BJ�B�EB+,,8�+EB

D�������B���BCD��B��B�B������B#FF�B#������%B&+(%BF��"������B���

D�"���B��BBC�B?�E�FD�D���DB�F�BBF����DB�#������"BB�D���%B

&+8(%B���B�F������B�F�B���B#C�#FD�DBF�BFC�BEF�#C����F�D�B.B

������B#FF�B����"�DB�BE������B�C����BF�B������DB����B#���

�F��B��D2DB��D��BF�B�BKF�B:C�C��BA����B����B�B������B����D��DB

��DB��D2B��BD$��E��DB�FB����BD����%B$�����"B�F�B��F����B��D2B��F�B

���B:C�C�B�FB��B�DD�"���B�FB���B��B���DB$��%B�F�2B���BKF��BF�B

������DB�DB�������B�FBKCD�B���B�E����B������DB��B���B#FF�%B������B

���� B E������" B ��� B ����E���" B ����� B ������ B ���� B #���F��D B �B

��D2�BH��E�%B�C�B�FB���B���CE��F�BF�B �����E��DB��B��#�F���

����B�DB�7#�E���BF�B���B#�������B#���F����E�BF�B���B#�F#FD��B

��#���������F��

���DB#�������B��#���������F�B�DB��D��BF�B���BD�������B�F��

�FF#B#��������=���F�B�F����B-�� B��	AB�CDB���F��B���B�C����B

F�B������DBCD��B��� B�	AB�CEFCB ��B���BT��UB�C����BF�B��E�B

������B���F�B,B�FB��	AB�CD!�B����%B�����B������%B���F���B�DB

������	A�B ����DBF���B$���B���B�C����BF�B���FE����B�������D%B

$����B������	A�����	AB�CD�

H��E�%B ��� B ������� B�7#��E�� B ��EF�����F��� B*#EF�KC"���B

+F�KC"��� B,��������"()*B � � *#+,�"()*!B����F�BE��B

��B�7#��DD��B��B���B�F��F$��"B��"F������EBDE����>

-�� B BC B �� B �� B ��������� B ������� B �##�F7�����F� B �F B ���B

DF�C��F�B��E�F�BC�B����%

��EBD�2�FF�2��B�B

	FEBK/�+P�	AB�CEFC�������	A!��F���	AB�CEFCP+!V������	A

( ) ( )
 B  B C	�E�F� ��+8!

BA��	FE

��EBD�2�FF�2�D��

��EBD�2�FF�2��B�B

	FEBK/�+P�	AB�CEFC�������	A!��F���	AB�CEFCP+!V������	A

( ) ( )
K,K

W

, �B/� &+9!

( ) ,�,B/#
K� �+<!

( ) ,�,B/�
K� �+'!

BA��	FE

��EBD�2�FF�2�D��

B+�,B/BOB/BMB/BX ,, �+;!

,�,B/B#B/B� ,, B�+)!

����%B	FE��34�������&�A�����FA�BE�BA�B'BEF�#C��B��B#�������B

��� B��E�F�D B B �� �B%C B ��� B ��� B DE���� B:C�������D B ��OBN%BM% B �DB

�F��F$D>

��EBD�2�FF�2��B�B

	FEB K/�+P�	AB�CEFC�������	A!� �F ���	AB�CEFCP+!V������	A�

�F�EB�����FA�5� �X

( ) ( )
K+��K

W

,� �B�/XB ⋅ �+*!

BA��	FE

��EBD�2�FF�2�D��

( ) ( )+��+��� OMXXB/BN �0,!

��EBD�2�FF�2��B�B

298 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



	FEBK/�+P�	AB�CEFC�������	A!��F���	AB�CEFCP+!V������	A

( ) ( ) ( ) ( )( )
K+��+��K+��K+��K� �BOBB#NBPB�B/B# − �0+!

BA��	FE

��EBD�2�FF�2�D��

��EBD�2�FF�2��B�B

	FEBK/�+P�	AB�CEFC�������	A!��F���	AB�CEFCP+!V������	A

( ) ( ) 







∑
=

=
+!�@�PK�����%

+!P@��K��7�+%2
#Y

2�2K% �� �00!

BA��	FE

��EBD�2�FF�2�D��

��EBD�2�FF�2��B�B

	FEBK/�+P�	AB�CEFC�������	A!��F���	AB�CEFCP+!V������	A

( ) ( )
K�K� �.B�B = �08!

BA��	FE

��EBD�2�FF�2�D��

��EBD�2�FF�2��B�B

	FEB K/�+P�	AB�CEFC�������	A!� �F ���	AB�CEFCP+!V������	A�

�FBEB�����FA�5� ��

( ) ( )
K�K

W

,� �B�/�B ⋅ �09!

BA��	FE

��EBD�2�FF�2�D��

�� �XB/BM �0<!

��EBD�2�FF�2��B�B

	FEBK/�+P�	AB�CEFC�������	A!��F���	AB�CEFCP+!V������	A

( ) ( ) ( )
K�K+��K� �MB�B�B/B7 �0'!

BA��	FE

��EBD�2�FF�2�D��

��EBD�2�FF�2��B�B

	FEBK/�+P�	AB�CEFC�������	A!��F���	AB�CEFCP+!V������	A

( ) ( ) 







∑
=

=
+!�@�PK�����%

+!P@��K��7�+%2
7Y

2�2K% �� �0;!

BA��	FE

��EBD�2�FF�2�D��

��EBD�2�FF�2��B�B

	FEBK/�+P�	AB�CEFC�������	A!��F���	AB�CEFCP+!V������	A

A� FB �
CB. A�F B � �0)!

BA��	FE

��EBD�2�FF�2�D��

�
+
C,� , �0*!

�
0
C, �, �8,!

��EBD�2�FF�2��B�B

	FEB K/�+P�	AB�CEFC�������	A!� �F ���	AB�CEFCP+!V������	A�

�FBEB�����FA�5� �
+ % �

0

A �� F B �
CA D

�C��7 A+%K�@�P+ B

��� A �%KP@��+B

� K%2 A� F B� B �8+!

�
+
CA ��F B �EA �F B � �80!

�
0
CA �� F B �EA�� F B � �88!

BA��	FE

��EBD�2�FF�2�D��

�
F
B/ �

+
F�

0 �89!

��EBD�2�FF�2��B�B

	FEBK/�+P�	AB�CEFC�������	A!��F���	AB�CEFCP+!V������	A

A�F B �CA���+ B � BPBM A �F B � BPOF A �F B � �8<!

AAF B �
CA� F B � B�BBOF A� F B � �8'!

BA��	FE

��EBD�2�FF�2�D��

���BEF�#C����F��� BEF�#��7���BF� B ��� B � *#+,�"()*�

����F�B�DB≈�&�'@�P9 � P+'!������	AB�C��DBPB'������	AB���D(

QBF#�����F�D% B$����BQB���F��DB���B�C����BF�B �������F�DB���

:C����B�F�BEF����"��E�B�FB�BE������B�����BF�B�EEC��E�B���B�� 

����	AB�DB���B�C����BF�B�F$DBF�B���B�����E�DB��D����C���BF��FB

��E�B������%B&0(%B&8(%B&<(�

��CD%B���B���F����E��BD#���C#B���B����E���E�BF�B���B � �

*#+,�"()*B����F�DB���B��D#�E������>

!
"
@�C

+

+

�������D
�

+0�
�

#A'@ ��9Z�+' B�E��

�8;!

���

$
"
@�C

+

+�
+0�

�
E�������D

#A'@ ��9Z�+'B�E��

�8)!

$����B��B���F��DB���BEF�#C����F���B����BF�B�B�C���#��E���F�%B
$����B�+B�DB���B������DB�DD�"�����B�����E��D�B��B�DBF���FCDB����B

�F�B@�→ � %B����B !
"

@� →�������DB���B $
"

@� →+%B�8;!��8)!�

���B����E������DDBF� B ���B#������� B�7#��E�� B#��EF�����F���B

EF�KC"���B"�������B��#�B����F�B�DB�������B�FB���B��E�B����B���B

�##�F7�����B�����D�B×B��E�F�B���B��E�F�B×B��E�F�BE��B��B�����
E������B��#��������BF�B#�������BD�D���D%B&+(%B&0(%B&<(%B&+8(�

���� ��?A��	.-B�AB�-�B

��B���DBD�E��F�B$�B�7�����B���B����E������DDB���B�##��E��

������BF�B���B��$B#�F#FD��B#�������BDE����DB�F�BDF����"BE����

�E����D��EB�$FB�����D�F���B�FC�����B���C�B#�F����D%BF�B�C��

��EF�� B EF�#C��� B D�D���D% B CD��" BJ�B�E B ������D% B &+(% B &+8(�B

���B�C����E��B��D�B�C�DB$���B#���F����BF�B�B�C��B07B�����B

E�F�BD����� B�� B0�,BDH=B$���B+0?IBE�E��B���F��% B)DIB

�.?B���B+888?H=B�CD%B�C����"B������BD��[-��C7B�����

���D���B	F���"�B��B	F�2%B�������!�

-��BCDBEF�D����B���B�F��F$��"B0���FC�����B���C�B#�F����>

\C�7%�!PC�7%�!B/B��7%�!%BB�7%�!B∈B� �8*!

C�7%�!/,%BBB�7%�!B∈B∂�% �8*��!

GEORGE A. GRAVVANIS, P. I. MATSKANIDIS, K. M. GIANNOUTAKIS, E. A. LIPITAKIS: FINITE ELEMENT APPROXIMATE INVERSE PRECONDITIONING 299



TABLE I

THE CONVERGENCE BEHAVIOR OF THE PEPBICG-STAB METHOD FOR SEVERAL VALUES OF n, m, AND l@  WITH NUMBER OF THREADS=1.
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THE PERFORMANCE OF THE PEPBICG-STAB METHOD FOR SEVERAL VALUES OF THE NUMBER OF THREADS, n AND l@ .
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TABLE III

SPEEDUPS OF THE PEPBICG-STAB METHOD FOR SEVERAL VALUES OF THE NUMBER OF THREADS, n, m AND l@ .
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Abstract—We will consider balanced directed graphs, i.e.,
graphs of binary relations, for which the number of inputs and
number of outputs are the same for each vertex. The commutative
diagram is formed by two directed paths for which the same
starting and ending points form the full list of common vertices.
We refer to the length of the maximal path (the number of
arrows) as the rank of the diagram. We will count a directed
cycle of length m as a commutative diagram of rank m. We
define the girth indicator gi, gi ≥ 2 of the directed graph as the
minimal rank of its commutative diagram.

We observe briefly the applications of finite automata related to
balanced graphs of high girth in Cryptography. Finally, for each
finite commutative ring K with more than two regular elements
we consider the explicit construction of algebraic over K family
of graphs of high girth and discuss the implementation of the
public key algorithm based on finite automata corresponding to
members of the family.

I. INTRODUCTION

C
LASSICAL problems on Turan type problems on studies

of the maximal size of simple graphs without prohibited

cycles are attractive for mathematicians because they are

beautiful and difficult (see [1], [9]). The concept of a family

of simple graphs of large girth appears as an important tool to

study such problems. Later the applications of these problems

in Networking [2], Coding Theory and Cryptography were

found (see [15 and further references]).

Section 2 is devoted to the concept of the girth indicator

and the family of large girth for digraphs.

In Section 3 we consider the definition of a family of

affine algebraic digraphs of large girth over commutative

rings. Explicit constructions of such families of graphs can be

used for the development of public keys and a key exchange

protocol. We discuss the connection of these algorithms with

the group theoretical discrete logarithm problem.

The known examples of families of simple algebraic graphs

were constructed just in the case of finite fields (see [5]). In

section 4 we consider an explicit construction of a family of

affine algebraic digraphs of large girth over each finite com-

mutative ring containing at least 3 regular elements. Different

properties of this family are investigated in [14], [15], [17]

[18] , [20], [7], [8].

Section 5 is devoted to the latest implementation of the

public key algorithm based on one of the family described in

section 4.

II. ON THE FAMILIES OF DIRECTED GRAPHS OF LARGE

GIRTH

The missing theoretical definitions on directed graphs the

reader can find in [6]. Let Φ be an irreflexive binary relation

over the set V , i.e., Φ ∈ V ×V and for each v the pair (v, v)
is not the element of Φ.
We say that u is the neighbour of v and write v → u if

(v, u) ∈ Φ. We use the term balanced binary relation graph

for the graph Γ of irreflexive binary relation φ over a finite

set V such that for each v ∈ V the sets {x|(x, v) ∈ φ} and

{x|(v, x) ∈ φ} have the same cardinality. It is a directed graph

without loops and multiple edges. We say that a balanced

graph Γ is k-regular if for each vertex v ∈ Γ the cardinality

of {x|(v, x) ∈ φ} is k.
Let Γ be the graph of binary relation. The path between

vertices a and b is the sequence a = x0 → x1 → . . . xs = b
of length s, where xi, i = 0, 1, . . . s are distinct vertices.

We say that the pair of paths a = x0 → x1 → · · · → xs =
b, s ≥ 1 and a = y0 → y1 → · · · → yt = b, t ≥ 1 form an

(s, t)- commutative diagram Os,t if xi 6= yj for 0 < i < s,
0 < j < t. Without loss of generality we assume that s ≥ t.
We refer to the number max(s, t) as the rank of Os,t. It is

≥ 2, because the graph does not contain multiple edges.

Notice that the graph of antireflexive binary relation may

have a directed cycle Os = Os,0: v0 → v1 → . . . vs−1 → v0,
where vi, i = 0, 1, . . . , s− 1, s ≥ 2 are distinct vertices.

We will count directed cycles as commutative diagrams.

For the investigation of commutative diagrams we introduce

girth indicator gi, which is the minimal value for max(s, t)
for parameters s, t of a ommutative diagram Os,t, s + t ≥ 3.
The minimum is taken over all pairs of vertices (a, b) in the

digraph. Notice that two vertices v and u at distance < gi are
connected by the unique path from u to v of length < gi.
We assume that the girth g(Γ) of a directed graph Γ with

the girth indicator d+1 is 2d+1 if it contains a commutative
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diagram Od+1,d. If there are no such diagrams we assume that

g(Γ) is 2d+ 2.

In case of a symmetric binary relation gi = d implies that

the girth of the graph is 2d or 2d− 1. It does not contain an

even cycle 2d−2. In general case gi = d implies that g ≥ d+1.
So in the case of the family of graphs with unbounded girth

indicator, the girth is also unbounded. We also have gi ≥ g/2.

In the case of symmetric irreflexive relations the above

mentioned general definition of the girth agrees with the

standard definition of the girth of simple graph, i.e., the length

of its minimal cycle.

We will use the term the family of graphs of large girth for

the family of balanced directed regular graphs Γi of degree

ki and order vi such that gi(Γi) is ≥ clogki
vi, where c′ is a

constant independent of i.

As it follows from the definition g(Γi) ≥ c′logki
(vi) for

an appropriate constant c′. So, it agrees with the well known

definition for the case of simple graphs.

The diameter of the strongly connected digraph [6] is the

minimal length d of the shortest directed path a = x0 → x1 →
x2 · · · → xd between two vertices a and b. Recall that a graph
is k-regular, if each vertex of G has exactly k outputs. Let

F be the infinite family of ki regular graphs Gi of order vi
and diameter di. We say, that F is a family of small world

graphs if di ≤ Clogki
(vi), i = 1, . . . for some constant C

independent on i. The definition of small world simple graphs

and related explicit constructions the reader can find in [3].

For the studies of small world simple graphs without small

cycles see [9], [20] and [33].

III. ON THE K -THEORY OF AFFINE GRAPHS OF HIGH

GIRTH AND ITS CRYPTOGRAPHICAL MOTIVATIONS

Let K be a commutative ring. A directed algebraic graph

φ over K consists of two things, such as the vertex set Q
being a quasiprojective variety over K of nonzero dimension

and the edge set being a quasiprojective variety φ in Q×Q.

We assume that (xφy means (x, y) ∈ φ).

The graph φ is balanced if for each vertex v ∈ Q
the sets Im(v) = {x | vφx} and Out(v) = {x |xφv} are

quasiprojective varieties over K of the same dimension.

The graph φ is homogeneous (or (r, s)-homogeneous) if for

each vertex v ∈ Q the sets Im(v) = {x|vφx} and Out(v) =
{x|xφv} are quasiprojective varieties over F of fixed nonzero

dimensions r and s, respectively.

In the case of balanced homogeneous algebraic graphs for

which r = s we will use the term r-homogeneous graph.

Finally, regular algebraic graph is a balanced homogeneous

algebraic graph over the ring K if each pair of vertices v1 and

v2 is a pair of isomorphic algebraic varieties.

Let Reg(K) be the totality of regular elements (or nonzero

divisors) ofK , i.e., nonzero elements x ∈ K such that for each

nonzero y ∈ K the product xy is different from 0. We assume

that the Reg(K) contains at least 3 elements. We assume here

that K is finite, thus the vertex set and the edge set are finite

and we get a usual finite directed graph.

We apply the term affine graph for the regular algebraic

graph such that its vertex set is an affine variety in Zarisski

topology.

Let G be r-regular affine graph with the vertex V (G), such
that Out v, v ∈ V (G) is isomorphic to the variety R(K).
Let the variety E(G) be its arrow set (a binary relation in

V (G) × V (G)). We use the standard term perfect algebraic

colouring of edges for the polynomial map ρ from E(G) onto
the set R(K) (the set of colours) if for each vertex v different

output arrows e1 ∈ Out(v) and e2 ∈ Out(v) have distinct

colours ρ(e1) and ρ(e2) and the operator Nα(v) of taking the

neighbour u of vertex v ( v → u) is a polynomial map of the

variety V (G) into itself.

We will use the term rainbow-like colouring in the case

when the perfect algebraic colouring is a bijection. Let

dirg(G) be a directed girth of the graph G, i.e., the minimal

length of a directed cycle in the graph. Obviously gi(G) ≤
dirg(G).
Studies of infinite families of directed affine algebraic

digraphs over commutative rings K of large girth with the

rainbow-like colouring is a nice and a difficult mathematical

problem. Good news is that such families do exist. In the next

section we consider the example of such a family for each

commutative ring with more than 2 regular elements.

Here, at the end of section, we consider cryptographical

motivations for studies of such families.

1) Let G be a finite group and g ∈ G. The discrete

logarithm problem for group G is about finding a solution

for the equation gx = b where x is unknown positive number.

If the order |g| = n is known we can replace G on a cyclic

group Cn. So we may assume that the order of g is sufficiently

large to make unfeasible the computation of n. For many finite

groups the discrete logarithm problem is NP complete.

Let K be a finite commutative ring and M be an affine vari-

ety over K . Then the Cremona group C(M) of all polynomial

automorphism of the variety M can be large. For example, if

K is a finite prime field Fp and M = Fp
n then C(M) is a

symmetric group Spn .

Let us consider the family of affine graphs Gi(K), i =
1, 2, . . . with the rainbow-like algebraic colouring of edges

such that V (Gi(K)) = Vi(K), where K is a commutative

ring, and the colour sets are algebraic varieties Ri(K). Let us
choose a constant k. The operator Nα(v) of taking the neigh-

bour of a vertex v corresponding to the output arrow of colour

α are elements of Ci = C(Vi(K)) . We can chose a relatively

small number k to generate h = hi = Nα1Nα2 . . . Nαk
in

each group Ci, i = 1, 2, . . .
Let us assume that the family of graphs Gi(K) is the family

of graphs of large girth. It means that the girth indicator

gii = gi(Gi(K)) and the parameter dirgi = dirg(Gi(K))
are growing with the growth of i. Notice that |hi| is bounded
below by dirgi/k. So there is j such that for i ≥ j the

computation of |hi| is impossible. Finally we can take the

base g = u−1hju where u is a chosen element of Cj to hide

the graph up to conjugation. We may use some package of

symbolic computations to express the polynomial map g via
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the list of polynomials in many unknowns. For example, if

Vj(K) is a free module Kn then we can write g in a public

mode fashion

x1 → g1(x1, x2, . . . , xn), x2 → g2(x1, x2, . . . , xn), . . . ,
xn → gn(x1, x2, . . . , xn).
The symbolic map g can be used for Diffie - Hellman key

exchange protocol (see [3] for the details). Let Alice and Bob

be correspondents. Alice computes the symbolic map g and

send it to Bob via open channel. So the variety and the map

are known for the adversary (Cezar).

Let Alice and Bob choose natural numbers nA and nB ,

respectively.

Bob computes gnB and sends it to Alice, who computes

(gnB )nA , while Alice computes gnA and sends it to Bob, who

is getting (gnA)nB . The common information is gnAnB given

in "public mode fashion".

Bob can be just a public user (no information on the way

in which the map g were cooked) , so he and Cezar are

making computations much slower than Alice who has the

decomposition g = u−1Nα1Nα2 . . . Nαk
u.

We may modify slightly the Diffie - Hellman protocol using

the action of the group on the variety. Alice chooses a rather

short password α1, α2, . . . , αk, computes the public rules for

the encryption map g and sends them to Bob via an open

channel together with some vertex v ∈ Vj(K).
Then Alice and Bob choose natural numbers nA and nB ,

respectively.

Bob computes vB = gnB(v) and sends it openly to Alice,

who computes (gnA)(vB), while Alice computes vA = gnA(v)
and sends it to Bob, who is getting (gnB )(vA).
The common information is the vertex gnA×nB (v).
In both cases Cezar has to solve one of the equations

EnB (uA) = z or EnA(uB) = w for unknowns nB or nA,

where z and w are known points of the variety.

2) We can construct the public key map in the following

manner:

The key holder (Alice) chooses the variety Vj(K) and the

sequence α1, α2, . . . , αt of length t = t(j) to determine the

encryption map g as above. Let dim(Vj(K) = n = n(j)
and each element of the variety be determined by independent

parameters x1, x2, . . . , xn. Alice presents the map in the form

of public rules, such as

x1 → f1(x1, x2, . . . , xn), x2 → f2(x1, x2, . . . , xn), . . . ,
xn → fn(x1, x2, . . . , xn).
We can assume (at least theoretically) that the public rule

depending on parameter j is applicable to encryption of

potentially infinite text (parameter t is a linear function on

j now).

For the computation she may use the Gröbner base tech-

nique or alternative methods, special packages for the sym-

bolic computation (popular "Mathematica" or "Maple", pack-

age "Galois" for "Java" as well special fast symbolic software).

So Alice can use the decomposition of the encryption map

into u−1, maps of kind Nα and u to encrypt fast. For the

decryption she can use the inverse graph Gj(K)
−1

for which

V Gj(K)
−1

= V Gj(K) and vertices w1 and w2 are connected

by an arrow if and only if w2 and w1 are connected by an

arrow in Gj(K). Let us assume that colours of w1 → w2

in Gj(K)
−1

and w2 → w1 in Gj(K) are of the same

colour. Let N ′
α(x) be the operator of taking the neighbour

of vertex x in Gj(K)
−1

of colour α. Then Alice can decrypt

applying consequently u−1, N ′
αt
, N ′

αt−1
, . . . , Nα1 and u to the

ciphertext. So the decryption and the encryption for Alice take

the same time. She can use a numerical program to implement

her symmetric algorithm.

Bob can encrypt with the public rule but for a decryp-

tion he needs to invert the map. Let us consider the case

tj = kl, where k is a small number and the sequence

α1, α2, . . . , αtj has the period k and the transformation h =
u−1Nα1Nα2 . . . Nαk

u is known for Bob in the form of public

key mode. In such a case a problem to find the inverse

for g is equivalent to a discrete logarithm problem with the

base h in related Cremona group of all polynomial bijective

transformations.

Of course for further cryptoanalysis we need to study the

information on possible divisors of order of the base of related

discrete logarithm problem, alternative methods to break the

encryption. In the next section the family of digraphsREn(K)
will be described.

3) We may study security of the private key algorithm used

by Alice in the algorithm of the previous paragraph but with a

parameter t bounded by the girth indicator of graph Gj(K). In
that case different keys produce distinct ciphertexts from the

chosen plaintext. In that case we prove that if the adversary

has no access to plaintexts then he can break the encryption

via the brut-force search via all keys from the key space. The

encryption map has no fixed points.

IV. ON THE FAMILY OF AFFINE DIGRAPH OF LARGE GIRTH

OVER COMMUTATIVE RINGS

E. Moore used term tactical configuration of order (s, t)
for biregular bipartite simple graphs with bidegrees s+1 and

r+ 1. It corresponds to the incidence structure with the point

set P , the line set L and the symmetric incidence relation I .
Its size can be computed as |P |(s+ 1) or |L|(t+ 1).
Let F = {(p, l)|p ∈ P, l ∈ L, pIl} be the totality of flags

for the tactical configuration with partition sets P (point set)

and L (line set) and an incidence relation I . We define the

following irreflexive binary relation φ on the set F :

Let (P,L, I) be the incidence structure corresponding to

regular tactical configuration of order t.
Let F1 = {(l, p)|l ∈ L, p ∈ P, lIp} and F2 = {[l, p]|l ∈

L, p ∈ P, lIp} be two copies of the totality of flags for

(P,L, I). Brackets and parenthesis allow us to distinguish

elements from F1 and F2. Let DF (I) be the directed graph

(double directed flag graph) on the disjoint union of F1 with

F2 defined by the following rules

(l1, p1) → [l2, p2] if and only if p1 = p2 and l1 6= l2,
[l2, p2] → (l1, p1) if and only if l1 = l2 and p1 6= p2.
Below we consider the family of graphs D(k,K), where

k > 5 is a positive integer and K is a commutative ring. Such

graphs are disconnected and their connected components were
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investigated in [17] ( for the case when K is a finite field Fq

see [5]).

Let P and L be two copies of Cartesian power KN , where

K is the commutative ring and N is the set of positive integer

numbers. Elements of P will be called points and those of L
lines.

To distinguish points from lines we use parentheses and

brackets. If x ∈ V , then (x) ∈ P and [x] ∈ L. It will

also be advantageous to adopt the notation for co-ordinates

of points and lines introduced in [16] for the case of general

commutative ring K:

(p) = (p0,1, p1,1, p1,2, p2,1, p2,2, p
′
2,2, p2,3, . . . ,

pi,i, p
′
i,i, pi,i+1, pi+1,i, . . .),

[l] = [l1,0, l1,1, l1,2, l2,1, l2,2, l
′
2,2, l2,3, . . . ,

li,i, l
′
i,i, li,i+1, li+1,i, . . . ].

The elements of P and L can be thought as infinite ordered

tuples of elements from K , such that only a finite number of

components are different from zero.

We now define an incidence structure (P,L, I) as follows.

We say that the point (p) is incident with the line [l], and
we write (p)I[l], if the following relations between their co-

ordinates hold:

li,i − pi,i = l1,0pi−1,i

l′i,i − p′i,i = li,i−1p0,1

li,i+1 − pi,i+1 = li,ip0,1

li+1,i − pi+1,i = l1,0p
′
i,i

(These four relations are defined for i ≥ 1, p′1,1 = p1,1, l
′
1,1 =

l1,1). This incidence structure (P,L, I) we denote as D(K).
We identify it with the bipartite incidence graph of (P,L, I),
which has the vertex set P ∪L and the edge set consisting of

all pairs {(p), [l]} for which (p)I[l].
For each positive integer k ≥ 2 we obtain an incidence

structure (Pk, Lk, Ik) as follows. First, Pk and Lk are obtained

from P and L, respectively, by simply projecting each vector

onto its k initial coordinates with respect to the above order.

The incidence Ik is then defined by imposing the first k−
1 incidence equations and ignoring all others. The incidence

graph corresponding to the structure (Pk, Lk, Ik) is denoted

by D(k,K).

For each positive integer k ≥ 2 we consider the

standard graph homomorphism φk of (Pk, Lk, Ik) onto

(Pk−1, Lk−1, Ik−1) defined Lk by simply projection of each

vector from Pk and Lk onto its k− 1 initial coordinates with

respect to the above order.

Let DEn(K) (DE(K)) be the double directed graph of

the bipartite graph D(n,K) (D(K), respectively). Remember,

that we have the arc e of kind (l1, p1) → [l2, p2] if and only

if p1 = p2 and l1 6= l2. Let us assume that the colour ρ(e) of
the arc e is l11,0 − l21,0.
Recall, that we have the arc e′ of kind [l2, p2] → (l1, p1)

if and only if l1 = l2 and p1 6= p2. Let us assume that the

colour ρ(e′) of arc e′ is p11,0 − p21,0. It is easy to see that ρ is

a perfect algebraic colouring.

If K is finite, then the cardinality of the colour set is

(|K| − 1). Let RegK be the totality of regular elements, i.e.,

not zero divisors. Let us delete all arrows with colour, which

is a zero divisor. We will show that a new graph REn(K)
(RE(K)) with the induced colouring into colours from the

alphabet Reg(K) is vertex transitive. Really, according to

[31] graph D(n,K) is an edge transitive. This fact had been

established via the description of regular on the edge set

subgroup U(n,K) of the automorphisms group Aut(G). The
vertex set for the graphDEn(K) consists of two copies F1 and

F2 of the edge set for D(n,K). It means that Group U(n,K)
acts regularly on each set Fi, i = 1, 2. An explicit description

of generators for U(n,K) implicates that this group is a

colour preserving group for the graphDEn(K) with the above
colouring.

If K is finite, then the cardinality of the colour set is (|K|−
1). Let RegK be the totality of regular elements, i.e., non-

zero divisors. Let us delete all arrows with colour, which is a

zero divisor. We can show that a new affine graph REn(K)
(RE(K)) with the induced colouring into colours from the

alphabet Reg(K) is vertex transitive ( see [18]).

V. ON THE IMPLEMENTATION OF THE PUBLIC KEY

ALGORITHM BASED ON RE(t,K)

The graphsCREn(K) have the best known speed of growth
of the girth indicator evaluated in the previous section. It turns

out that for the computer implementation of the public key

algorithm described in the section 4 the family REn(K) of

"enveloping" for CREn(K) graphs were chosen first. It is

also a family of digraphs of large girth but the speed of the

growth of girth indicator for the family is less of those for

REn(K). Graphs REn(K) were defined via the family of

graphs D(n,K) in the way described in the previous section.

So, in some publications the description of the algorithm

was done in terms of D(n,K). We introduced here a speed

evaluation of the algorithm for its latest implementation.

The set of vertices of the graph REn(K) is a union of

two copies free module Kn+1. So the Cremona group of

the variety is the direct product of C(Kn+1) with itself,

expanded by polarity π. In the simplest case of a finite field

Fp, where p is a prime number C(Fp) is a symmetric group

Spn+1 . The Cremona group C(Kn+1) contains the group of all
affine invertible transformations, i.e., transformation of kind

x → xA + b, where x = (x1, x2, . . . , xn+1) ∈ C(Kn+1),
b = (b1, b2, . . . , bn+1) is a chosen vector from C(Kn+1) and
A is a matrix of a linear invertible transformation of Kn+1.

Graph REn(K) is a bipartite directed graph. We assume

that the plaintext Kn+1 is a point (p1, p2, . . . , pn+1). We

choose two affine transformations T1 and T2 and a linear

transformation u will be of kind p1 → p1 + a1p2 + a3p3 +
· · · + an+1. We slightly modify a general scheme, so Alice

computes symbolically of chosen T1 and T2, chooses a string

(β1, β2, . . . , βl) of colours for REn(K), such that βi 6= −βi+1

for i = 1, 2, . . . , l−1. She computesNl = Nβ1×Nβ2 · · ·×Nβl
.
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Recall that Nα, α ∈ Reg(K) is the operator of taking the

neighbour of the vertex v alongside the arrow with the colour

α in the graph REn(K).
Alice keeps chosen parameters secret and computes the

public rule g as the symbolic composition of T1, N and

T2. The case uT2 = T1
−1 is a special form of the general

algorithm considered in chapter 4.

In case K = Fq , q = 2n this public key rule has a

certain similarity to the Imai-Matsomoto public rule, which

is computed as a composition T1ET2 of two linear transfor-

mations T1 and T2 of the vector space F2nF2s
, where F2s is a

special subfield, and E is a special Frobenius automorphism of

F2n . The public rule corresponding to T1ET2 is a quadratic

polynomial map (see [3] for the detailed description of the

algorithm, its cryptoanalisis and generalisations by J. Patarin)

In the case of REn(K) the degree of transformation Nl is

3, independently on the choice of length l [21]. So the public

rule is a cubical polynomial map of the free module Kn+1

onto itself. In case of a finite field the algorithm is equivalent

to the public rule considered in [19.]

In our computer implementations we used T1 and T2 of

kind p1 → p1 + a1p2 + a3p3 + · · ·+ an+1pn+1.

A. Time evaluation of the private key algorithm for Alice

Alice can use numerical algorithms for the encryption. The

decryption T2
−1N−αl

N−αl−1
. . .N−α1T1

−1 takes the same

time as the encryption.

In [4] we have implemented a computer application, which

uses the family of graphs RDE(n,K) for private key cryptog-
raphy. To achieve high speed, we will use commutative rings

K = Z2k , k ∈ {8, 16, 32}, with operations +,× modulo 2k.
The parameter n stands for the length of a plaintext (input

data) and the length of a ciphertext. Later on we use a loaded

multiplication tables for finite fields and implement cases of

finite fields K = F2k , k ∈ {8, 16, 32}. We denote by G1 the

algorithm with k = 8, by G2 the algorithm with k = 16, and
by G4 the algorithm with k = 32. So Gi, i ∈ 1, 2, 4 denotes

the number of bytes used in the alphabet (and the size of 1

character in the string).

All the tests were run on a computer with parameters:

• AMD Athlon 1.46 GHz processor

• 1 GB RAM memory

• Windows XP operating system.

The program is written in Java language. Well known

algorithms RC4 which is used for comparison is taken from

Java standard library for cryptography purposes - javax.crypto.

RC4 is a well known and widely used stream cipher

algorithm. Protocols SSL (to protect Internet traffic) and

WEP (to secure wireless networks) use RC4 as an option.

Nowadays RC4 is not secure enough. Anyway we chose it for

comparison, because of its popularity and high speed.

RC4 is not dependent on the password length in terms of

complexity, and our algorithm is. Longer password makes

us do more steps between vertices of graph. So for fair

comparison we have used a fixed password length equal

suggested upper bound for RC4 (16 Bytes).

TABLE II
TIME OF ENCRYPTION

w = 1 (Z28 ) w = 2 (Z216 ) w = 4 (Z232 )

n = 20 16 0 0

n = 40 265 47 15

n = 60 1375 188 15

n = 80 3985 578 47

n = 100 10078 1360 125

The speed of execution of the above implementation com-

pares well with implementations of other graph based sym-

metric encryption algorithms [10], [12], [16].

B. On the time evaluation for the public rule

Recall, that we combine a graph transformationNl with two

affine transformation T1 and T2. Alice can use T1NlT2 for the

construction of the following public map of

y = (F1(x1, . . . , xn), . . . , Fn(x1, . . . , xn))

Fi(x1, . . . , xn) are polynomials of n variables written as

the sums of monomials of kind xi+1 . . . xi3 , where i1, i2, i3 ∈
1, 2, . . . , n1 with the coefficients from K = Fq . As we men-

tion before the polynomial equations yi = Fi(x1, x2, . . . , xn),
which are made public, have the degree 3. Hence the process

of an encryption and a decryption can be done in polynomial

time O(n4) (in one yi, i = 1, 2 . . . , n there are 2(n3 − 1)
additions and multiplications). But the cryptoanalyst Cezar,

having only a formula for y, has a very hard task to solve the

system of n equations of n variables of degree 3. It is solvable
in exponential time O(3n

4

) by the general algorithm based on

Gröbner basis method. Anyway studies of specific features of

our polynomials could lead to effective cryptoanalysis. This is

an open problem for specialists.

We have written a program for generating a public key

and for encrypting text using the generated public key. The

program is written in C++ and compiled with the Borland bcc

5.5.1 compiler.

We use a matrix in which all diagonal elements equal 1,

elements in the first row are non-zero and all other elements

are zero as A, identity matrix as B and null vectors as c and

d. In such a case the cost of executing affine transformations

is linear.

The table ?? presents the time (in milliseconds) of the

generation of the public key depending on the number of

variables (n) and the password length (p).
The table ?? presents the time (in milliseconds) of encryp-

tion process depending on the number of bytes in plaintext

(n) and the number of bytes in a character (w).
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Abstract—We consider two nonlinear methods for generating
uniform pseudo-random numbers in [0, 1), namely quadratic
congruential generator and inversive congruential generator.
The combinations of the Van der Corput sequence with the
considered nonlinear generators are proposed. We simplify the
mixed sequences by a restriction of the b-adic representation of
the points.

We study numerically the b-adic diaphony of the nets obtained
through quadratic congruential generator, inversive congruential
generator, their combinations with the Van der Corput sequence,
and the simplification of the mixed sequences. The value of the
b-adic diaphony decreases with the increase of the number of the
points of the simplified sequences which proves that the points
of the simplified sequences are pseudo-random numbers. The
analysis of the results shows that the combinations of the Van
der Corput sequence with these nonlinear generators have good
pseudo-random properties as well as the generators.

I. INTRODUCTION

Many branches of the contemporary science research as

stochastic simulation, stochastic optimization techniques, com-

putational statistics, Monte Carlo simulation, molecular dy-

namics, cryptography, computer graphics, etc., depend on the

random numbers [3], [4], [16], [19]–[21], [29]. In practice,

random numbers are generated by deterministic recursive

rules, formulated in terms of simple arithmetic operations.

Obviously the emerging numbers can at best be pseudo-

random. To design random number generators that approx-

imate “true randomness” as closely as possible, is a great

challenge. Except this obvious requirement, pseudo-random

number generators should possess reproducible results, they

should be portable between different computer architectures,

and since in most applications millions of random numbers

are needed, generators should be as efficient as possible.

The fields of probability and statistics are built over the ab-

stract concepts of probability space and random variable. This

has given rise to elegant and powerful mathematical theory,

but exact implementation of these concepts on conventional

computers seems impossible. Random variables and other

random objects are simulated by deterministic algorithms.

The purpose of these algorithms is to produce sequences of

numbers or objects whose behavior is almost undistinguishable

from that of their “truly random” counterparts, at least for

the application of interest. Depending on the context, pseudo-

random number generators must satisfy different requirements.

For Monte Carlo methods, the main aim is to reproduce the

statistical properties on which these methods are based, so that

the Monte Carlo estimators have a behavior as expected. On

the other hand, for gambling machines and cryptology, observ-

ing the sequence of output values for some time should provide

no practical advantage for predicting the forthcoming numbers

better than by just guessing at random. In computational

statistics, random variate generation is usually made in two

steps. The first step is generating imitate ions of independent

and identically distributed (i.i.d.) random variables having the

uniform distribution over the interval (0, 1). And the second

step is applying transformations to these i.i.d. U(0, 1) random
variates in order to generate (or imitate) random variates and

random vectors from arbitrary distributions. The expression

(pseudo-)random number generator (RNG) usually refers to

an algorithm used for first step. In principle, the simplest way

of generating a random variate X with distribution function F
from a U(0, 1) random variate U is to apply the inverse of F to

U :X = F−1(U)
def
= min{x|F (x) ≥ U}. This is the inversion

method. It is easily seen that X has the desired distribution:

P [X ≤ x] = P [F−1(U) ≤ x] = P [U ≤ F (x)] = F (x).
Other methods are sometimes preferable when F−1 is too

difficult or expensive to compute.

The basic ingredients of any stochastic simulation are

uniform pseudo-random numbers in the interval [0, 1). The
outcome of a typical stochastic simulation strongly depends

on the structural and statistical properties of the underlying

pseudo-random number generators. That is why their quality

is of fundamental importance for the success of the simulation.

The classical and most frequently used method for the genera-

tion of pseudo-random numbers is still the linear congruential
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method. However, its simple linear nature implies several un-

desirable regularities. Mainly for this reason, a variety of non-

linear methods for the generation of pseudo-random numbers

has been introduced and studied as alternatives to the linear

congruential method. These nonlinear congruential generators

provide a very attractive alternative to linear congruential

generators and have been extensively studied in the literature

[1], [5], [7]–[10], [15], [16], [23], [25]–[28]. Two special

cases: the quadratic congruential generator and the inversive

congruential generator, are of special interest. A good survey

of this important research area is given in [4], [17], [19]–[21],

[29]. Many authors study pseudo-random properties of the

sequences, generated by quadratic and inversive congruential

generators by using the bounds of the discrepancy [2], [6],

[11]–[13], [22], [24].

We use the b−adic diaphony to study pseudo-random

numbers, generated by quadratic and inversive congruential

generators. We will recall some known notions and definitions.

Let ξ = (xj)j≥0 be a sequence in [0, 1)s and J = [α,β) ⊆
[0, 1)s, where α = (α1, . . . , αs) and β = (β1, . . . , βs). For
arbitrary integer M AM (ξ; J) is the number of belonging to J
points of ξ. The sequence ξ = (xj)j≥0 is uniformly distributed

mod 1 in [0, 1)s if for every J = [α,β) ⊆ [0, 1)s the equality

lim
M→∞

AM (ξ; J)

M
=

s∏

i=1

(βi − αi)

is hold, see [30].

The above equality shows when a sequence of points in

[0, 1)s is uniformly distributed but it does not allow to compare

the distributions of two sequences. For that purpose various

measures of the distribution of the sequences are used. Such

measure is the b−adic diaphony [14].

Let b ≥ 2 be a fixed integer and b denotes the base

of the number system everywhere in this paper. Also, let

an arbitrary x ∈ [0, 1) have a b−adic representation x =∑∞
l=0 xlb

−l−1, where for l ≥ 0, xl ∈ {0, 1. . . . , b − 1} and

for infinitely many values of l, xl 6= b − 1. The integer

part of b−adic logarithm of x is ⌊logb x⌋ = −g − 1, if

xl = 0 for l < g and xg 6= 0. We denote the opera-

tion x−̇y =
∑∞

l=0[(xl − yl)(mod b)]b−1−l and for vectors

x,y ∈ [0, 1)s we note x−̇y = (x1−̇y1, x2−̇y2, . . . , xs−̇ys),
where x = (x1, x2, . . . , xs),y = (y1, y2, . . . , ys).
We define the functions γ : [0, 1) → R and Γ : [0, 1)s → R

as

γ(x) =

{
b+ 1− (b+ 1)b1+⌊logb x⌋, if x ∈ (0, 1)
b+ 1, if x = 0

and

Γ(x) = −1 +

s∏

d=1

γ(xd),x = (x1, x2, . . . , xs).

The b−adic diaphony FN (ξ) of the first N elements of the

sequence ξ = (xi)i≥0 in [0, 1)s is defined as

FN (ξ) =


 1

(b+ 1)s − 1

1

N2

N−1∑

i=0

N−1∑

j=0

Γ(xi−̇xj)
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Fig. 1. The distribution of points of the Van der Corput sequence with
N = 1024, b = 3.

where the coordinates of all points of the sequence ξ are

b−adic rational.

Let i =

∞∑

l=0

ilb
l be the b−adic representation of the non-

negative integer i. Then the i-th element of the Van der Corput

sequence is defined as

ζb(i) =

∞∑

l=0

ilb
−l−1.

The Van der Corput sequence is deterministic sequence and

does not have pseudo-random properties. The distribution of

1024 points of the net

(ζb(i), ζb(i+ 1))

is seen on Fig. 1.

II. NONLINEAR CONGRUENTIAL GENERATORS

Let M ≥ 2 be modulus of a nonlinear congruential gener-

ator. The sequence of pseudo-random numbers
{
xi =

yi
M

}

is produced by nonlinear congruential generator yi+1 =
fM (yi), yi ∈ [0,M), ∀i = 0, 1, . . ., where y0 ∈ [0,M) is
the initial starting point. The study of the pseudo-randomness

of the sequence xi, i = 0, 1, . . . is connected with the estima-

tion of the distribution of the two-dimensional net

(xi, xi+1) =
( yi
M

,
yi+1

M

)
. (1)

Our aim is a numerical computing of the b−adic diaphony

FN of these two-dimensional nets. For the function fM we

use two nonlinear congruential generators: quadratic generator

and inversive generator.

The quadratic congruential generator (QCG) is introduced

by Knuth [17] and studied by [2], [11], [12]. This generator

is defined as

fQCG
M (yi) ≡ q2y

2
i + q1yi + q0(mod M),

yi+1 = fQCG
M (yi), yi ∈ [0,M), (2)

where q2, q1, q0 are three integer parameters.

The inversive congruential generator (ICG) is defined as

f ICG
M (yi) ≡

{
r−1y

−1
i + r0(mod M), if yi ≥ 1,

r0, if yi = 0,
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TABLE I
THE DIAPHONYFN OF QUADRATIC AND INVERSIVE GENERATORS, b = 3.

M QCG ICG

16 0.175682 0.310316

32 0.122138 0.175682

64 0.074016 0.198416

128 0.057257 0.159625

256 0.039630 0.123801

512 0.028726 0.053107

1024 0.020017 0.046659

2048 0.014486 0.029463

4096 0.011113 0.023956

8192 0.007010 0.015353

16384 0.005087 0.011706

32768 0.003595 0.007119

65536 0.002502 0.006440

where r−1, r0 are integer parameters and y−1
i denotes the

inversive element of yi, i.e. y
−1
i yi ≡ 1(mod M),

yi+1 = f ICG
M (yi), yi ∈ [0,M). (3)

In this paper we consider generators with modulus M = 2µ,
µ ≥ 4. In this case the quadratic congruential generator (2) is

purely periodic with maximum possible period lengthM = 2µ

if and only if

q0 ≡ 1(mod 2), q2 ≡ 0(mod 2), q2 ≡ q1 − 1(mod 4).

In [10] it is proved that for M = 2µ the inversive congruential

generator (3) has maximal period length 2µ−1 if and only if

r−1 ≡ 1(mod 4) and r0 ≡ 2(mod 4).

Further in this paper we will denote the period of the gener-

ators by N .

III. PSEUDO-RANDOMNESS OF THE SEQUENCES

PRODUCED BY QUADRATIC AND INVERSIVE

CONGRUENTIAL GENERATORS

In this section the b−adic diaphony of two-dimensional

nets (1), obtained by quadratic and inversive congruential

generators, is numerically computed. We used PRNG library

[31] created by Otmar Lendl to obtain the sequences. The

parameters used in the numerical experiments in this work

are: q2 = 8, q1 = 5, q0 = 3, r−1 = 9, r0 = 6, y0 = 1, i. e.

yi+1 = fQCG
M (yi) ≡ 8y2i + 5yi + 3(mod M),

yi+1 = f ICG
M (yi) ≡ 9y−1

i + 6(mod M).

The distribution of the points of two-dimensional nets (1)

with M = 1024 can be seen at Fig. 2. Table I contains the

results for the b−adic diaphony of such two-dimensional nets.

IV. PSEUDO-RANDOMNESS OF THE COMBINATION OF THE

VAN DER CORPUT SEQUENCE WITH QUADRATIC AND

INVERSIVE CONGRUENTIAL GENERATORS

We consider the net

(ζb(yi), ζb(yi+1)), i = 0, 1, . . . , N − 1. (4)
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Fig. 2. The distribution of points of quadratic and inversive generators,
M = 1024.
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Fig. 3. The distribution of points of the combination ζb(yi) of quadratic and
inversive generators with Van der Corput sequence with M = 1024, b = 3.

We compute the b−adic diaphony of the combination of the

Van der Corput sequence ζb with quadratic and inversive

generators, i.e. yi+1 = fQCG
M (yi) and yi+1 = f ICG

M (yi). The
combination of the Van der Corput sequence with quadratic

generator is proposed by Oto Strauch. We consider the

combination of the Van der Corput sequence with inver-

sive generator, too. In such way, the obtained nets have

a better pseudo-random property than original sequences.

The distribution of such nets for M = 1024 can be seen

at Fig. 3. The obtained results for the b−adic diaphony

of these combinations are presented in Table II. Fig. 4

shows a comparison between the computed b−adic diaphony

of the nets (1) and (4) using two nonlinear generators.

TABLE II
THE DIAPHONY FN OF THE COMBINATION OF THE VAN DER CORPUT

SEQUENCE WITH QUADRATIC AND INVERSIVE GENERATORS, b = 3.

M QCG ICG

16 0.189215 0.310316

32 0.118721 0.161015

64 0.084152 0.155085

128 0.059790 0.084913

256 0.045328 0.075950

512 0.029762 0.063425

1024 0.022144 0.054596

2048 0.015634 0.036257

4096 0.010938 0.033067

8192 0.008214 0.019782

16384 0.005680 0.016421

32768 0.003888 0.010836

65536 0.002777 0.007971
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Fig. 5. The distribution of the simplification of the quadratic generator with M = 1024, b = 3.

TABLE III
THE DIAPHONYFN OF THE NETS (6) WITH A QUADRATIC GENERATOR, b = 3,M = 2µ, µ = 4, . . . , 16.

M FN

m=2 m=3 m=4 m=5 m=6 m=7 m=8 m=9 m=10 m=11

16 0.20184 0.19245

32 0.14672 0.12360 0.13709

64 0.11102 0.09234 0.08944

128 0.09456 0.06650 0.06661 0.06359

256 0.08285 0.04829 0.04651 0.04376 0.04438

512 0.07757 0.03722 0.03151 0.03000 0.03060

1024 0.07392 0.03195 0.02310 0.02256 0.02162 0.02022

2048 0.07248 0.02785 0.01767 0.01518 0.01543 0.01550

4096 0.07163 0.02573 0.01368 0.01117 0.01094 0.01079 0.01157

8192 0.07131 0.02478 0.01087 0.00824 0.00734 0.00836 0.00743 0.00728

16384 0.07112 0.02408 0.00940 0.00620 0.00530 0.00559 0.00534 0.00560

32768 0.07102 0.02380 0.00878 0.00479 0.00411 0.00387 0.00412 0.00407 0.00388

65536 0.07097 0.02359 0.00823 0.00383 0.00293 0.00281 0.00275 0.00273 0.00287 0.00274

More detailed analysis of the results is presented in sec-

tion VI.

V. SIMPLIFICATION

Let m ≥ 1 be an arbitrary integer and x ∈ [0, 1) then for

the b−adic expression

x = 0.x1x2 . . . xm−1xmxm+1 . . .

we define

ζ∗bm(x) = 0.xmxm−1 . . . x2x1.

In fact we truncate the b−adic expression of the number x to

the m digits and we reverse the digits. O. Strauch proposed

the net

ζ∗bm
( yi
M

)
, i = 0, 1, . . . , N − 1. (5)

 0.001

 0.01

 0.1

 1

 16  64  256  1024  4096  16384  65536

F
N

N

QCG
ICG

QCG + Van der Corput
ICG + Van der Corput

Fig. 4. The Diaphony FN of the nets (1) and (4) with quadratic and inversive
generators.
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Fig. 6. The distribution of the simplification of the inversive generator with M = 1024, b = 3.

TABLE IV
THE DIAPHONY FN OF THE NETS (6) WITH AN INVERSIVE GENERATOR, b = 3,M = 2µ, µ = 4, . . . , 16.

M FN

m=2 m=3 m=4 m=5 m=6 m=7 m=8 m=9 m=10 m=11

16 0.31032 0.31032

32 0.16102 0.20387 0.16480

64 0.19425 0.11520 0.14865

128 0.11662 0.07514 0.11154 0.07343

256 0.09570 0.10746 0.05317 0.05888 0.08200

512 0.09331 0.07922 0.05841 0.04082 0.05530

1024 0.08536 0.05432 0.02671 0.03312 0.05335 0.03935

2048 0.07907 0.03706 0.02297 0.02626 0.02243 0.04587

4096 0.07568 0.03023 0.01977 0.02686 0.02510 0.02545 0.01777

8192 0.07359 0.02582 0.01783 0.01611 0.01029 0.01503 0.01139 0.01639

16384 0.07252 0.02576 0.01542 0.01038 0.00661 0.01147 0.01323 0.00816

32768 0.07146 0.02398 0.01180 0.00633 0.00556 0.01108 0.00838 0.00887 0.00451

65536 0.07133 0.02411 0.01127 0.00576 0.00522 0.00577 0.00410 0.00723 0.00635 0.00369

 0.001
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 1

 16  64  256  1024  4096  16384  65536
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M

QCG, M=N=2
µ

m=2
m=3
m=4
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m=ν

Fig. 7. The Diaphony FN of the nets (6) with a quadratic generator.
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Fig. 8. The Diaphony FN of the nets (6) with an inversive generator.
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For pseudo-randomness of (5) we study the b−adic diaphony

FN of the two-dimensional net
(
ζ∗bm

( yi
M

)
, ζ∗bm

(yi+1

M

))
, i = 0, 1, . . . , N − 1. (6)

Let ν be an integer such that bν−1 < N ≤ bν . For two-

dimensional net with N points we choose m = 2, . . . , ν. The
distribution of the points of the nets (6) for M = 1024 for six

values of the number m is shown in Figs. 5 and 6. Tables III

and IV as well as Figs. 7 and 8 show the computed b−adic

diaphony of such nets using two nonlinear generators.

VI. ANALYSIS OF THE RESULTS

The results in Table I show that the b−adic diaphony of the

two-dimensional net (1) tends to zero with the increase of the

number of the points for both considered nonlinear generators.

The b−adic diaphony has the same order for both generators.

We will note a fact that for one and the same modulus the

number of the points produced by an inversive generator is

twice less than the number of the points from a quadratic

generator. The fast convergence of the b−adic diaphony of the

quadratic generator shows that it has better pseudo-random

properties. In other words, this deterministic algorithm sim-

ulates better random number. The same conclusion can be

made for the b−adic diaphony of the combination of the Van

der Corput sequence with considered nonlinear generators.

The comparison between Fig. 1 and Fig. 3 shows that the

combination of the deterministic Van der Corput sequence

with the nonlinear generators improves the distribution of

two-dimensional net. Hence, the pseudo-random properties

of the sequence ζb(yi) are similar to the properties of the

generators. Although the values of the b−adic diaphony of the

combination are greater than the values of the b−adic diaphony

of the generators, from the comparison between Tables I and II

it is seen that the b−adic diaphony of the combination has a

faster convergence to zero. The two-dimensional net (4) with

the used nonlinear generators have better uniform distribution

than (1), therefore, the combination ζb(yi) has better pseudo-
random properties than original sequences. Fig. 4 illustrates

this fact.

The usage of the proposed simplification leads to a restric-

tion of the number of the sequence points. This simplification

maps the points produced by the generators to uniformly

distributed nets with b2m points in [0, 1)2. Under too strong

restriction, i.e. m = 2 or m = 3, the value of the b−adic

diaphony of the net (6) for quadratic generator stays big

independently of the increase of points number. It is true for

inversive generator, too. However, for big m the behavior of

the b−adic diaphony using both generators is different. This

behavior for different restrictions m = 2, 3, . . . , 11 can be

seen in the last two tables and the last two figures. Comparing

Fig. 7 and 8 we conclude that FN of the simplification of

the quadratic generator has faster convergence to zero. The

diaphony FN of the simplification of the inversive generator

also tends to zero but for N < b2m there are some intervals

where the distribution worsen and FN increases.

VII. CONCLUSIONS AND FUTURE WORK

In practice, different pseudo-random number generators are

used depending on the application. A generator is good, if it

has some properties as large period length, good uniform dis-

tribution qualities, lattice structure, efficiency, fast generation

algorithm, repeatability, portability, unpredictability.

The combination of the Van der Corput sequence with non-

linear generators, in fact, is a new generator. This combination

saves the properties of the generators. The obtained generators

have the same period length as the original generators. The

good uniform distribution qualities are shown on Fig. 3. Obvi-

ously, the new generators have lattice structure, efficiency, fast

generation algorithm, reproduce exactly the same sequence on

different computers and we can not predict the next generated

value by the algorithm from the previous ones. In this way the

combination of the Van der Corput sequence with quadratic

and inversive generators is a good pseudo-random number

generator.

The comparison between the combinations of the Van der

Corput sequences with quadratic generator and inversive gen-

erator shows that the b−adic diaphony of the first combination

tends to zero faster than b−adic diaphony of the second combi-

nation. It means that the first combination has better simulation

of the pseudo-random numbers. On the other hand, the second

combination has less points than the first combination, but

the behavior of the b−adic diaphony for this combination is

similar. The proposed simplification of quadratic and inversive

generators can also be considered as a generator. Depending

on the purpose of the application, the combination of the Van

der Corput sequence with quadratic and inversive generators or

proposed simplification can be used. The results show that the

b−adic diaphony is a good tool to study pseudo-randomness

of the sequences.

These research can be continued in several directions: from

theoretical point of view — to find estimations of the b−adic

diaphony of all considered generators; from the viewpoint of

Monte Carlo and quasi-Monte Carlo applications — to find

connection between the error of the numerical integration

and the b−adic diaphony and to study applications of the

considered generators in the area of the computer graphics

for uniform sampling.
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Abstract—Recently, we have introduced an approach to multi-
core computations on sparse matrices using recursive partition-
ing, called Recursive Sparse Blocks (RSB). In this document, we
discuss issues involved in assembling matrices in the RSB format.
Since the main expected application area is iterative methods, we
compare the performance of matrix assembly to that of matrix-
vector multiply (SpMV), outlining both scalability of the method
and execution times ratio.

I. INTRODUCTION

IN RECENT papers, we have introduced a recursive
data structure for performing Sparse BLAS ([1])

operations on cache based multi-core architectures.
Initial performance results for the proposed format and
its modifications/improvements, for both matrix-vector
multiplication and triangular solve have been very encouraging
(see, [2], [3], [4], [5]). We call our hybrid format Recursive
Sparse Blocks (RSB), as it features the recursive subdivision of
a matrix, with sparse submatrices in the leaves of a quad-tree.

Our efforts are targeted primarily towards iterative
methods, appearing in the solution of either linear or
eigenvalue problems ([6]). Here, the usual case for the user,
is to select a specific iterative method (and preconditioner)
for a given computational problem. For instance, the choice
of a method over another could be influenced by the available
computer hardware. With different sparse matrix storage
formats, different operations could have different performance
patterns on variously configured core/processor hardware. An
important motivation for our work (as well as that of others,
e.g.: CSB [7]) is the need for a format capable of performing
thread-parallel Sparse Matrix-Vector Multiply (SpMV) with
the same ease and comparable performance to the Transposed
SpMV (SpMV T). Since many iterative methods require both
SpMV and SpMV T (e.g. CGS or BiCGSTAB; see [8, section
2.4]), the development of a unified parallel approach to both
operations is needed. Here, the common matrix formats, as
Compressed Sparse Rows (CSR), and the plain COOrdinate
(COO) formats do not support efficiently parallel SpMV T.

At the problem level, the use of iterative methods often
occurs in the solution of partial differential equations (PDEs),
e.g. arising from simulating some physical phenomenon.
Here, different usage patterns could arise; for instance:
i) a sparse matrix could be instantiated and solved once;
ii) a sparse matrix could be instantiated once and solved
against a number of (updated/not known a priori) right
hand sides. In choosing the best solution method for a given

problem, the developer should take into account the overall
(wall-clock) computation time; that is, the time to assembly
a sparse matrix (and for updating it, if needed), as well as
solving the problem. Additionally, the time for computing a
preconditioner (See [6, Ch.10]) should be taken into account,
but this issue is outside the scope of this paper.

The assembly of a sparse matrix could proceed in a number
of ways. The author of [9, Ch.4] presents some common cases
for the assembly of symmetric and unsymmetric matrices—
from usual Finite Element Methods (FEM) data arrays as
input, into COO and CSR formats. Overall, the most general
routine for assembling a sparse matrix should be able to
process as input the full list of coordinates of the matrix
elements (structural nonzeroes), defining the nonzeroes pattern
of the matrix. The numerical values of the matrix elements
could be specified or updated in a later moment. The RSB
matrix “constructor” we discuss here, works by converting
the original array specifying the matrix as row-major sorted
COO (now on, we will refer to COO assuming it as row-major
sorted) into the RSB layout. Note that, from the assembly
routines we present, it would be easy to derive routines for the
extraction/conversion of rows or block-rows of RSB matrices.

We start by reviewing related works, in Sec. II. Next, we
outline selected properties of RSB’s quad-trees (in Sec. III).
We follow by a presentation of our algorithm for converting
a row-major sorted COO matrix to RSB, in Sec. IV. Then,
in Sec. VI we report, for a representative set of matrices,
how many SpMV’s are time-equivalent to a single matrix
assembly. While we do not claim optimality of either of our
techniques (the assembly and the SpMV), presented results
illustrate the relevant relation between performance of these
two operations. We have selected this particular comparison
since, as stated above, SpMV is the basic operation for most
standard iterative methods. Experiments were performed on
machines and matrices described in Sec. V.

II. RELATED WORK

The use of recursion in numerical linear algebra is a
recurring theme (e.g., see [10]). We found proposals for
hypermatrix (multilevel indexed matrices) based approaches to
the solution of linear systems dating back to 1972 [11] (usage
of hypermatrices with dense submatrices), and 1969 [12] (out-
of-core dense matrix computations). Further, with regards
to sparse matrices, Herrero and Navarro [13] investigated a
hypermatrix-based Cholesky solver, but without discussing
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performance of hypermatrix assembly. In [14] authors used
asymmetrical recursive bipartitioning of sparse matrices in a
distributed computing context. Sparse hypermatrix techniques
were reportedly used for distributed-memory operations in
the PERMAS proprietary package for FEM analysis [15].
The techniques most similar to the ones investigated here,
reported in [16], deal with the optimal balancing of sparse
matrix computations across distributed processors. Interest-
ingly enough, while hypermatrix-based approaches have been
applied to sparse matrix computations, almost no research
has been reported as to what concerns assembly of such
matrices. However, we found research in a similar spirit to
ours in [17]. It documents algorithms and discusses patterns
of usage in the assembly of sparse matrices in the context of
their serial “MTL” package. Our discussion is more limited but
in-depth than that, as we are concerned with a single pattern
of construction: the conversion of COO input arrays to RSB,
to be used on multi-core computers.

III. SOME PROPERTIES OF THE QUAD TREES USED IN
RSB MATRICES

We described our rules for the construction of a quad tree-
based recursive matrix representation in [2]. Given an m× k
matrix A, we build a graph structure (quad-tree) q with nodes
corresponding to quadrant submatrices. The four quadrants
are sized respectively (in clockwise order, from the upper
left) ⌈m2 ⌉ × ⌈k2 ⌉, ⌈m2 ⌉ × ⌊k2 ⌋, ⌊m2 ⌋ × ⌈k2 ⌉, and ⌊m2 ⌋ × ⌊k2 ⌋.
This subdivision (or bipartition) is applied recursively to the
quadrants; quadrants with no nonzero are not represented.
Only leaf nodes are associated with actual data arrays, while
inner ones contain only pointers. A simple cutoff function is
used to balance the tree in order to obtain leaf submatrices
with neither too many, nor too few nonzeroes. Fig. 23 depicts
a matrix subdivided into RSB.

Let us now review some properties of our quad-trees, which
will be useful during the discussion of matrix assembly.

Let us call qh the complete quad-tree of height h; that is,
the quad-tree having Ni(qh)

def
=

∑h−1
i=0 4i intermediate nodes

and Nl(qh)
def
= 4h leaf nodes, We indicate with H(q) the

height of quad-tree q. We assume that any quad-tree could be
constructed by adding nodes to the singleton quad-tree q0 (the
one which is associated to the entire matrix). Let Q be the set
of quad-trees with height ≥ 1. We call q′ a k−derivation (or
derivation, for short, if we ignore k) of quad-tree q, if q′ can
be built from q, by making one leaf an intermediate node, and
adding 1 ≤ k ≤ 4 leaves. We call q′ an indirect derivation
of quad-tree q, if q′ can be built from q after a sequence of
derivations. Observe that if q′ is a k−derivation of q, then
Ni(q

′) = Ni(q) + 1, and Nl(q
′) = Nl(q) + k − 1.

Property 1. For any q among the possible quad-trees with
height 1, we have Ni(q)

Nl(q)
≥ 1

4 , and Ni(q1)
Nl(q1)

= 1
4 .

Proof: By explicit enumeration of possible cases.

Property 2. For any q ∈ Q with H(q) > 1,we have Ni(q)
Nl(q)

≥ 1
4

/*Matrix A is expressed using arrays I, J, V */1
Instantiate the root matrix node sA, marked RSB and “open”2
[P, sA]← COO to RSB s(sA, I, J)/*symbolic subdivision*/3
/*Now sA is the root of a quad-tree for A, with empty leaves*/4
/*P is a rows pointer array for I, J, V */5
COO to RSB V (sA, P, V ) /*numerical arrays shuffling*/6
COO to RSB J(sA, P, J) /*indices shuffling/displacement*/7
/*P is no longer needed and I, J, V are in RSB order*/8
RSB Leaf Switch(sA) /*indices switch*/9
/*A number of leaf matrices has halfword indices, now.*/10
return sA /*return sA, now quad-tree for A*/11

Fig. 1. COO to RSB(I, J, V )

Proof: Let q be a quad-tree having Ni(q)
Nl(q)

< 1
4 , necessarily

a derivation of a quad-tree q′ having Ni(q
′)

Nl(q′)
≥ 1

4 . In the case
q is a k−derivation of q′, indicating i = Ni(q

′), l = Nl(q
′),

we have i
l ≥ 1

4 and i+1
l−1+k < 1

4 . But this implies 4i − l ≥ 0
and 4i− l < k−5, which is impossible, for 1 ≤ k ≤ 4. In the
case q is an indirect derivation of q′, it must be a derivation of
some quad-tree q” having Ni(q”)

Nl(q”)
< 1

4 ≤
Ni(q

′)
Nl(q′)

, but existence
of such q” is impossible, as we have seen.

If some internal node of q has one child only, we call q de-
generate (with some terminology abuse;see [18, Sec. 2.3.4.5]).

Property 3. For any sparse matrix M with no empty rows,
if its corresponding quad-tree q is not degenerate, we have
Ni(q)
Nl(q)

≤ 1.

Proof: Since M has no missing rows, it has some leaf
node of q covering each row interval. Since q is not degenerate,
at each level > 1, there are at least two nodes, or no node at all.
Therefore, quad-tree q can be built by inserting additional k ≥
0 leaves to some binary tree q′. A non degenerate binary tree
q′ has Nl(q

′) = Ni(q
′) + 1, So we have Ni(q)

Nl(q)
= Ni(q

′)
Ni(q′)+k+1 ,

whose upper limit is 1, for k = 0, and Ni(q)→∞.
Property 3 guarantees that for non degenerate quad-trees,

there will be no more internal nodes than leaves. Please note
that, for the time being, for simplicity of implementation,
degenerate quad-trees are allowed in RSB.

IV. BUILDING RSB FROM COO
Let us now describe in detail our approach for the conver-

sion of an m × k matrix A with nnz nonzeros, expressed
in (row-major sorted) COO (I, J coordinate arrays and the
V numerical values array) into RSB order. The proposed
procedure builds a quad-tree structure for A, allocating a small
number of auxiliary structures (see the previous section) for
the submatrix nodes, and reusing I, J, V . Unless otherwise
stated, in the following, by matrix we will refer to A only,
and denote as a submatrix any of the quadrant submatrices
obtained by recursive bipartitioning (defined in Sec. III). Here,
we assume no duplicates in the input (which happen in
publicly available matrices; e.g.: ones from [19]).

There are three stages of assembly: first the subdivision
of A in COO to RSB s, where the input is repeatedly
scanned, and a quad-tree structure is built; then the shuf-
fling of rows laid in COO order to the rows of RSB sub-
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N ← [0, 0, 0, 0] /*nonzeroes count for quadrants */1
Allocate four (s.m+ 1)-sized arrays L,M,R, P2
/*CS: Cache(s) Size, ES(= 8 for double): Element Size*/3
sA.NS ← 0; sA.MAXS ← (sA.nnz · ES)/(CS/Nthreads)4
COO RowP (I, J, P, sA.nnz, sA.m) /*fill row pointers in P*/5

sA.L
p← P ; sA.R

p← P + 16
/*sA.L points to row beginnings, sA.R points to row endings7
(aliasing the second element of P)*/
while Some leaf submatrix is still “open” do8

sA.NS ← sA.Ns + 1;9
s← “largest” open submatrix10
if δr(s.m, s.k, s.nnz, CS,ES,WS) then11

/*copy subrow pointers stored in s.I, s.J */12
L← s.I; R← s.J ;13
/*get quadrants info N , fill middle pointers array M*/14
N ← Subrow Split(s, L,R,M, J)15
/*split s, appending up to four quadrant submatrices*/16
RSB Split Node(s,N, L,M,R, I, J)17

else18
/*closing (marking as terminal)*/19
if s is sA && s.nnz ≥ s.m+ 1 then s.I ← L20
/*For sA, a copy is necessary.*/21
if s.nnz ≥ s.m+ 1 then Mark as CSR22
else Mark as COO23

end24
end25
return [P, sA]/*Arrays L,M,R can be freed.*/26

Fig. 2. COO to RSB s(sA, I, J)

matrices (Fig. 8,9), and finally compression of indices in
RSB Leaf Switch (Fig.10). Accordingly, we break down
the RSB assembly pseudo code into three listings, called from
procedure COO to RSB, in Fig. 1.

Procedure COO to RSB s (Fig. 2), performs a cycle,
identifying bounds for candidate submatrices. This information
is stored in auxiliary arrays L,M,R. A row pointers array
P is constructed (line 5), kept and returned for later usage.
At each iteration, the largest open submatrix s (in terms of
number of nonzeroes) is selected; then it is analyzed, and
either subdivided in quadrants (and marked as closed node)
or marked as a closed leaf. In either case, each cycle closes
submatrix s and opens up to four submatrices. Therefore, the
loop iterates a number of times equal to the number of the
nodes (both inner and leaf) in the produced quad-tree. In Fig. 3
we present the cutoff function δr which decides if subdivision
of s should proceed.

Since the input COO arrays are row-major sorted, in order
to identify quadrants of s in them, we need to mark, for each
row, indices for: the leftmost element of the two left quadrants,
the leftmost of the two right quadrants, and the first one after
the rightmost of the two right quadrants; that is, pin-point
subrows in each quadrant. To this end, I and J are scanned in
Subrow Split, and subrows information is stored in the three
row pointers arrays L,M,R. Row pointers data will be reused
when assembling submatrices in CSR. The first invocation
of Subrow Split requires L,R for the whole A in order to
compute the first middle row pointers array M . Notice that
for any row i of A, L[i + 1] ≡ R[i]. For this reason, before

/*WS(= 4): Word Size of index element, µ = 3 */1
if sA.NS ≥ sA.MAXS then return False2
if n · ES > 2 · CS && m < 216 && k < 216 then return3
True
if (ES (2 · n+m) +WS · (m+ n)) > α CS &&n/m > µ4
then return True
return False5

Fig. 3. δr(m, k, n, CS,ES,WS)

P [:]← 0/* fill with zeros*/1
for n← 0 to nnz − 1 do P [I[n] + 1]← P [I[n] + 1] + 12
for i← 0 to m− 1 do P [i+ 1]← P [i+ 1] + P [i]3
/*for each i, P [i] now has the offset of row i in I, J*/4

Fig. 4. COO RowP (I, J, P, nnz,m)

entering the loop, we pre-compute a single row pointers array
P , and set the initial L,R as pointer aliases of P . That is, P
can serve as L, and aliased after its first element, as R does;
in Fig. 2 and 7, we have used “

p←” to signify pointer aliasing.
P is computed by COO RowP , listed in Fig. 4.

After boundaries are identified, and nonzeroes counts
are known for each quadrant, at line 17, we invoke the
RSB Split Node. It will add an open leaf submatrix for
each non-empty quadrant, and copy the L,M,R arrays in ap-
propriate offsets of the I array. In this way, I is used for storing
submatrices rows information, and subsequent invocations of
Subrow Split will use the L,R arrays recovered from there.

In the case the δr does not make s a candidate for subdi-
vision, s gets closed as a leaf matrix, and marked to contain
data in the CSR or COO format (depending on the available
index space; lines 18-23). In the case s is the root node for
A (sA), and fitting CSR arrays (nnz > m), L (aliasing P ) is
copied at the appropriate offset of I , overwriting original row
indices (not needed anymore).

After assembling the quad-tree for the sA, the original
J, V arrays storing column indices and values of the matrix
coefficients are still unmodified, and ready for being displaced

n00 ← 0; n01 ← 0; n10 ← 0; n11 ← 0;1
for i← 0 to ⌊(s.m+ 1)/2⌋ do2

M [i]← Search(J, L[i], R[i], s.j0 + ⌈s.k/2⌉)3
n00 ← n00 + (M [i]− L[i]); n01 ← n01 + (R[i]−M [i])4

end5
for i← ⌈(s.m+ 1)/2⌉ to s.m− 1 do6

M [i]← Search(J, L[i], R[i], s.j0 + ⌈s.k/2⌉)7
n10 ← n10 + (M [i]− L[i]); n11 ← n11 + (R[i]−M [i])8

end9

return [n00, n01, n10, n11]10

Fig. 5. Subrow Split(s, L,R,M, J)

Binary search for the smallest m such that J [m] ≥ h and1
l ≤ m ≤ r
return m2

Fig. 6. Search(J, l, r, h)
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Q← [...] /*allocate a submatrix structure for each nonempty1
quadrant of s; then for each quadrant qij , set info for
nonzeroes, dimensions, and row,column,nonzeroes offsets
relative to the whole matrix; then copy portions from the
subrow pointer arrays from L,M,R*/
if n00 > 0 then2

q00.m← ⌈s.m/2⌉; q00.k ← ⌈s.k/2⌉;3
q00.moff ← s.moff + 0; q00.koff ← s.koff + 0;4
q00.nzoff ← s.nzoff + 0; q00.nnz ← n00;5

q00.I
p← I + q00.nzoff ; q00.J

p← J + q00.nzoff6
if q00.nnz > 2 · q00.m+ 2 then7

q00.I ← IL[1 : q00.m]; q00.J ← IM [1 : q00.m];8
end9

end10
if n01 > 0 then11

q01.m← ⌈s.m/2⌉; q01.k ← ⌊s.k/2⌋;12
q01.moff ← s.moff + 0; q01.koff ← s.koff + q00.k;13
q01.nzoff ← s.nzoff + n00; q01.nnz ← n01;14

q01.A
p← I + q01.nzoff ; q01.J

p← J + q01.nzoff15
if q01.nnz > 2 · q01.m+ 2 then16

q01.I ← IM [1 : q01.m]; q01.J ← IR[1 : q01.m];17
end18

end19
. . . /*And so on for q10, q11.*/ . . .20

Fig. 7. RSB Split Node(s,N, L,M,R, I, J)

to their destination location. The I array, instead, has been
overwritten. For submatrices marked for CSR storage, I al-
ready stores a row pointers array, which a CSR representation
requires. For submatrices marked for COO storage, the rele-
vant subarrays for I could have been overwritten during parent
node subdivision, and therefore they should be reinitialized
to their original values. Actually, each submatrix node has
information on the count of nonzero elements in its own
quadrants. Recall, that in RSB Split Node, the nonzero
offset of each submatrix in the quad-tree representation was
computed. Now, each submatrix s could be extracted to a
temporary storage, row by row, from the original matrix
specified in subsequent rows, at the submatrix offset s.nzoff
(computed by RSB Split Node, in Fig. 7). To keep the
shuffling algorithm simple, we have chosen to allocate two
temporary Jt and Vt arrays; gather there the displaced rows for
coefficients and indices, and copy back to J, V . Since different
submatrices should be laid in separate intervals of J and V , the
shuffling algorithm can be parallelized on a submatrix basis
in a parallel cycle. Once shuffled, the temporary arrays are
copied back using a simple OpenMP-parallel wrapper around
the standard memcpy ([20]) function .

The shuffling procedures for J (Fig.9) and V (Fig.8) are
similar. For V (COO to RSB V ), only rows shuffling is
needed, but for J (COO to RSB J), besides shuffling, we
need also to adjust indices relative to the submatrix location,
and restore indices of I . After the shuffling phase, submatrices
are either stored as fullword (by default, 32 bit) COO or CSR.
RSB (see [5]) allows smaller leaves to have 16 bit coordinate
(for COO) or column (for CSR) indices. For this, we use
a separate procedure, RSB Leaf Switch, operating an in
place conversion on the arrays of the candidate submatrices.

Allocate a temporary vector Vt, fitting V .1
parallel foreach s ∈ S do2

Vs
p← Vt[s.nzoff ]3

if s.nnz ≥ 2 · s.m+ 2 then4
for i← 0 to s.m− 1 do5

Append subrow V [s.L[i] : s.R[i]] to Vs6
end7

else8
for i← 0 to s.m− 1 do9

l← P [s.moff + i];r ← P [s.moff + i+ 1]10
l← Search(J, l, r, s.koff)11
r ← Search(J, l, r, s.koff + s.k)12
Append subrow V [l : r] to Vs13

end14
end15

end16
MEMCPY Parallel(V, Vt)/*V ← Vt*/17

Fig. 8. COO to RSB V (sA, P, V )

Allocate a temporary vector Jt, fitting J .1
parallel foreach s ∈ S do2

Js
p← Jt[s.nzoff ]3

if s.nnz > 2 · s.m+ 2 then4
for i← 0 to s.m− 1 do5

Append subrow J [s.L[i] : s.R[i]] to Js6
Make a CSR row pointer in I , using L, R7

end8
else9

for i← 0 to s.m− 1 do10
l← P [i];r ← P [i+ 1]11
l← Search(J, l, r, s.koff)12
r ← Search(J, l, r, s.koff + s.k)13
Append subrow J [l : r] to Js14
if s.nnz < s.m+ 1/*COO case*/ then15

Set array s.I with value i16
else17

Make a CSR row pointer in I , using L, R18
end19

end20
end21
Adjust s.J indices, by subtracting the offset s.koff .22

end23
MEMCPY Parallel(J, Jt)/*J ← Jt*/24

Fig. 9. COO to RSB J(sA, P, J)

Note that interleaving shuffling and conversion could save a
substantial fraction of memory accesses; however the construc-
tor logic would be much more involved. After this (last) step,
the matrix is assembled as RSB and ready for use.

The presented assembly procedure consists of a serial stage
(subdivision), followed by two stages exploiting parallelism
(shuffling and conversion). Initially, we considered to propose
a parallel subdivision step. However, we observed that this
would require us to use more complicated techniques, and
would also entail differences in the computed partitions. For
instance, we could have let threads subdivide the matrix
concurrently, but non-determinism in the order of subdivision
could lead to non-deterministic quad-tree shape/matrix par-
titioning. In such case, we would have either to accept the
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parallel foreach leaf node s of quad-tree sA do1
if Marked for halfword indices then2

if CSR format then3
Convert J to use 16 bit indices, in place4

end5
if COO format then6

Convert I, J to use 16 bit indices, in place7
end8

end9
end10

Fig. 10. RSB Leaf Switch(sA)

algorithm as non-deterministic (which we did not want), or use
complicated backtracking techniques to revert unnecessarily
subdivided submatrices and an equivalent tree. On the other
hand, we have found strategies for the parallelization of the
current subdivision algorithm routines (based on fine-grained
parallelism) to be problematic regarding synchronization, and
therefore shortsighted, in the perspective of many-core compu-
tations, expected in the forthcoming computers. Therefore, for
the time being, we have chosen a simple serial strategy, and left
other enhancements for future developments. Indeed, besides
being serial, the subdivision stage faces a growing amount
of work, as more subdivisions are performed on a matrix;
and thus, it will slow down further, the more threads will
participate in the SpMV computation (recall line 1 in Fig. 2).
Each subdivision of a submatrix s requires (a) the copy of
two arrays, (b) s.m binary searches during split, and (c) one
array write per search. In the worst case, this involves about
s.m random accesses in the binary searches, (which perform
non-linear accesses), but the remaining accesses are linear,
and could be performed taking advantage of the available
prefetching engine on the CPU. Analysis of the complexity
of subdivision is beyond the scope of this paper; a gross,
pessimistic estimate we could provide for the memory traffic
would be up to o(h · nnz) memory writes (where h is
the height of the quad-tree). This would be the case where
all of the submatrices would fit exactly as CSR: if some
were COO, binary searches would be performed on their
parent matrices, but with no subsequent row pointers copy
(matrices are assigned as COO if they don’t fit CSR, with
no further subdivision). If some submatrices had rows denser
(s.nnz > s.m + 1), it would mean that only O(s.m + 1)
elements would be moved (out of s.nnz).

The shuffle stage is different: it involves two transfers
of contents of arrays V and J ; and between m and nnz
element moves for I . If not coupled to the copy operation, the
index adjustment for J accounts for further, up to O(nnz),
accesses; similarly for restoring the I arrays of COO leaves.
Similarly, the complexity of the compression stage involves
modifications of up to 2nnz memory locations (once). Besides
the memcpy-like operations, when shuffling the COO subma-
trices, the J array would be binary-searched repeatedly for the
identification of subrows bounds (after determining bounds for
search using P ). The same binary-search based algorithm is
needed for the CSR submatrices having s.nnz ≤ m (since the
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Fig. 11. RSB matrix assembly scaling on M1.

corresponding I subarray would not contain both right and left
subrows pointer arrays). For CSR leaves having s.nnz > s.m,
right and left subrow pointers are recovered from I , subrows
in J and V are located, and no search is needed at all. Notice
the independence from the quad-tree height (and thus, from
the matrix size).

V. EXPERIMENTAL SETUP AND METHODOLOGY

TABLE I
MATRICES TEST-SET, OBTAINED FROM [19].

matrix symm r c nnz nnz/r
12month1 G 12471 872622 22624727 1814.19
af shell10 S 1508065 1508065 27090195 17.96
cage15 G 5154859 5154859 99199551 19.24
cont11 l G 1468599 1961394 5382999 3.67
fcondp2 S 201822 201822 5748069 28.48
GL7d19 G 1911130 1955309 37322725 19.53
ldoor S 952203 952203 23737339 24.93
neos G 479119 515905 1526794 3.19
patents G 3774768 3774768 14970767 3.97
rail2586 G 2586 923269 8011362 3097.97
relat9 G 12360060 549336 38955420 3.15
sme3Dc G 42930 42930 3148656 73.34
wb-edu G 9845725 9845725 57156537 5.81

Our experimental setup is similar to that of [5]: same
machines, same compilers, same methodology, but for space
reasons, we selected only an essential subset of the matrices
used there (see Table I). We compiled and ran our codes on
machines M1 (AMD Opteron 2354; 2×4-core CPU; caches:
2×2MB L3, 4× 512KB L2 and 64KB L1) and M2 (Intel Xeon
5670; 2×6-core CPU; caches: 2×12MB L3, 4× 256KB L2
and 32KB L1), using -O3 as the only optimization flag, with
icc v.11 on M1, and gcc v.4.3 on M2. The time samples
employed are the best ones, after 100 runs for the SpMV
operation, and 10 runs for the constructor. M2 is a lightly
loaded network server.

VI. RESULTS

For space reasons, we won’t be able to present a compre-
hensive analysis of the constructor performance, and thus we
will focus on the most important topics. Our exposition is
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Fig. 12. RSB matrix assembly scaling on M2.

geared towards iterative methods; here, the affordability of
the constructor code is inversely proportional to the number
of SpMV’s that are expected to be performed after matrix
instantiation. Thus, performance profiles for both SpMV and
construction operations are needed. We will thus present the
constructor performance considering two metrics: the number
of SpMV that are time-equivalent to a constructor run on the
given matrix, and the scalability of the constructor with respect
to the single core case.

In our previous work (See [5],[4]), using 8 cores on M1 and
M2, we have encountered a SpMV speedup of up to 5×. In
Sec. IV, we have motivated the reasons for keeping a part of
our constructor code serial. Therefore, the observed scalability
is indeed weak, as depicted in Fig. 11,12. We see that the
maximum speedup on both machines is 2.45× on M1 and
2.86× on M2; this is approximately half than observed for
the SpMV. We notice the best speedup for matrices relat9 and
rail2586 on M1; patents and parabolic fem on M2. In two
cases (neos and parabolic fem on M1) we notice a slow-down.
Due to the increasingly loaded serial stage; in both cases, this
happens after a no-subdivisions instantiation, for 1-core (for
space reasons, we omit graphs with submatrix counts).

Relating constructor and SpMV times, we notice the con-
structor dominating the SpMV, in Fig. 13,14. We observe
the maximal ratio for matrix wb-edu (up to 52.8× on M1,
up to 27.7× on M2); a minimal one for matrix rail2586
(from 2.8× to 4.4×, on M1). In two cases (matrices cont11 l,
patents), it happens that the constructor and SpMV times keep
a similar pace (around 10×, on both machines). Indeed, the
SpMV performance of matrix cont11 l does not increase with
more cores, and matrix patents gets partitioned in the same
number of leaf matrices, regardless the cores count. We notice
worse ratios for bigger matrices: cage15, wb-edu, and GL7d19.
Here, patents is big, but it performs SpMV exceptionally slow
(see [5]).

Let us break down the constructor performance in the
serial (subdivision) and parallel (shuffle and conversion–we
will include this last one in the shuffle results, for conve-
nience) stages. As discussed in Sec.IV, the subdivision code
is expected to perform a number of passes on the input
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Fig. 13. RSB matrix assembly to SpMV time ratio on M1.
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Fig. 14. RSB matrix assembly to SpMV time ratio on M2.
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Fig. 15. Subdivision scaling on M1.

growing with the number of threads available for SpMV. In
Fig. 15 and 16, we see the scaling-down of subdivision
performance; we encounter a near-to 5-fold slow-down for
matrices parabolic fem and neos. It is due to no subdivision
being performed in the 1-core case, on them. In the remaining
cases, we do not notice more than a 2-fold slow-down.

In Fig. 17,18, we can see the growing gap between the
subdivision and SpMV. For 1 or 2 cores, this ratio is always
lower than 7.0, but for more, it can grow much: for matrix
wb-edu on M2, the subdivision takes 5.1× for 1 core, and up
to 42.4 times SpMV time, for 8 cores.
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Fig. 16. Subdivision scaling on M2.
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Fig. 17. Subdivision to SpMV time ratio on M1.

On the other hand, the shuffle stage scales quite regularly
on all matrices in the test set; see Fig. 19, 20. Recall that,
with higher cores counts, notwithstanding the growing number
of submatrices to handle, the shuffle operation moves ap-
proximately the same amount of memory locations (see [5]
for a discussion on indexing space). As noted in Sec. IV,
in the shuffle (comprehensive of index compression) phase,
the amount of involved traffic depends on the leaves format;
prevalence of COO leaves will trigger more traffic; since
compression happens after the copy operations, it contributes
to additional traffic.

We also notice that the ratio of shuffle-to-SpMV times
remains very close, regardless active cores count. This is
satisfactory, because it indicates that both the operations scale
similarly: see Fig. 21,22. Indeed, both operations seems to be
memory bound; shuffle more than SpMV, as it doesn’t involve
floating point operations, which could be slower than integer
operations. During stand-alone benchmarking our naive paral-
lel memcpy wrapper (MEMCPY Parallel, used in Sec. IV),
we experienced at most 8.4GB/s on M1, 6.4GB/s on M2,
and speedups respectively up to 3.1 and 2.2. We expect this
limit to contribute with a relevant fraction to the shuffle stage.

By comparing, respectively, Fig. 17 to Fig. 21 and Fig. 18
to Fig. 22, we notice that on both machines, the subdivision
(serial) stage becomes dominant over the shuffle (parallel) at
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Fig. 18. Subdivision to SpMV time ratio on M2.
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Fig. 19. Shuffle scaling on M1.

around 4 active threads. Clearly, this situation is not desirable
in the perspective of more computing cores, so we recognize
the need for a scaling parallel subdivision stage. Also, by
allowing degenerate subtrees (see Sec. IV) input could be
scanned repeatedly and generating no new subdivision; this
case should also be dealt with.
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Fig. 20. Shuffle scaling on M2.

VII. CONCLUDING REMARKS

We have shown a multi-threaded algorithm for the instanti-
ation of RSB matrices out of row major sorted COO arrays.
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Fig. 23. Recursive subdivisions of matrix cont11 l for respectively 1,2,4,8
threads on M1. Notice the blue line joining (nonempty) leaf submatrices in
the order they are stored in the RSB arrays. Notice that the more threads are
active, the finer is the partitioning.
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Fig. 21. Shuffle to SpMV time ratio on M1.
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Fig. 22. Shuffle to SpMV time ratio on M2.

Experimentally, we established that its execution speed seems
tightly bound to the peak memory bandwidth; even more than
SpMV. Our procedure features a serial subdivision stage, where
binary search and arrays copy operations are predominant,
followed by a parallel shuffle stage, where arrays are displaced
and indices adjusted. The shuffle stage scales smoothly; its
performance seems strictly memory bandwidth-bound. While
shaping the subdivision stage, we observed that an efficient
parallel reformulation of it would require us to modify the
definition of our format. We did not want to proceed this way
as we wanted it to remain comparable with our earlier work,
and so we have decided to leave the subdivision serial, for
now. In practice, we observed the constructor-to-SpMV time
ratio to be 1.6..15.1 times for 1 core, 2.5..22.4/2 cores, and
4.2..52.8/8 cores. Indeed, we have observed that the serial

phase begins to dominate the constructor time as soon as
at about 4 threads. For this reason, we recognize need of
further research to develop a scalable, parallel algorithm to
perform the initial subdivision, as this is the key to a scalable
RSB matrix constructor. We deem also interesting to study
parallel conversion/extraction mechanisms for interfacing to
other formats, and consider the performance impact of building
preconditioners, while solving linear systems. Of course, a
number of trivial but effective optimizations (see Sec. IV) may
also be applied.
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Abstract—Recently, we have introduced an approach to basic
sparse matrix computations on multicore cache based machines
using recursive partitioning. Here, the memory representation of
a sparse matrix consists of a set of submatrices, which are used
as leaves of a quad-tree structure. In this paper, we evaluate the
performance impact, on the Sparse Matrix-Vector Multiplication
(SpMV), of a modification to our Recursive CSR implementation,
allowing the use of multiple data structures in leaf matrices
(CSR/COO, with either 16/32 bit indices).

I. INTRODUCTION

IT IS known that computations with sparse matrices incur
very poor memory performance: indirect addressing causes

unpredictable run-time dependencies in memory read/write
access; memory access has poor data locality (just to name
a two key aspects; see also [1], [2], [3]). To address these
issues, recently, we have proposed a recursive approach to
sparse matrix representation. In [4] we have outlined the
proposed method and reported initial experiments with the
SpMV operation. In the follow-up [5], we have evaluated its
performance for the triangular solve and SpMV for symmetric
matrices. Experimental results lead us to modify the storage
scheme in order to reduce the indexing overhead. Encouraging
results of an approach employing 16-bit indices have been
reported in [6]. Here, we continue investigations leading to
the development of methods that can reduce impact of indirect
addressing, by reducing the memory traffic incurred in access-
ing index data. Specifically, we employ index compression,
and diversify the representation of leaf submatrices with the
intent of raising the floating point performance of the SpMV
by saving memory bandwidth.

Proceeding, we outline the RCSR storage format with index
compression in Section II. Next, we describe modifications
to the sparse matrix representations in Section III. Setup for
performed experiments can be found in Section IV, while in
Section V we analyze the obtained results.

II. THE RECURSIVE STORAGE FORMAT AND INDEX
COMPRESSION

We (logically) organize a sparse matrix as a quad-tree
structure, with nodes consisting of submatrices arising from
a recursive partitioning into quadrants. While intermediate
nodes are used only as a pointer structure, leaf nodes hold
actual subarrays with index and numerical values. The SpMV

algorithm described in [5] is independent from the actual
format of leaf matrices. It only assumes a coarse recursive
partitioning in leaf submatrices. Similarly to blocking used in
dense matrix computations, submatrices at leaf level should
be sized (in terms of their memory footprint during the SpMV)
in relation to the cache sizes of the machine.

In this context, we have investigated a variation to the
leaf matrices format, obtained by converting some of the
Compressed Sparse Rows (CSR) leaves of a matrix to use
16 bit column indices (and thus, reducing the memory traffic).
As motivated in Section I (and in the literature; e.g.: [1]),
index compression techniques are particularly effective with
many active cores. Here, techniques which may not be optimal
on a single core (because of a slight memory-bandwidth-to-
computation trade-off, in the form of pointer arithmetics), may
show their potential when working with multiple cores (where
the memory traffic is heavier). As a motivation of our “16-
bit” approach, we observe that after partitioning a large sparse
matrix (in the RCSR format), it is likely to have many of the
leaf submatrices dimensioned less than 216. Thus, using a 16
bit (halfword) index type in their CSR column indices arrays is
possible, and could lead to savings in memory traffic. We name
this variant RCSRH. Obviously, for matrices dimensioned
less than 216, the conversion to RCSRH is possible for all
submatrices. The outcome of our experiments (documented in
[6]) was encouraging: using halfword indices by itself yielded
up to a 25% floating point speedup (with a saving in memory
usage up to a 16%) on unsymmetric matrices, and 30% on
symmetric ones. However, in a number of cases, the RCSRH
variant was not helpful. One of the perceived reasons was
that CSR itself does not always fit into leaf submatrices, and
thus we have decided to convert some leaf matrices to the
COOrdinate (COO) format. Let us discuss this change with
more detail.

III. RECURSIVE STORAGE FORMAT WITH CSR AND COO
LEAVES

In this section, we motivate quantitatively why and when
storing some submatrices as COO instead of CSR could reduce
index overhead, and the way we have chosen to use COO to
enhance RCSR.

A matrix is stored in the RCSR format as a quad-tree
structure with CSR ([7, Section. 4.3.1]) submatrices at the
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leaf level of a recursive bipartitioning (see [4]). To store an
r × c matrix with n nonzeroes in CSR, we use an array JA
(of size n) with column indices, and a row pointers array PA
(of size r + 1), referencing rows in the JA array. Array JA
stores column indices for nonzeroes in a row-major order. The
array of coefficients (V A) is laid in the same order as JA. To
store a matrix in a plain COO format, two n-sized arrays for
(row,column) indices (IA,JA) are required. By denoting as
I(r, n) the index space requirements for an r× c matrix (with
n nonzeroes) instance we have ICSR(r, n)

.
= 4(r + 1) + 4n

and ICOO(r, n)
.
= 4n+ 4n bytes. Let us call CSRH the CSR

format implementation with 16 bit JA indices, and COOH, a
COO format implementation with 16 bit IA and JA indices.
For these variants, we have ICSRH(r, n)

.
= 4(r + 1) + 2n

and ICOOH(r, n)
.
= 2n+2n bytes. This means that for some

values of (r, n), COO/COOH would use less indexing space
than CSR/CSRH; specifically, ICOO(r, n) < ICSR(r, n) when
n < r+1, and ICOOH(r, n) < ICSRH(r, n) when n < 2r+2.
For this paper, we modified the matrix constructor code to use
CSRH whenever a CSR submatrix is dimensioned less than
216. Similarly, we use COOH whenever a COO submatrix
is dimensioned less than 216; we choose to use COO when
n < r+1. We adopt COO/COOH as row-major sorted (so we
have the same memory access pattern of CSR for JA and V A
arrays). In [4] and [6], we have described the cutoff function δ
as our heuristic regulating subdivision into submatrices; in this
paper, we use slightly differing matrix assembly criteria. While
we still use the δh function from [6], we limit subdivisions by
forcing each submatrix not to use more indexing space than a
fullword COO storage of it would require. The other rules for
subdivision are still the same as imposed by δh. Please refer
to [8] for a full discussion on the new constructor layout.
We call the hybrid format resulting from these modifications
Recursive Sparse Blocks (RSB).

IV. EXPERIMENTAL SETUP AND METHODOLOGY

In order to compare the new approach with previously
documented experiments using RCSR format (see [6]), we
measured performance on the same test set of 36 matrices:
12 of them are symmetric (See Table I), 12 are square
unsymmetric (See Table II), and 12 are non square (See
Table III). For readability reasons, in Sec. V we left matrices
with less significant results (marked with an asterisk (*), in
the tables) out of the plots; so the commentary of them is
indirect. Furthermore, we have used the same two machines
(summarized in table IV). Recall, that M2 is a lightly loaded
network server, while M1 is a dedicated machine.

For each matrix/cores sample, we ran our RSB code,
performing 100 times the SpMV operation and report the
best result. However, timing variation was below 5%, so
our results were consistent. We measured timings using the
POSIX ([9]) gettimeofday() function. Figures in section
V depict results, expressed in MFlops (millions of floating
point operations per second). Conventionally, we counted 2
Flops per nonzero element for non-symmetric matrices, and
4 for symmetric. We use double precision arithmetic (C’s

TABLE I
SYMMETRIC MATRICES

matrix r c nnz nnz/r
af shell10 1508065 1508065 27090195 17.96
BenElechi1 245874 245874 6698185 27.24
bone010 986703 986703 36326514 36.82
crankseg 1 52804 52804 5333507 101.01
ct20stif 52329 52329 1375396 26.28
F1 343791 343791 13590452 39.53
fcondp2 201822 201822 5748069 28.48
kkt power 2063494 2063494 8130343 3.94
ldoor 952203 952203 23737339 24.93
mip1* 66463 66463 5209641 78.38
nd24k 72000 72000 14393817 199.91
s3dkq4m2 90449 90449 2455670 27.15

double type). Our measurements were performed with hot
caches; that is, we did not flush deliberately cache contents
between subsequent SpMV’s; therefore, to avoid artificially
high results, all measurements were performed on matrices
not fitting entirely in the caches.

TABLE II
GENERAL SQUARE MATRICES

matrix r c nnz nnz/r
atmosmodl 1489752 1489752 10319760 6.93
av41092 41092 41092 1683902 40.98
cage15 5154859 5154859 99199551 19.24
lhr71 70304 70304 1528092 21.74
patents 3774768 3774768 14970767 3.97
raefsky3 21200 21200 1488768 70.22
rajat31 4690002 4690002 20316253 4.33
rma10* 46835 46835 2374001 50.69
sme3Dc 42930 42930 3148656 73.34
torso1 116158 116158 8516500 73.32
venkat01 62424 62424 1717792 27.52
wb-edu 9845725 9845725 57156537 5.81

TABLE III
GENERAL NON SQUARE MATRICES

matrix r c nnz nnz/r
12month1 12471 872622 22624727 1814.19
c8 mat11 I 4562 5761 2462970 539.89
cont11 l 1468599 1961394 5382999 3.67
diego-MM-573x230k 573286 230401 41694697 72.73
GL7d19 1911130 1955309 37322725 19.53
neos* 479119 515905 1526794 3.19
rail2586 2586 923269 8011362 3097.97
rel9 9888048 274669 23667183 2.39
relat9 12360060 549336 38955420 3.15
Rucci1 1977885 109900 7791168 3.94
spal 004 10203 321696 46168124 4524.96
tp-6 142752 1014301 11537419 80.82

Our codes were compiled with the Intel icc version 11 on
M1, and gcc, version 4.3 on M2. In Section V-C we compare
our results to that obtained with a publicly available CSB
prototype ([2]). On both machines we compiled it using the
Cilk++ compiler; version (“Cilk Arts build 8503”),
based on the gcc (GNU C Compiler), v.4.2.4. To unify the
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TABLE IV
TEST MACHINES.

machine model cpus× data caches
cores

M1 Intel Xeon 5670 2×6 2xL3,2x6xL2,2x6xL1:
6-Core L3:12MB/16-w/64B
2.93GHz L2:256KB/8-w/64B

L1:32KB/8-w/64B
M2 AMD Opteron 2354 2× 4 2xL3,2x4xL2,2x4xL1:

Quad-Core L3:2MB/32-w/64B
2.2GHz L2:512KB/16-w/64B

L1:64KB/2-w/64B

test environment, all codes were compiled using the -O3 flag
only (besides the OpenMP enabling flags).

V. RESULTS

We structure the analysis of results as in [6]. Note that,
for brevity, we sometimes reference as RSB-k the k-threaded
RSB. In most cases we start by commenting the 8 threaded
performance, and proceed from discussing the particularly
problematic cases to the best performing ones.

A. Results, Unsymmetric Matrices

For the unsymmetric matrices on M1, we observe an
improvement when switching from RCSR to RSB in nearly
all of the test set matrices; up to 67% on square ones, and up
to 33% on non square ones (Fig. 1,2).

The only matrices “suffering” from the switch are: square
av41092 and raefsky3 (Fig. 1), non square c8 mat11 I and
diego-smtxMM-573x230k, and two borderline cases: rail2586
and sme3Dc.
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Fig. 1. Unsymmetric SpMV on M1, square matrices.

On machine M2 (Fig. 3,4), we see improvements up to
128% for square matrices, and 65% for non square ones, and
a single case of a performance drop: a 3% fall for the non
square matrix cont11 l.

In Fig. 6,7,8,9 we observe index usage saving almost
always. Out of 24 non-symmetric matrices, we experience
three cases where index usage raises: square matrix patents
(Fig. 6,8) and non square matrices, rel9, relat9 (Fig. 7,9). We
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Fig. 2. Unsymmetric SpMV on M1, non square matrices.
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Fig. 3. Unsymmetric SpMV on M2, square matrices.

note, however, that the effect of RSB is actually an improve-
ment of the performance on these matrices, notwithstanding
the increased index usage. Among these matrices, problematic
cases remain: patents performs better, but continues scaling
poorly, (remaining the “slowest” of our entire test set); relat9
suffers from poor scaling, too (especially on 8 cores M2); rel9
continue not scaling at all.

These matrices have a feature in common: a very low
nonzeroes/row elements ratio: 2.39 for rel9, 3.15 for relat9
(see Table III) 3.97 for patents (see Table II). Although for
such matrices one cannot expect high efficiency for either CSR
or COO formats, we have realized why this is also the case
for our recursive format (see [6], [5]), so now we present only
the particular case for RSB.

Although very poorly performing, patents, actually scales
up to 4 threads. In facts, patents is assembled in 37 COO
leaves, regardless the thread count. When working with 8
threads, we observe that scaling is inhibited: this means that
particular partitioning leaves a number of threads starving,
while most of row intervals are locked by other threads. This
is a situation occurring when the thread count approaches the
number of submatrices in disjoint row intervals (see Fig. 5);
and thus threads contend for available row intervals to operate
on. In the current formulation of RSB, further partitioning
of this matrix is not allowed, for it does not have enough
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Fig. 4. Unsymmetric SpMV on M2, non square matrices.

Fig. 5. On the left, matrix patents as partitioned on M1. On the right
(widened, for viewing convenience) diego-smtxMM-573x230k on M1. Both
in RSB format.

nonzeroes per row. On M2, the case for patents is similar:
while on 1,2,4,8 threads, the matrix is partitioned respectively
into 13,25,37,37 COO leaves.

The cases of rel9 and relat9 (Fig. 2,4) are similar. Since
relat9 has a little higher nonzeroes/row count than rel9, it
succeeds in scaling in a limited way (up to 30 COO leaves,
on both machines), but rel9 gets partitioned in 7 leaves only,
in all cases. Therefore, for rel9, more than 2 threads contend
for row locking on 7 submatrices, with no possible scaling.
Notice, however, that RSB is capable of allowing dual threaded
parallelism in these very sparse cases, whereas RCSR was not.

The cases we have just discussed are worst/limit cases, and
as such are not the primary target of our modifications, so we
tolerate them here, and use them for comparison means.

Although quite different, two matrices (sme3Dc, raefsky3)
suffer similar problems, when instantiated as RSB on M1. That
is, while they are well-performing on RCSR and loosing index
overhead from the RSB switch, they also get partitioned into
less leaves, giving rise to the same SpMV scalability problem.
In facts, while RCSR-8 partitions these matrices respectively
into 115 (113 CSRH, 2 COOH) and 94 (CSRH) leaves, RSB-8
produces 16 (all CSRH) and 13 (11 CSRH, 2 COOH) leaves.

Given the lock-based nature of our SpMV algorithm, and the
distribution of submatrices, RSB-8 suffers from contention
problems on both matrices. It is interesting to note that on
M2, these matrices get subdivided respectively in 115 and 94
leaves, and we observe in Fig. 3 that this suffices to scale and
experience, respectively, a 7% and a 6.7% improvement. Index
overhead shifts from 4.44. to 2.55 bytes/nonzero for sme3Dc,
and from 4.28 to 2.34 bytes/nonzero for raefsky3.

Matrix av41092 on M1 experiences the same problem
sme3Dc and raefsky3 did: insufficient partitioning. While M1
partitions this matrix in 10 (9 CSRH, 1 COOH) submatrices
only, M2, due to its smaller caches, partitions it in 72 leaves
(64 CSRH, 8 COOH). So, the halving in index overhead
experienced on M1 (from 4.65 to 2.27 bytes/nonzero) could
not bring advantage to RSB-8, while on M2, the 42% index
saving (from 4.5 to 2.61 bytes/nnz) allows for scaling and a
modest 3% performance increase.
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The remaining three cases with a missing improvement are
non square matrices c8 mat11 I, diego-smtxMM-573x230k,
and rail2586 (Fig. 2). Matrix c8 mat11 I, alike to the matrices
we have seen before on M1, suffers from poor partitioning,
here: RSB partitions it in respectively 1,4,10,13 leaves for
1,2,4,8 threads. On 8 threads, the 13 leaves are not enough
to ensure the parallel operation of all the threads, thus leaving
some of them starving. Similarly to the previous cases, M2
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divides the matrix in much more leaves, thus avoiding the
scaling problem.

The case for matrix diego-smtxMM-573x230k is different
(and interesting). On M1, this matrix performs best as RSCR,
while on M2, best as RSB. On both machines, though, while
not scaling up to 8 threaded RCSR, it scales (although very
slightly) for RSB, up to 8, but poorly. Poor scaling is evident:
RSB-8 on M1 is only 88% faster than RSB-1; on M2, only
123%. By looking at the number of submatrices, we could
not say their number is too low. It is only after inspecting the
distribution of submatrices (see Fig. 5), that we notice a big
unbalance: actually, most of the submatrices are located on the
top of the matrix, and it seems that RSB arranged submatrices
in “block rows”. Given the row-lock-based nature of our
SpMV algorithm, such a distribution is enough to destroy
the parallelism of the computation on this matrix. Here, after
completing the bigger-dimensioned submatrices across various
row intervals of the matrix, threads will try to acquire a lock
on the intervals located on the upper border, with no success
for most of them: only a few of them will be able to work at
a time, on the upper submatrices. Contention will last during
the whole computation for most of the threads, then, because
our current SpMV algorithm has no mechanism for concurrent
update of a single subvector.

Matrix rail2586 constitutes another special case. For being
wide, it fits particularly well when stored in a row-oriented

storage as CSR. However, for having its nonzeroes scattered
quite uniformly around the matrix, it would end up having very
sparse submatrices, if it had not as much as 3097 nonzeroes
per row, globally. But it happens that for being so wide, the
proper introduction of CSRH leaves is only possible after a
certain number of subdivisions. On M1 (Fig. 12), it happens
that there are not enough subdivisions for switching much of
the submatrices to CSRH. So, the use of RSB for rail2586
on M1 does not lighten the index overhead significantly (it
remains at about 4 bytes per nonzero), and the performance
remains the same (notwithstanding the submatrices reduction:
from RCSR’s 352, to RSB-8’s 55). For architectural reasons,
RSB on M2 ends up partitioning the matrix more finely, and
thus falling to switch to CSRH in 335, out of the 352 leaves of
RSB-8. The matrix is thus partitioned in number of matrices
which is the double of RCSR’s. However, in this case, the
performance gain expected from RSB is negligible: less than
1%. We conjecture that the flat distribution of submatrices in
the matrix, and its considerable width, cause a considerable
overhead to the memory subsystem, which in turn is forced
to continuously load elements from the right hand side vector,
which would barely fit in the cache.

We notice that some matrices gain a considerable speedup
from the RSB representation: rajat31 (56%), lhr71 (17%),
torso1 (18%) on M2 (Fig. 4), venkat01 (67%), cage15 (50%)
on M1 (Fig. 2), wb-edu on both (68% on M1, 43% on
M2). The assembled instances of these matrices as RSB
differs from RCSR, for the relevant number of COO/COOH
submatrices. On M2, rajat31 gets partitioned in 1534 leaves,
of which 896 COOH, and 126 COO; wb-edu in 4336 leaves,
of which 2511 COOH, 254 COO; torso1 in 357 leaves, of
which 39 COOH; lhr71 in 87 leaves, of which 34 COOH.
In all these cases, index overhead is cut down approximately
in a half. On matrices rajat31 and wb-edu, index overhead
falls down respectively from 12.3 to 3 bytes/nnz and from
11.15 to 3.12 bytes/nnz. This means that RSB cures cases
where RCSR alone produced subdivisions abusing from CSR
leaves; that is, producing CSR leaves with less nonzeroes than
rows. The case for matrix cage15 on M1 is alike, in that it
gets partitioned in 751 leaves, 132 of which are COO, 316
COOH, 6 CSR, 297 CSRH. With RSB, this configuration
of cage15 saves approximately 30% index overhead (from
6.3 bytes/nonzero), which is not much compared to other
cases. So probably, the gain is due to the fuller submatrices
(RSB-8 assembles 751 of them; RCSR as much as 4457).
Performance gain on torso1 is probably due only to index
overhead saving: in RSB-8 on M1, it gets partitioned in 59
CSRH leaves only, (from 176 CSR), saving 64% of indexing
overhead (from 4.6 bytes/nonzero, Fig. 6), which is quite
good.

B. Results, Symmetric Matrices

Bar plots in Fig. 10 and 11 present the comparative perfor-
mance results of RCSR and RSB for symmetric matrices. We
observe performance enhancements nearly in all cases. There
are three exceptions, though: crankseg 1, ct20stif, F1 on M1.
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We comment these exceptions first, and the remaining cases
next.

On M1, matrix F1 in RSB (Fig. 10) does not scale from
4 to 8 threads. On less than 8 threads, F1 is processed faster
with RCSR; e.g.: with 1 thread, F1 gets partitioned by RSB
in 10 submatrices only, all fullword CSR. But with 8 threads,
RSB partitions F1 in 72 leaves, of which 70 are CSRH and 2
COOH. With RCSR, a number of 573 leaves were obtained,
which is much more. Given the higher number of subdivisions,
load balancing in RCSR ran for sure smoother, while RSB
did fall in a lock contention problem here, it seems. Please
recall (See [5]) that our symmetric SpMV implementation
variant incurs in a higher locking overhead than unsymmetric.
On M2, the situation is almost reversed: for 8 cores, it is
RSB that partitions F1 in more leaves (573: 504 CSRH and
69 COOH), while RCSR divides the matrix in 278 leaves
only. The index overhead of RCSR is quite high on F1: 5.08
bytes/nnz on M2, 5.4 on M1; on RSB it is always less than
this, on both machines. However, the RSB index overhead
depends on the threads count: on M2 (Fig. 13) with more
threads, the overhead tends to grow too, from 2.6 to 3.3
bytes/nnz, suggesting that further subdivisions could degrade
performance. On the other hand, on M1, when going from
1 to 8 threads, this overhead decreases from 4.25 to 2.52
bytes/nnz (Fig. 12). These observations suggest us that the
performance improvement over 1-core RCSR (on both M1
and M2) is due to less index overhead, which itself is a
consequence of less submatrices fragmentation. We believe
that some optimum partitioning for 8 cores F1 is between
all of these four instances of RCSR/RSB on M2/M1; that
is, the algorithm should have partitioned F1 less coarsely on
RSB/M1, more coarsely on RCSR/M1, and so on.

The cases for matrices ct20stif and crankseg 1 (still on M1)
are different. With ct20stif we observe that 2-threaded RSB
fails from partitioning, thus cutting off two-cores parallelism
completely (Fig. 10). On more cores the heuristic succeeds
partitioning the matrix, but too coarsely to gain a sufficient
workload balance. Please note that this matrix is among the
smallest in our test set (1.3 · 106 nonzeroes), stressing the
limit of our rule of thumb (sizing matrices around the cache
sizes). On both M1 and M2 machines, index usage for ct20stif
keeps very low: for RSB it ranges from 2.27 to 2.52 bytes
per nonzero, coming from RCSR’s approximate 4.5. With an
analogy to the previous case, on machine M2, partitioning is
finer than on M1, from the single thread case on (1-threaded
RSB partitions ct20stif to 7 submatrices), and an adequate
workload balancing follows. Thus with ct20stif on M2, we
do not loose the 8 threaded case, and RSB’s performance is
higher than RCSR’s. Here, the sparser leaf submatrices are
assembled as COOH (2 out of 7 on 8 cores M1, 2 out of 60
on M2), the remaining ones in CSRH. Notice that both F1
and ct20stif matrices had more than 25 nonzeroes/row, which
is quite sufficient to achieve good results with RCSR/RSB.
Matrix crankseg 1 is a little bit sparser (10 nnz/row). It suffers
from the same poor partitioning problem on M1, having
respectively 3,10,16,39 leaves for 1,2,4,8 threads, and loosing

30% of performance on 8 threads. On the other hand, on
M2, matrix crankseg 1 performs quite well, achieving an
improvement to RCSR. The improvement itself is about 21%
on 8 cores, when the matrix is partitioned in 37 COOH and
202 CSRH submatrices.

After having discussed the problematic cases, let’s look at
the remaining ones.

In one case there is almost no change: nd24k on M1
(Fig. 10). Here, RCSR partitions the matrix in 503 CSR leaves,
RSB in 87 CSRH leaves. The index overhead (Fig. 12) gets
almost halved (from 4 bytes bytes/nonzero). We are not aware
of the reason for the missing performance increase, here, but
note that this is our symmetric matrix with the higher nnz/row
count (199, see table I). On M2 (Fig. 11), the same matrix
witnesses a slight (5%) speedup, while being partitioned by
RSB in 503 (all CSRH, except 5 COOH ones) pieces, and
278 ones by RCSR. The index overhead (Fig. 13) similarly to
that of M1, halves from RCSR (4.2 bytes/nnz) to RSB (2.1
bytes/nnz). We conjecture that the 87 leaves on M1 somehow
limited parallelism, but we would need to investigate further
to confirm this.

In one case, on M1, RSB performance boosts up as high
as 66%, when compared to RCSR: it is for matrix s3dkq4m2
(Fig. 10). Here, RCSR partitions in 127 leaves, while RSB in
15 only (8 CSRH, 7 COOH). We observe the index overhead
(Fig. 12) is almost halved, switching from RCSR to RSB
(for > 1 threads). We deem that this speedup is due to a
case in which the matrix offers caching potential (the whole
result vector and a matrix portion): on M2, where the L3
cache is considerably smaller than on M1, the performance
of s3dkq4m2 improves by only 2%, passing from 63 leaves of
RCSR to 120 CSRH and 7 COOH leaves of RSB. Performing
a run with cold caches (that is, making sure that any location
caching the matrix or the involved vectors gets overwritten
between each SpMV), on M1 the performance of RSB is
approximately 7% lower, while on M2 it made no difference
(and the boost becomes 55%, rather than 66%). Please note
that the smallest symmetric matrix in the test set is not
s3dkq4m2 but ct20stif, which we have commented before.

When switching from RCSR to RSB on M2 (Fig. 11), we
observe speedups in all cases. Probably, L3 cache on M2,
smaller than on M1, induced too coarse partitionings, thus
limiting the scalability of our symmetric SpMV.

We can now comment the cases where the biggest improve-
ment was observed: af shell10 (30%), BenElechi1 (29%),
bone010 (24%), fcondp2 (20%), ldoor (19%) on M1 (Fig. 12),
and fcondp2 (28%), crankseg 1 (21%), ldoor (16%), F1 (12%)
on M2 (Fig. 13). For af shell10 on M1, we observe that
RSB instantiates 255 submatrices (192 CSRH, 48 COOH,
15 COO), while RCSR used to instantiate 1534 CSR leaves.
This matrix is also the one to experience the higher saving
in index overhead: from 5.22 to 2.5 bytes per nonzero (more
than 50%, Fig. 12). Matrix BenElechi1 gets partitioned by
RSB in 63 leaves: 32 CSRH, 30 COOH, 1 COO; by RCSR
in 382 CSR matrices. Index usage (Fig. 12) halves: from 4.66
to 2.25 bytes per non zero. Similarly to the af shell10 case,
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we experience a smaller number of leaf matrices, a more
appropriate leaf matrix selection, and a consequent reduction
in indexing overhead. On M2 (Fig. 11), the same matrix
improves only by 1.6%. By looking at its partitioning, we
notice that it is partitioned in 127 leaves by RCSR, which is
much less than RSB’s 255 leaves (238 CSRH, 16 COOH, 1
COO). For bone010, RCSR assembles 1316 CSR matrices;
RSB assembles 170 CSRH, 2 CSR, and 5 COO. Index usage
is reduced down from 4.6 to 2.5 bytes/nnz (Fig. 13). On
M2, RSB assembles 1054 CSRH, 279 COOH, and 5 COO
submatrices, while RCSR allocates 630 CSR leaves (index
overhead shifting from 4.53 to 2.55 bytes/nonzero). Again, it
seems the partitioning proceeded too deeply. Matrix fcondp2
is partitioned in 31 leaves (19 CSRH, 1 CSR, 11 COOH)
with RSB, and with RCSR in 255 leaves. Index overheads
falls from 4.63 to 2.42 bytes/nnz. On the same matrix, on
M2 the improvement is even higher, this time. Here, RSB
partitions in 257 leaves (182 CSRH, 75 COOH), while RCSR
in 127 leaves only. Index overhead falls from 4.56 to 2.5
bytes/nonzero. So, in contrast to the preceding cases, matrix
fcondp2 benefits from increased subdivision, on M2. Matrix
ldoor is partitioned in 157 leaves (122 CSRH, 5 CSR, 26
COOH, 4 COO, 3.14 bytes/nnz) by RSB, and 789 leaves by
RCSR (5.47 bytes/nnz, Fig. 12). On M2, the performance gain
is smaller than on M1 (16%, rather than 19%). Partitioning of
ldoor, here, produces 804 (471 CSRH, 329 COOH, 4 COO)
submatrices, while RCSR produces 431 leaves. Also index
overhead falls more gently: from 5.30 to 3.36 bytes/nnz.

We conclude by observing that there is a strong correlation
between the index saving and performance gain: milder index
savings on M2 showed milder performance improvements,
while bigger index savings on M1 were accompanied by
higher improvements.
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Fig. 10. Symmetric SpMV on M1.

C. Comparative analysis

Let us now look at the performance of all matrices as RCSR,
RCSRH, and RSB, using 8 threads. For unsymmetric matrices,
we also give performance results for the CSB prototype.
Unfortunately, we had to skip matrix cage15 (the one with
the highest nonzeroes count), because CSB was unable to

M
F

lo
p
s
/s

e
c

RCSR1

RCSR2

RCSR4

RCSR8

RSB1

RSB2

RSB4

RSB8

af_shell10

BenElechi1

bone010

crankseg_1

ct20stif

F1 fcondp2

kkt_pow
er

ldoor

nd24k

s3dkq4m
2

0
5
0
0

1
0
0
0

1
5
0
0

2
0
0
0

2
5
0
0

3
0
0
0

Fig. 11. Symmetric SpMV on M2.
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Fig. 12. Index storage requirement (in bytes) per nonzero on M1 (symmetric
matrices).

instantiate it (the CSB implementation needed more memory
than the 24 GB available on M1).

We observe that for M2 (Fig. 15): matrices which favor RSB
most (over CSB) are c8 mat11 I,spal 004,wb-edu; one matrix
looses against RCSR (cont11 l); the majority of RSB cases is
faster than RCSR (19 matrices out of 20). Summarizing, RSB
performs faster than CSB (and is also the fastest among the
four cases) in 7 cases out of 20. CSB is the fastest in 12 cases;
in one case it is faster than RSB, but not the fastest one.

On M1 (Fig. 14) we observe that: RSB is much faster
than CSB on wb-edu and venkat01; 6 matrices seem to
perform very similarly in both CSB or RSB; the remain-
ing ones perform better in one of the two formats. Some
matrices loose performance in RSB, over RCSR: matri-
ces av41092,c8 mat11 I,cont11 l; (slightly) diego-smtxMM-
573x230k,sme3Dc; other matrices favor RSB over RCSR:
about 15, out of 20.

For space reasons, we omit figures showing comparative
performance for symmetric matrices on RCSR, RCSRH, RSB
formats, but include some general comments.

On M2, we notice RSB as the fastest format 5 times out of
12; on M1, 4 times. Here, RCSRH is the fastest in 7 cases; in
all cases, very near to RSB. On M1, we see a similar situation,
but notice a performance degradation in some additional cases:
they are due to the poor partitioning problem discussed in
Section V-B. In no case RCSR was the fastest format for
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Fig. 14. Results for 8 cores on M1, comparing CSB, RCSR, RCSRH, and
RSB (unsymmetric matrices).

symmetric matrices (exception made for the poorly scaling
three matrices) on M1: (crankseg 1, ct20stif, F1).

VI. CONCLUSIONS AND FUTURE WORK

In this paper, we have shown a possible improvement of our
BLAS-oriented recursive storage for sparse matrices. We have
found that, by using index compression and format diversifica-
tion techniques, we can improve the floating point performance
of SpMV. We have also found that, for unsymmetric matrices,
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Fig. 15. Results for 8 cores on M2, comparing CSB, RCSR, RCSRH, and
RSB (unsymmetric matrices).

the performance of our modified format (RSB) is comparable
to that of a scalable sparse matrix format (CSB: currently for
unsymmetric only). During comparison with RCSR and CSB,
we noticed some particular cases that expose weak points of
both RSB and RCSR; consequently allowing us to identify
room for further improvement: (i) To redefine our format in
order to obtain some estimate on the parallelism expected
from a given partitioning (in Section V-B, we noticed that,
despite the apparently adequate partitioning, some instances of
matrices (e.g.: smaller symmetric) did not scale on 8-threaded
SpMV). (ii) To modify the SpMV algorithm to be more parallel,
by working around the need for row locking (e.g.: by using
temporary vectors, as CSB does [2, Sec.4], although this may
be challenging in our case). (iii) While our primary interest is
focused on bigger matrices, tuning the partitioning algorithm
for small matrices could prove useful to ensure parallelism in
these cases, too. (iv) Properly subdividing matrices which are
big, but with an extremely low nonzeroes/row ratio would be
challenging (and fruitful), as well.

Some ideas we have introduced should be developed further.
For instance, a more aggressive form of tuning could diversify
index types at the leaf level and continue using traditional CSR
or COO layouts, if profitable. Probably future architectures
(with much higher number of cores, and even higher risks for
stall due to higher memory latencies and longer instruction
pipelines) would render such approaches advantageous.

In summary, we can state that our work illustrates that
combinations of hierarchical indexing and index compres-
sion techniques can be useful to achieve high efficiency of
computing on sparse matrices (on general purpose hardware).
In this light, we see the RSB format as a candidate format
for a complete multicore sparse BLAS implementation (that
is, support for symmetric storage, solve operations, parallel
transposed SpMV, etc.).

Finally, we would like to thank Jamie Wilcox and Victor
Gamayunov from Intel EMEA Technical Marketing HPC Lab
for their technical support during experiments.
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Abstract—Paper presents results obtained when porting FEM
2D linear elastostatic local stiffness matrix calculations to Tesla
architecture with OpenCL framework. Comparison with native
NVIDIA CUDA implementations has been provided.

I. MOTIVATION

IN FINITE element simulations usually two computation
stages most significantly impact performance of the whole

process:
• obtaining global stiffness matrix
• solving system of linear equations
In case of non-linear, higher order element geometry, higher

order approximations and p and hp-adaptations, process of
obtaining global stiffness matrix requires computationally
intensive separate calculations of local (element) stiffness
matrices. For some problems it can be most time consuming
stage of FEM calculations.

Aim of our work is parallelizing this stage utilizing modern
graphics processor units (GPUs) and OpenCL platform.

The paper is organized as follows. The first two sections
are devoted to the definition of the problem of FEM numerical
integration. In the third section we summarize the problem in
terms of requirements for numerical algorithms. Then we show
how to design parallel algorithms that solve the formulated
computational problem on modern GPUs. The results of
experiments close the paper.

II. FINITE ELEMENT NUMERICAL INTEGRATION

The standard procedure in FEM computations consist in
obtaining weak formulation of a problem, discretizing prob-
lem domain Ω into finite elements and utilizing appropriate
basis functions—constructed from element shape functions—
to create a system of linear equations, with the global stiffness
matrix as the system matrix, that is then solved to provide
approximate solution.

Generation of global stiffness matrix is usually performed
by calculating integrals over finite elements, then assembling
obtained that way local matrices into global one. Since in-
tegrals evaluation over multiple different element geometries
(possibly curved) would pose a problem, elements are mapped
to a reference element with simple geometry and integrals are

calculated over its area. Every element is processed indepen-
dent of the others thus many can be calculated in parallel.

III. MODEL PROBLEM

We chose 2D linear elastostatics problem. As a model
finite element we use quadrilateral with curved, second order,
geometry. Solution is approximated with hierarchical shape
functions up to order p = 7, constructed from tensor products
of 1D Lobato hierarchical functions [2]. Reduced space was
used with number of shape functions equal to

n = 4 + 4(p− 1)+ + (p− 2)(p− 3)+/2

where q+ denotes max(q, 0). Local stiffness matrix dimension
is equal to 2n, where n is number of shape functions for a
particular order p. Matrix entries are results of calculating the
integral [1]

k
(e)
IJ =

∫∫
Ωref

(([D∗]{ϕI})T [E][D∗]{ϕJ}) | J | dξdη (1)

I, J = 1, 2, ..., 2n

where k
(e)
IJ is (I, J) matrix entry, Ωref is [−1, 1] × [−1, 1]

reference quadrilateral, [E] is 3 × 3 material matrix, | J | is
the determinant of the Jacobian matrix of geometry transfor-
mation, {ϕI} and {ϕJ} are columns of 2n×2 matrix of shape
functions. [D∗] is the matrix differential operator

[D∗] =




∂
∂x 0
0 ∂

∂y
∂
∂y

∂
∂x




where
∂

∂x
= J∗

11

∂

∂ξ
+ J∗

12

∂

∂η
∂

∂y
= J∗

21

∂

∂ξ
+ J∗

22

∂

∂η

and [J∗] is inverse Jacobian matrix.
Integration over reference quadrilateral is done using Gauss

quadratures where the double integral is replaced by double
sum

∫ 1

−1

∫ 1

−1

f(ξ, η)dξdη ≈
ng∑

i=1

ng∑

j=1

f(ξi, ηj)WiWj
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In case of bilinear mapping, integration is accurate when
number of gauss points ng in both dimensions is not less
than (p+ 1)2 where p is order of approximation (i.e. highest
polynomial order in shape functions set).

IV. COMPUTATION OVERVIEW

Evaluating the double integral boils down to calculating
double sum, which can be achieved with single loop over gauss
points in two dimensions. In every iteration, for every entry in
a matrix, the result of calculating (1) is multiplied by Gauss
weights and added to the (first zeroed) element stiffness matrix
matrix.

The integrated formula differs for different matrix entries
only in shape functions used—for every entry a distinct pair of
shape functions is evaluated (taking into account the symmetry
of a matrix).

Jacobian determinant and the inverse of Jacobian matrix
(which appears in [D∗] operator) are the same for all matrix
entries thus can be calculated once per iteration.

Assuming constant Young modulus and Poisson ratio over
a single finite element, material matrix [E] can be calculated
once per element.

Calculation of single local stiffness matrix requires:
• single calculation of material matrix [E]
• ng calculations of Jacobian determinant and inverse of

the Jacobian matrix, where ng is number of gauss points
• ng

n(n+1)
2 calculations of entries (1), where n is matrix

dimension (symmetric matrix case)

V. PARALLEL NUMERICAL INTEGRATION IN OPENCL

Finite element local stiffness matrices are calculated inde-
pendent of each other therefore can be carried out concurrently.
The process of calculating a single local stiffness matrix
can also be parallelized by simultaneous computations of its
entries. Therefore we can identify two possible parallelization
levels:

• processing finite element matrices
• processing matrix entries

This naturally fits to OpenCL parallelization model [4] of:
• work-groups executed concurrently, independent of each

other
• work-items executed concurrently, cooperating inside

each work-group
Our implementation takes advantage of above similarities

and divides computations as follows:
• each work-group is responsible for processing single

finite element
• work-item is responsible for calculating one or more

matrix entries
Despite the fact that the OpenCL platform aims to provide

unified execution environment for broad range of hardware
solutions like multi-core CPUs, graphics processors and ac-
celerators like IBM Cell, programmer still needs to realize
differences between them and optimize his code accordingly.
Our implementation targets Nvidia Tesla architecture.

Calculations on device, in our case GPU, are directed by
host CPU. Its role is to upload elements data into device global
memory, execute kernel and download output matrices when
kernel finishes. If not all elements can be processed in single
kernel launch—for example due to limited amount of global
device memory—whole computations can be divided across
multiple sequences of:

• uploading data to device memory
• executing kernel
• downloading data
Kernel launch is non-blocking therefore host can process

remaining batches of elements while waiting for GPU to finish,
thus increasing overall performance.

Parallel calculations overview is presented on Fig.1.
Each work-group reads the data representing particular finite

element from global device memory. Then work-items in
cooperation evaluate matrix entries and store them in local
memory—shared by all items in a work-group. When done,
matrix is copied from local to global device memory accessible
by host.

Data that are common for all finite elements i.e. gauss points
and weights is calculated once on CPU, stored in constant
memory and available for all work-groups. Constant memory
is cached on a GPU and well serves the purpose of supplying
the multiprocessors with the data that are the same for all
elements of a given order p.

During the execution work-groups are queued and succes-
sively consumed by device computation units. Each compu-
tation unit—in our case a GPU multiprocessor—can execute
more than one work-group at a time, however splitting single
work-group across many computation units is not allowed.

The number of simultaneously processed work-groups on
single computation unit (resident work-groups) depends on
factors like consumption of registers, consumption of mul-
tiprocessor local memory and size of a work-group. GPU
scheduling hardware will send as much work-groups as pos-
sible for concurrent execution on single multiprocessor until
there are no resources left. In situation when number of
consumed registers, shared memory or number of work-items
exceeds the half of maximum available for particular hardware,
only one work-group at a time will be resident on single
multiprocessor.

Optimal use of multiprocessor resources is important to
achieve high occupancy i.e. high number of work-items from
one or more work-groups executed concurrently on mul-
tiprocessor. In our case resource consumption depends on
approximation order—the higher is the order p the bigger is
the local stiffness matrix and more local memory is needed
by work-group during the computations.

Resource limits for Nvidia GPU devices of compute capa-
bility 1.3 (all cards we tested) are:

• Multiprocessor registers: 16384
• Local memory per multiprocessor: 16KiB
• Maximum number of work-items in work-group: 512
• Maximum number of resident work-items on multipro-

cessor: 1024
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Fig. 1. Parallel calculations on GPU.

Available registers are uniformly distributed among resident
work-items executed on multiprocessor and local memory is
divided across resident work-groups.

In order to generate local stiffness matrix for single finite
element, following information needs to be supplied (23 float
values in total):

• geometry of quadrilateral (coordinates of its vertices and
second order geometry mapping nodes)

• edge orientations
• material information (Young modulus, Poisson ratio)

We have padded each element data to 32 and placed all
elements data in contiguous region of global memory in order
to achieve specific coalesced access pattern [3] by every work-
group. For the same reason we also used padding for output
matrices.

Every work-group (i.e. all its work-items executing in paral-
lel) performs single coalesced read from input global memory
region in the beginning of computations to get element data
and coalesced writes at the end of execution to store generated
matrix.

Total size of input data is

32 ∗ sizeof(float) ∗ numelems

Total size of output matrices is

matpaddedsize(p) ∗ sizeof(float) ∗ numelems

where matpaddedsize(p) is matrix size with padding and
depends on order of approximation p. Due to symmetry we are
only calculating and storing upper-half matrices, thus reducing
both local and global memory usage. Sizes of matrices for
different approximation orders are presented in table I.

Depending on the order p different kernel is being executed
on the device. Flow of computation for every kernel is similar.
The differences come from different number of gauss points,
different set of hierarchical shape functions and different sizes
of matrices and manifest themselves in:

• amount of local memory needed to compute stiffness
matrix

• number of iterations over gauss points
• amount of local memory needed to compute derivatives

of shape functions in every Gauss point
• number of matrix entries per work-item
• number of work-item engaged in calculations of stiffness

matrix (which is less-or-equal to the work-group size)

For every kernel we configured computations in such way
not to exceed the available computation unit resources (regis-
ters and local memory), maximize global memory throughput
with coalesced reads and writes, maximize computation unit
occupancy and minimize divergent branches inside groups of
32 consecutive work-items called warps.

Execution configuration included proper sizing of work-
groups and defining number of matrix entries calculated by
single work-item. We experimented with broad range of con-
figurations for every kernel in order to chose optimal ones—
those are presented in table I.

In case of higher p orders, limited multiprocessor
resources—especially local memory size of only 16KiB on
Tesla architecture—prevented simultaneous execution of more
than one work-group thus reducing multiprocessor occupancy.

We implemented kernels for orders of approximation up
to 7—for higher orders half-matrix size is bigger than amount
of local memory available on Tesla architecture and different
approach to computations would be needed.

VI. KERNEL COMPUTATIONS

Main steps of kernel execution are:

1) Zero matrix in local memory (all work-items)
2) Load element data from global memory (first warp)
3) Calculate 3× 3 material matrix [E] (single work-item)
4) Loop over gauss points:

a) Calculate values of shape functions derivatives
(single work-item)
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Fig. 2. Work-group execution.

b) Calculate Jacobian determinant and the inverse of
Jacobian matrix (single work-item)

c) Calculate stiffness matrix contributions (in
parallel—number of work items depends on
kernel—see table I)

5) Upload matrix to global memory (all work-items)
Fig. 2 presents the calculation flow for a work-

group. Black horizontal bars indicate OpenCL
CLK_LOCAL_MEM_FENCE synchronization barriers.
Those are needed to ensure that all calculations from previous
steps are done before utilizing their results in steps that
follows. We experimented with disabling synchronizations
in order to observe their influence on overall algorithm
performance—execution times dropped by not more than 5%.

Material matrix [E], Jacobian determinant, inverse of Jaco-
bian matrix and shape function calculations never took more
than 10% of total execution time. Attempts to spread shape
functions calculations across more work-items and perform
them in parallel resulted in higher register consumption per
work-item thus reducing occupancy and decreasing perfor-
mance for most kernels.

In order to effectively utilize limited local memory, local
stiffness half-matrix is stored in linear contiguous fashion row
by row, every consecutive row being one shorter than previous.
Every work-item in a work-group is identified by its local
id obtained with get_local_id device function. Assignment
of matrix entries to distinct work-items relies on mapping

Fig. 4. Execution times for 10000 elements.

Fig. 5. Execution times for 10000 elements (continued).

formula involving square root operation. Fig. 3 presents work-
items assignments for kernel p = 3. For example work-item
with id 44 is responsible for calculating five matrix entries at
positions (22,11), (23,11), (12,12), (13,12) and (14,12). Work-
items with numbers from 60 to 63 are left idle during matrix
calculations, but do participate in writing padded matrix to
global memory when done.

Matrices in every kernel are padded to the nearest multiply
of 32 and their size is multiply of work-group size to achieve
coalesced writes.

VII. RESULTS

Figures 4 and 5 show results we obtained while calculating
104 matrices on 3 NVDIA GTX series graphics cards. For
comparison we performed tests of cache optimized sequen-
tial code run on single Nehalem core of Intel Xeon E5520
processor.

Best performing kernel (p = 4) achieved 5.3 speedup over
sequential implementation. Lowest speedups of 3.3 and 3 were
observed with kernels for p = 1 and p = 7 respectively.

For GPU implementation timings include transfers of
data between host and device through PCI-Express bus
(clEnqueuReadBuffer and clEnqueueWriteBuffer host
functions). Data transfer is amortized—especially for lower
order kernels—only when number of processed elements is
high enough—for example for p = 1 and 1000 elements
transfers take 25% of total execution time while for p = 5
only 4%.
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Fig. 3. Work-items to matrix entries assignment for p = 3.

TABLE I
KERNEL PARAMETERS

p=1 p=2 p=3 p=4 p=5 p=6 p=7
Work-group size 64 192 64 128 192 384 448

Work-items involved in matrix generation 36 136 60 119 181 366 418

Matrix dimension 8 16 24 34 46 60 76

Padded matrix entries number 64 192 320 640 1152 1920 3136

Register consumption per work-item 12 13 18 19 20 19 18

Local memory consumption per work-group (bytes) 568 1208 1848 3288 5528 8824 13944

Fig. 6. Execution times for different elements number on GTX 285.

Figures 6 and 7 present execution times with varying num-
ber of elements processed. As expected execution time scales
in linear fashion with elements number—as every element is
represented on device by work-group and work-groups are
queued for execution on multiprocessors.

Fig. 7. Execution times for different elements number on GTX 285
(continued).

Of 3 cards tested 2 (GTX 275 and GTX 285) have the same
number of multiprocessor (32) and differ in global memory
bus bandwidth—448 bit and 512 bit respectively. Performance
difference between those two cards is minimal as compared to
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Fig. 8. Performance comparision of OpenCL and CUDA with 10000 elements
on GTX 285.

Fig. 9. Performance comparision of OpenCL and CUDA with 10000 elements
on GTX 285 (continued).

the difference between cards with different number of multi-
processors (GTX 260 with 27 and GTX 275 and GTX 285 both
having 30). Our implementation isn’t memory constrained
since all operations except single input and output coalesced
writes are performed on local multiprocessor memory and the
biggest size of transferred batch is only 13KiB for matrix of
p = 7.

One can expect linear performance scaling with increasing
number of GPU multiprocessors. Number of simultaneously
processed work-groups on all multiprocessors is given as:

Rwg ×M

where Rwg is number of resident work-groups per multi-
processor and M number of multiprocessors. Let t1 be the
time that takes to process Rwg × M1 work-groups on GPU
G1 having M1 multiprocessors. Similarly t2, M2 for GPU

G2. Assuming identical performance (i.e same clock rate and
architecture) of multiprocessors in both GPUs t1 = t2 = t.
Total time of processing N work-groups on GPU G1 is:

T (G1, N) =
N

M1 ×Rwg
t

and on G2:

T (G2, N) =
N

M2 ×Rwg
t

Speedup calculated as a ratio of those two times:

T (G1, N)

T (G2, N)
=

N
M1×Rwg

t

N
M2×Rwg

t
=

M2

M1

indicates linear scaling with number of multiprocessors.
According to the above statement observed speedup should

be not less than 11% between GTX 260 and GTX 275
processors. Our benchmarks demonstrate speedup in fact being
higher—especially for lower orders of approximation—due to
increased GPU clock-rate and better system components (i.e.
CPU, motherboard) on machine equipped with GTX 275 card.

We compared OpenCL performance with native NVIDIA
CUDA 3.0 implementations (see Figures 8 and 9) of our
kernels. For p = 1 and p = 2 kernels were compiled with
same register consumptions on both platforms and results are
close. Initial compilation of other kernels resulted in increased
register usage of OpenCL kernels as compared to CUDA.

Since higher register consumption resulted in much lower
occupancy and significantly decreased performance we forced
OpenCL compiler to use the same number of registers as in
the CUDA build. Consumption decreased, but unfortunately
OpenCL compiler was unable to achieve this without spills
to slow private memory thus slightly decreasing performance
(however not that much as with increased register consump-
tion).

Overall performance of OpenCL in our case is comparable
to CUDA, except when compiler is not able to optimize its
output the way more mature CUDA tools do.
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III. JACOBI ROTATIONS 

The classical Jacobi rotation [1] has been used by 

Jacobi in 19
th

 century as a tool for solving the least square 

problem. This rotation is also called Given’s rotation. This 

method uses a sequence of plane rotations to diagonalize a 

symmetric nn ×  real matrix A . We denote the Jacobi 

rotation of an angle θ  in the ( )ji,  plane by ( )θ,, jiJ . 

This is a square matrix equal to the identity matrix except 

the four additional elements in the intersection of i -th and 

j -th rows and columns: 
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where θcos=c  and θsin=s . It’s not difficult to verify 

that this is an orthogonal transformation because of  the fact 

that ( ) ( ) IjiJjiJ
T

=θθ ,,,,  for each θ . The rotation angle 

θ  is chosen such that to annihilate the ( )1−nn  off-

diagonal elements of the given matrix. Each Jacobi 

transformation brings the matrix A  closer to the diagonal 

form [2]. 

In the two sided Jacobi method for the SVD 

decomposition of a nonsymmetric matrix, the annihilation 

of the off-diagonal elements is done using a pair of rotations 

[3], such that: 
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If 1θ  and 2θ  are the angles generating the pairs 

( )11,cs  and ( )22 ,cs  then the solution given in [3] is: 
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IV. HESTENES-JACOBI METHOD 

Computationally better results offers the so called 

Hestenes-Jacobi method [4]. This method works with a 

smaller unit of computation (only with the rows of the 

matrix) compared with the first explained Jacobi method 

(which modifies both the rows and columns).  Since 

Hestenes-Jacobi transformations are orthogonal 

transformations which leave singular values unchanged, it 

is not important how many such transformations are 

applied. For a given nm ×  matrix A the Hestenes-Jacobi 

method produces an orthogonal matrix U as a product of 

plane rotations and a matrix N which rows are orthogonal. 

 

[ ] 0;...21 === j

T

inNUA ηηηηη for ji ≠          (4) 

 

The matrix N can be normalized by computing the 

square of the row norms 
i

T

ii ηησ =  and writing: 

VNN Σ=ΣΣ= −1 (in this case the computation of V is 

done by dividing the element iη  of N  by 
i

T

ii ηησ = . 

Because of 0=j

T

i ηη for ji ≠ , the matrix Σ  is a diagonal 

matrix). The matrix V is orthogonal and the iσ  are the 

non-negative squares of the singular values. Because U is 

orthogonal we have: 

 

VUAVUA
T Σ=�Σ=                                                (5) 

 

This equation is the same as the equation of the SVD of 

the matrix A . Multiplying both sides of (5) by 
T

A  we 

have: 

 

( ) VVVUUVVUVUAA
TTTTTTTTT ΣΣ=ΣΣ=ΣΣ=  

 

This means that Hestenes computation mathematically is 

equivalent to the Jacobi method applied to AA
T

 where 

singular values are equal to the squares of iσ . 

The orthogonal matrix U  may be taken as a plane 

rotation matrix ( )θ,, jiJ . If AA =1
, then JAA kk =+1 .  

The iterations result in the matrix N  defined by (4). 

Working with a submatrix of order 22×  we have: 
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From the condition of orthogonality we have: 
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From these relations the iteration formulae for updating 

the value of an inner product is given by the relation bellow:  
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Therefore the exact number of time steps will be twice 

bigger. So, the total number of time steps will be 

n +2R+3+4( n +R)+1=5 n +6R+4.  

VI. SVD OF A COMPLEX MATRIX 

The polar representation of each complex number 

ibaz +=  may be written in the form zi

zeRz
θ= , where 

 

θθθ sincos iei += , 22
baR

z
+= , 

�
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1tanθ  and πθ 20 ≤≤
z
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be a 2x2 complex matrix. There are proposed several 

unitary transformations for the diagonalization of a complex 

2x2 matrix. The two-sided unitary transformation proposed 

in [3] is: 
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where 
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If Μ is a real matrix then conditions given above can 

be simplified taking: 

 

0==== δγβα θθθθ  

 

The obtained result is identical to the two by two 

transformation given in (3). 

Another method is proposed in [6]. This method is 

given by the two-sided unitary transformation: 
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where 
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Transformations in (15) are unitary because the fact that 

1)( 22 =+ scχ . 

The main objective in the ordering the SVD of a 

complex matrix is transforming that into the real form. For 

that purpose some special forms of transformations are 

given which will help in that contest. 

 

Transformation 1: The transformation that converts two 

elements of a complex 2x2 matrix into real values (two 

elements of a second row) is given by: 

 

�
�

�
�
�

�
=

�
�

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

�
−

DC

BeAe

e

e

DeCe

BeAe

e

e

x

dc

ba

ii

i

i

ii

ii

i

i

θθ

θ

θ

θθ

θθ

θ

θ

ω

β

β

α

α

0

0

0

0

            (16) 

 

where 

2
cd θθ

θα

+
−=   and  

2
cd θθ

θβ

−
=  

 

Proof: The left side of (16) is equal with: 
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Summing and subtracting the equalities 
cd θθθα −−=2  

and 
cd

θθθβ −=2  we have: 0=++ cθθθ βα
and 

0=−+ βα θθθ
d

. Hence, the two elements of the second 

row will be real numbers. 

Similarly there can be obtained two other 

transformations given below: 

 

Transformation 2: The transformation that converts two 

elements of a complex 2x2 matrix into real values (two 

elements of a second column) is given by: 
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where 
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−
=   and  
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Transformation 3: The transformation that converts two 

diagonal elements (main diagonal) of a complex 2x2 matrix 

into real values is given by: 
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where 

2
ad θθ

θα

+
−=   and  

2
ad θθ

θβ

−
=  

 

Now, considering the transformations given above, it is 

possible to give general explanation of this procedure. For a 

complex matrix given as in (12), the first step is applying 

the transformation 1. After applying the transformation 2 

and the transformation 3 the result will be a real matrix. 

Then the procedure is the same as in equations (2) and (3). 

What about the systolic array of the SVD for a 

complex matrix? Each of the three transformations requires 

the generation and use of six angles, four 

unitary ( )dcba ,,,  and two rotational ( )βα , . These six 

angles must be propagated along both the rows and columns 

of processors on the main diagonal. The angles are 

generated by these processors and then are used for the 

diagonalization of a 2x2 complex matrices.  

To improve the systolic array in the aspect of 

computation steps which are used, the performance will be 

as follows: during the computation by the diagonal 

processors using transformation 2, at the same time the 

nearest off diagonal processors may be used for computing 

using transformation 3. Similarly, the computations 

according transformation 3, may be performed before 

finishing the computations according transformation 1 and 

transformation 2. Thus, while the main diagonal are still 

computing the values according transformation 2, the 

nearest off diagonal processors are applying the 

transformation 1 etc. This pipelining of transformations by 

formulas (16), (17) and (18) is given in the following 

figure: 
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Abstract—The aim of this paper is to show that a special
kind of boundary value problem for second-order ordinary
differential equations which reduces to the problem of solving
a tridiagonal system of linear equations with almost Toeplitz
structure can be efficiently solved on modern heterogeneous
computer architectures based on CPU and GPU processors using
an algorithm based on the divide and conquer method for solving
linear recurrence systems with constant coefficients.

I. INTRODUCTION

SEVERAL problems in scientific computing can be reduced
to the following boundary value problem [8]:

−d2u

dx2
= f(x) ∀x ∈ [0, 1], (1)

where
u′(0) = 0 and u(1) = 0. (2)

Numerical solution to the problem (1)–(2) reduces to the
problem of solving a tridiagonal system of linear equations.
Simple algorithms based on Gaussian elimination achieve poor
performance, since they do not fully utilize the underlying
hardware, i.e. memory hierarchies, vector extensions and mul-
tiple (or many) processors (cores). The matrix of such systems
have a special (almost Toeplitz) form and it clear that it
should also be exploit. The problem can be solved in parallel
using the divide and conquer approach [10] and novel data
formats for dense matrices with the square blocked full column
major order [2]. The performance of the algorithm can also
be improved by using non-square tiles [11] which can better
fit into L1 cache [1].

Graphical processing units (GPUs [5]) have recently been
widely used for scientific computing due to their large number
of parallel processors which can be exploit using the Compute
Unified Device Architecture (CUDA) programming language
[4]. GPUs offer very high performance at low costs for data-
parallel computational tasks, when computations are carried
out in single precision [3], [7]. Thus it is a good idea to develop
algorithms for hybrid (heterogeneous) computer architectures
where large parallelizable tasks are scheduled for execution on
GPUs, while small non-parallelizable tasks should be run on
CPUs (possibly using double precision to improve numerical
properties of algorithms).

The aim of this paper is to show that the divide and conquer
method for solving (1) can be efficiently implemented on such
heterogeneous systems including a multicore CPU and CUDA-
enabled GPU.

II. THE METHOD

We want to find an approximation of the solution to the
problem (1) in the grid points

0 = x1 < x2 < . . . < xn+1 = 1,

where xi = (i − 1)h, h = 1/n, i = 1, . . . , n + 1. Let fi =
f(xi) and ui = u(xi). Using the approximation for the second
derivative

u′′(xi) ≈
ui+1 − 2ui + ui−1

h2

and the boundary conditions

u′′(0) ≈ u(0− h)− 2u1 + u2

h2
, u′(0) ≈ u2 − u(0− h)

2h

we get the following equations

2(u1 − u2) = h2f1,

−ui−1 + 2ui − ui+1 = h2fi, i = 2, . . . , n− 1, (3)
−un−1 + 2un = h2fn.

Thus, we can rewrite (3) as the problem of solving the system
of linear equations [8]:

Au = d, (4)

where the matrix A is of the following form

A =




1 −1
−1 2 −1

. . . . . . . . .
−1 2 −1

−1 2




∈ IRn×n,

and the vectors satisfy u = (u1, . . . , un)
T , d = (d1, . . . , dn)

T

and d1 = 1
2h

2f1, di = h2fi for i = 2, . . . , n. The matrix A
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can be factorized as A = LR, where L and R are bidiagonal
Toeplitz matrices

L =




1
−1 1

. . . . . .
−1 1

−1 1




(5)

and

R =




1 −1
1 −1

. . . . . .
1 −1

1




. (6)

The solution to the system (4) can be found using Gaussian
elimination without pivoting. A simple algorithm for solving
(4) based on such a factorization can comprise two sequential
stages, namely solving the systems Ly = d (forward reduc-
tion) and Ru = y (back substitution). The first stage can be
done using

{
y1 = d1
yi = di + yi−1 for i = 2, . . . , n.

(7)

Then (second stage) we find the final solution to the system
(4) using

{
un = yn
ui = yi + ui+1 for i = n− 1, n− 2, . . . , 1.

(8)

More sophisticated approach can be based on the divide-
and-conquer algorithm for solving linear recurrence systems
[9]. The main idea of the algorithm is to rewrite the considered
systems as block-bidiagonal systems of linear equations [9],
[12]. Without loss of generality, let us assume that there exist
two positive integers r and s such that rs ≤ n and s > 1.
The method can be used for finding y1, . . . , yrs. To find
yrs+1, . . . , yn, we use (7) directly. For j = 1, . . . , r, we define
vectors

dj =
(
d(j−1)s+1, . . . , djs

)T ∈ IRs

and
yj =

(
y(j−1)s+1, . . . , yjs

)T ∈ IRs.

Then we find all yj using the following formula
{

y1 = L−1
s d1

yj = L−1
s dj + y(j−1)se for j = 2, . . . , r,

(9)

where e = (1, . . . , 1)T and the matrix Ls ∈ IRs×s is of the
same form as L given by (5). Analogously, we can perform
the second stage using

{
ur = R−1

s yr

uj = R−1
s yj + ujs+1e for j = r − 1, . . . , 1,

(10)

where uj =
(
u(j−1)s+1, . . . , ujs

)T ∈ IRs and Rs ∈ IRs×s is
of the same form as R given by (6). However, it is better to
find the following matrix

U = (u1, . . . ,ur) ∈ IRs×r (11)

Step A Step B Step C

Step A Step B Step C

used modified direction of updates

Stage 1

Stage 2

Fig. 1. Divide and conquer algorithm using a 2-D array

instead of individual vectors uj . Also, there is no need to use
temporary vectors yj . It is clear that we have to allocate only
one s×r array U and initially store vectors dj in its columns.
Then (Step 1A) we use a previously updated row to update the
next row of the array. During Step 1B we update the bottom
row of the table. Finally (Step 1C) we update s−1 first entries
of each column (except for the first one). Similarly we proceed
during the second stage of the algorithm (Figure 1). During
Step 2A we update rows of the table bottom-up. Then (Step
2B) we update the first row of the table from right to left.
Finally (Step 2C) using elements from the first row, we update
the remaining entries of each column (except for the last one).

Both stages can be easily vectorized and parallelized. The
array can be divided into blocks of columns and each processor
can be responsible for computing one block. Steps A and C
can be performed in parallel but steps B (in both stages) are
sequential.

III. CUDA-BASED IMPLEMENTATION OF THE ALGORITHM

The detailed description of nVIDIA CUDA architecture can
be found in [6]. Such a computing device (usually GPU)
comprises a number of streaming multiprocessors (SM). Each
SM consists of eight scalar cores (streaming processors, SP).
SMs are responsible for executing blocks of threads. Threads
in a block are grouped into so-called warps, each consisting
of 32, that are managed and executed together. A device has
its own memory system including the global memory (large
but slow), constant and texture read-only memories providing
reduction of memory latency. Each SM has also a 16 kB
of fast shared memory that can be used for sharing data
among threads within a block. The global memory access
can be improved by coalesced access by all threads of a
half-warp. Threads must access either 4-byte words in one
64-byte memory transaction, or 8-byte words in one 128-
byte memory transaction. All 16 words must lie in the same
memory segment and threads must access words in a sequence,
namely k-th thread in a half-warp must access the k-th word
in a segment [6]. CUDA programs consist of a number of C
functions called kernels that are to be executed on devices as
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Fig. 2. Storage for the divide and conquer algorithm on GPUs

threads. Kernels are called from programs executed on CPUs.
Host programs are also responsible for allocation of variables
in the device global memory. The are also some CUDA
API-functions used to copy data between host and device
global memories. Each thread can identify its number, the
number of its block and the block size using built-in variables
threadIdx, blockIdx and blockDim, respectively.

Now let us consider the implementation of the divide and
conquer algorithm. The basic idea is depicted in Figure 2. To
allow coalesced memory access, elements of the s×r array U
should be stored row-wise in the global memory of a device.
Each thread is responsible for computing one column of the
array. The number of its column can be computed as follows:

m = b l o c k I d x . x∗blockDim . x+ t h r e a d I d x . x ;

Each block of threads is responsible for computing one panel
– a group of adjacent columns. For simplicity, we assume that

r = (#blocks)× (#threads in block).

The source code of the host function is shown in Figure 3.
Just after the array in the global memory of a device and
auxiliary arrays in the host memory are allocated, the first
kernel is executed to initialize the array (Figure 4). Note that
the parallelized steps, namely 1A, 1C, 2A and 2C, are executed
as kernels (see Figures 5–7), while sequential steps 1B and
2B are executed on CPU using double precision. In case of
Step 1B, the bottom row of the array is copied from the device
global memory, then it is updated using (9) and finally it is sent
back to the device global memory. Analogously during Step
2B, the top row of the array is copied and updated using (10).

IV. RESULTS OF EXPERIMENTS

Both considered algorithms: A1 – sequential based on (7)
and (8), and A2 – described in the previous section, have been

void cuda_bvp ( i n t r , s , b s i z e , f l o a t ∗u_h ) {
/∗

s , r − t h e number o f rows and columns i n t h e a r r a y
b s i z e − t h e number o f CUDA t h r e a d s i n a b l o c k
u_h − t h e a r r a y f o r t h e s o l u t i o n

∗ /

i n t j , n= r ∗ s ;
s i z e _ t s i z e = N ∗ s i z e o f ( f l o a t ) ;

/ / a l l o c a t e a r r a y s on h o s t & d e v i c e
cudaMal loc ( ( void ∗∗ ) &u_d , s i z e ) ;
f l o a t vf_tmp = ( f l o a t ∗ ) m a l lo c ( r ∗ s i z e o f ( f l o a t ) ) ;
double vd_tmp = ( double ∗ ) m a l lo c ( r ∗ s i z e o f ( double ) ) ;

/ / i n i t i a l i z e t h e s x r a r r a y on t h e d e v i c e
c u d a _ b v p _ s e t <<< r / b s i z e , b s i z e >>> ( u_d , s , r ) ;

/ / pe r fo rm S t e p 1A on t h e d e v i c e
cuda_bvp_1a <<< r / b s i z e , b s i z e >>> ( u_d , s , r ) ;

/ / pe r fo rm S t e p 1B on CPU u s i n g d o u b l e p r e c i s i o n
cudaMemcpy ( vs_tmp , &u_d [ ( s−1)∗ r ] , s i z e o f ( f l o a t )∗ r ,

cudaMemcpyDeviceToHost ) ;
vd_tmp [ 0 ] = vs_tmp [ 0 ] ;
f o r ( j =1 ; j < r ; j ++){

vd_tmp [ j ] = ( double ) vs_tmp [ j ]+ vd_tmp [ j −1];
vs_tmp [ j ] = ( f l o a t ) vd_tmp [ j ] ;

}
cudaMemcpy(&u_d [ ( s−1)∗ r ] , vs_tmp , s i z e o f ( f l o a t )∗ r ,

cudaMemcpyHostToDevice ) ;

/ / pe r fo rm s t e p 1C and 2A on t h e d e v i c e
cuda_bvp_1c2a <<< r / b s i z e , b s i z e >>> ( u_d , s , r ) ;

/ / pe r fo rm S t e p 2B on CPU u s i n g d o u b l e p r e c i s i o n
cudaMemcpy ( vs_tmp , u_d , s i z e o f ( f l o a t )∗ r ,

cudaMemcpyDeviceToHost ) ;
vd_tmp [ r −1]= vs_tmp [ r −1];
f o r ( j =r −2; j >=0; j −−){

vd_tmp [ j ] = ( double ) vs_tmp [ j ]+ vd_tmp [ j + 1 ] ;
vs_tmp [ j ] = ( f l o a t ) vd_tmp [ j ] ;

}
cudaMemcpy ( u_d , vs_tmp , s i z e o f ( f l o a t )∗ r ,

cudaMemcpyHostToDevice ) ;

/ / pe r fo rm S t e p 2C on t h e d e v i c e
cuda_bvp_2c <<< r / b s i z e , b s i z e >>> ( u_d , s , r ) ;

/ / copy r e s u l t s t o t h e h o s t a r r a y
cudaMemcpy ( u_h , u_d , s i z e o f ( f l o a t )∗N,

cudaMemcpyDeviceToHost ) ;
}

Fig. 3. The source code of the divide and conquer algorithm

tested on a computer with Intel Core2 Duo (2.66 MHz, 4GB
RAM) and nVidia GeForce GTX 260 (216 cores, 1792MB
RAM) running under Linux with gcc and nVidia nvcc
compilers for various equations of the form (1) and problem
sizes (Table I, II and III, IV). To observe the accuracy of the
algorithms, we have considered the following special cases:

A1S – sequential algorithm based on (7) and (8) using
single precision, executed on CPU,

A1D – sequential algorithm based on (7) and (8) using
double precision, executed on CPU,

A2S – parallel algorithm, steps 1A, 1C, 2A, 2C executed
on GPU, steps 1B, 2B executed on CPU, all compu-
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_ _ g l o b a l _ _ void c u d a _ b v p _ s e t ( f l o a t ∗u , i n t s , i n t r {

i n t k ,m;
f l o a t h = 1 . 0 / ( ( f l o a t ) ( s∗ r ) ) ;
f l o a t h2=h∗h ;

/ / t h e number o f my column
m= b l o c k I d x . x∗blockDim . x+ t h r e a d I d x . x ;

f o r ( k =0; k<s ; k ++){
u [m+k∗ r ] = h2∗ f ( h ∗ (m∗ s+k ) ) ;
/ / f s h o u l d be r e p l a c e d by
/ / t h e r i g h t hand f u n c t i o n ! ! !

}

i f ( ( b l o c k I d x . x==0)&&( t h r e a d I d x . x ==0) )
u [ 0 ] ∗= 0 . 5 ;

}

Fig. 4. CUDA kernel for the initialization of the array

_ _ g l o b a l _ _ void cuda_bvp_1a ( f l o a t ∗u , i n t s , i n t r ) {

i n t k ,m;

m= b l o c k I d x . x∗blockDim . x+ t h r e a d I d x . x ;

f o r ( k =1; k<s ; k ++)
u [m+k∗ r ]+= u [m+( k−1)∗ r ] ;

}

Fig. 5. CUDA kernel for Step 1A

_ _ g l o b a l _ _ void cuda_bvp_1c2a ( f l o a t ∗u , i n t s , i n t r ) {

i n t m, k ;

m= b l o c k I d x . x∗blockDim . x+ t h r e a d I d x . x ;

/ / s t e p 1C
i f (m>0) {

f l o a t a=u [ ( s−1)∗ r +m−1];
f o r ( k =0; k<s −1;k ++)

u [m+k∗ r ]+= a ;
}

/ / s t e p 2A
f o r ( k=s −2;k >=0; k−−)

u [m+k∗ r ]+= u [m+( k +1)∗ r ] ;
}

Fig. 6. CUDA kernel for Step 2A and Step 1C

_ _ g l o b a l _ _ void cuda_bvp_2c ( f l o a t ∗u , i n t s , i n t r ) {
i n t m, k ;

m= b l o c k I d x . x∗blockDim . x+ t h r e a d I d x . x ;

i f (m!= r −1) {
f l o a t a=u [m+ 1 ] ;
f o r ( k =1; k<s ; k ++)

u [m+k∗ r ]+= a ;
}

}

Fig. 7. CUDA kernel for Step 2C

tations in single precision,
A2D – the same as A2S, but all computations in double

precision,
A2SD – parallel algorithm, steps 1A, 1C, 2A, 2C executed

on GPU (using single precision), steps 1B, 2B exe-
cuted on CPU (double precision).

As exemplary test problems, let us consider the following.
P1: Solve

−d2u

dx2
=

π2

4
cos(

π

2
x) ∀x ∈ [0, 1], (12)

with boundary conditions (2). The exact solution to
(12) is as follows

u(x) = cos(
π

2
x).

P2: Solve

−d2u

dx2
= 20000e−100x2

(1− 200x2) ∀x ∈ [0, 1],

(13)
with boundary conditions (2). The exact solution to
(13) is as follows

u(x) = 100e−100x2 − 100e−100.

Tables I and II show the accuracy of the considered algorithms
for both problems. The relative error of the computed solution
is calculated due to

error =
‖u− ū‖2
‖u‖2

(14)

where u and ū are the exact and computed solutions respec-
tively, and ‖ · ‖2 is the Euclidean norm. Tables III and IV
show execution time (in seconds) of A1D, A2D and A2SD,
and speedup of A2D over A1D. Note that it is impossible to
run A2D on our GPU for n = 268435456 (2048MB of RAM
required, but only 1792MB available), thus tables III and IV do
not contain results for A2D and n = 268435456. Moreover,
for this case, tables I and II show the results obtained on
CPU using the nVidia compiler simulation feature (the option
-deviceemu). We can observe that

• the algorithm A1S (single precision) achieves very poor
accuracy, the use of double precision (Algorithm A1D)
gives much better results,

• the algorithm A2S (single precision) achieves reasonable
accuracy; the use of double precision during the steps 1B
and 2B (Algorithm A2SD) improves the accuracy of the
results,

• the algorithm A2D (double precision) gives better accu-
racy than A1D,

• parallel algorithms A2D and A2SD are much faster than
the sequential algorithm A1D; the speedup grows when
the problem size (value of n) grows,

• A2SD is about 2-3 times than A2D and up to 95 times
faster than A1D, thus if someone can accept results
produced by A2SD, the use of A2SD can be profitable,

• CUDA-enabled GPUs are much slower when computa-
tions are carried out using double precision, however
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TABLE I
RELATIVE ERROR OF THE ALGORITHMS FOR THE PROBLEM P1

n A1S A1D A2S A2D A2SD
1048576 1.732620e-04 1.930917e-13 6.381482e-07 1.877603e-13 2.569113e-07

4194304 3.847218e-03 2.545430e-14 9.156066e-07 1.265400e-14 2.232157e-07

16777216 2.864740e-02 5.558266e-14 3.364642e-06 1.419160e-15 3.982652e-07

67108864 6.955456e-01 1.703449e-13 2.283507e-05 2.604335e-15 2.496036e-06

268435456 9.801750e-01 1.078518e-13 1.238516e-05 4.416135e-15 3.569703e-06

TABLE II
RELATIVE ERROR OF THE ALGORITHMS FOR THE PROBLEM P2

n A1S A1D A2S A2D A2SD
1048576 2.618970e-03 1.314334e-11 2.893085e-06 1.312754e-11 1.341402e-07

4194304 8.263400e-03 9.951346e-13 5.194502e-06 8.205207e-13 1.115430e-05

16777216 4.822094e-02 5.650246e-13 2.334787e-05 5.152762e-14 1.634096e-05

67108864 1.723210e-01 1.884351e-12 6.568387e-05 6.961652e-15 4.321754e-05

268435456 2.839243e-01 6.616377e-13 1.179028e-05 1.320262e-14 6.531590e-06

TABLE III
EXECUTION TIME (SEC.) OF THE ALGORITHMS AND SPEEDUP OF A2D

OVER A1D FOR THE PROBLEM P1

n A1D A2D A2SD Speedup
1048576 0.0460 0.0053 0.0029 8.62

4194304 0.1868 0.0102 0.0060 17.35

16777216 0.7570 0.0341 0.0134 22.32

67108864 3.0033 0.1167 0.0420 25.69

268435456 15.5967 N/A 0.1611 N/A

TABLE IV
EXECUTION TIME (SEC.) OF THE ALGORITHMS AND SPEEDUP OF A2D

OVER A1D FOR THE PROBLEM P2

n A1D A2D A2SD Speedup
1048576 0.0492 0.0059 0.0040 8.23

4194304 0.2010 0.0119 0.0082 16.82

16777216 0.8076 0.0382 0.0194 21.12

67108864 3.2142 0.1284 0.0578 25.03

268435456 16.6759 N/A 0.2023 N/A

the next generation GPU architecture called Fermi is
pretty much faster when double precision is used (visit
http://www.nvidia.com/ for more details), thus
the use of A2D seems to be very attractive for such new
devices.

V. CONCLUSIONS AND FUTURE WORK

We have showed that the kind of boundary value problem
for second-order ordinary differential equations which reduces
to the problem of solving a tridiagonal system of linear
equations with almost Toeplitz structure can be efficiently
solved on modern heterogeneous computer architectures based
on CPU and GPU processors using the divide and conquer
algorithm for solving linear recurrence systems with constant
coefficients. The algorithm achieves reasonable accuracy and
excellent speedup. We have showed that the use of double

precision in sequential parts of the algorithm can improve its
accuracy. In the future we will consider the problem of the
numerical stability of our algorithm.
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Abstract—This paper presents a system that combines two text
mining techniques; information extraction and clustering. A rule-
based approach is used to perform the information extraction
task, based on the dependency relation between some intransitive
verbs and prepositions. This relationship helps in extracting types
of crime from documents within the crime domain. With regard
to the clustering task, the Self Organizing Map (SOM) is used
to cluster Arabic crime documents based on crime types. This
work is then validated through experiments, the results of which
show that the techniques developed here are promising.

I. INTRODUCTION

ONE OF the most important motivations for creating this
system is because of the lack of Arabic systems in

general, and the crime domain in particular. Furthermore, the
crime domain has been chosen as an application area because
of its social importance. Information extraction aims to extract
specific, predefined entities from text. In this current research,
one of our aims is to develop a system that is able to recognize
crime phrases in a given document in order to extract types of
crime. Feldman and Sanger [1] have stated that entities, such
as peoples names, organizations names, locations, attributes
(e.g. age of a person), and crime type can all be extracted.
According to Toral and Munoz [2] and Collins and Singer
[3], there are two types of evidence that help in identifying
entities. Internal evidence can be deduced from the sentence
that contains the entity by noticing a particular sequence of
words. On the other hand, external evidence is gained from
the context. In the first stage, the rule based approach (based
on syntactical analysis) is adopted. In the second stage, the
extracted types of crime are then used to by Self Organizing
Map (SOM) in order to perform clustering. So instead of
processing the whole content of each document, the rule
based approach is used to guide the SOM to cluster the data
by extracting important or meaningful patterns. According to
Flexer [4] SOM is a very common tool for clustering and
visualizing high dimensional data spaces. More details about
SOM will be presented in one of the following sections.

The rest of the paper is organized as follows. In section II, a
background and a review of the related work are given. The
crime domain is described in section III. Domain analysis
is presented in section IV. Section V presents the proposed
clustering system. Section VI provides the results of the

experiments and an evaluation of their performance. Finally,
the conclusion of this work is presented in section VII.

II. BACKGROUND

According to Michailidis [5], the Message Understanding
Conference (MUC-6) introduced Named Entity Recognition
(NER) in 1995, and it has been used in many different text-
based applications, such as information extraction, question
and answering, information retrieval and text classification [5],
[6]. The approaches that are used to identify named entities
are as follows [5]:

• Hand-craft rules, known as linguistic approaches.
• Machine learning approaches.
• Hybrid, which combines hand-craft recognition grammar

with machine learning methods.
Alruily et al. [7] have developed a software package to extract
crime information from texts. Their approach is based on
a dictionary that is created manually. On the other hand,
the task of automatically constructing lists of entities has
been studied by many researchers. Riloff [8] has developed
a program called AutoSlog that automatically constructs a
domain-specific dictionary for information extraction. Nadeau
et al. [9] used an approach that has two aspects: retrieve
pages with seed, and a web page wrapper in order to build
or generate gazetteers. Toral and Munoz [2] have proposed an
approach to automatically build and maintain dictionaries of
proper nouns using a noun hierarchy and a POS tagger. Also,
Chau et al. [10] used named entity extraction techniques to
identify meaningful entities from police narrative reports. To
the authors’ knowledge, there is no work available regarding
the SOM technique applied to Arabic texts within the crime
context for crime analysis. On the other hand, in the English
language, Chen et al. [11] have developed a system based on
SOM to cluster and visualize crime-related data.

III. CRIME DOMAIN

As far as we know, no information systems have been
applied to the crime domain in the Arabic language. Therefore,
the major problem we faced was the lack of data. This
issue has been solved by compiling news articles on crime
incidents, published by some Arabic newspapers. The reason
for exploiting newspapers is that it is difficult to obtain official
reports or narrative reports from police stations, especially in
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Arab countries. The news articles contain the information that
the police reports would normally include. So, collecting these
data was an important step in gaining a better understanding
of the crime domain and the nature of the data that our system
will deal with.

A. Types of Crime

The crime domain includes several types of crime, starting
from civic crimes, such as drinking and driving, to interna-
tional crimes, for instance, homicide by terrorists [12]. In this
research, types of crime have been categorized into six main
types, as in Table I.

TABLE I
TYPES OF CRIME.

English Arabic Pronunciation
Theft �é�̄Qå�Ë @ Alsareqah

Fraud ÈA�J
�JkB
�
@ alehtial

Drug and alcohol
smuggling

�H@ �PY 	jÖÏ @ I. K
Qî�E Tahreeb almokhdrat

Magic and sorcery è 	Xñª ��Ë@ �ð Qj�Ë@ Alseher
walshaawathah

Sex crime �	�m.Ì'@ Aljens

Violent crime 		JªË@ Alonf

As previously mentioned, the aim is to extract crime types
from Arabic news articles for work that will be presented later.
This extracted information is considered as ”keywords”; which
are significant words that are able to give clues about the main
idea of the document or article. Consequently, keywords play
an important role in many text mining tasks, such as clustering,
summarization and document retrieval. In this research, the
extracted words will be treated as keywords to guide the
Self Organizing Map (SOM) in order to perform clustering.
So, the previous task of keyword extraction is an important
process that must be considered carefully. Accordingly, the
crime domain must be studied and its characteristics explored
in order to find the appropriate extraction algorithm.

B. Event Description

Most Arabic newspaper reports have the same structure,
with respect to writing style, in the crime domain. Most
journalists or reporters start with a sentence containing the
name of the police station that has investigated the crime,
followed by a description of that crime. The crime description
is about the type of crime committed and the type of criminal.
Following these, details of any victims and other information
are described. The reason for this formulaic approach is
because they are dealing with a specialist domain that has
its own language, and which can be called here the language
of crime. According to Almas and Ahmad [13], each special
language has a limited vocabulary and idiosyncratic syntactic
structures. The journalists who work with these restricted
languages seem to share the same words and same sentence
structures. In other words, the usage of their words has the
same behaviour. Fig. 1 shows a description for a theft crime

Fig. 1. Article Excerpt from Alriyadh Newspaper.

published by Alriyadh newspaper [14]. The location of the
committed crime can be deduced from the following pattern:
” �é�̄PA ���Ë@ �é£Qå�� / shurtat alsharqa / Alsharga police” . Further-
more, other related crime information can be extracted from
the text, such as the nationalities of the people involved in the
crime, e.g. ” �éJ
K. Q« �éJ
� 	�k. / jnsyt arabiat / Arabic nationality”.
The type of crime can also be extracted from this pattern:
” �é�̄Qå� ú


	̄ @ �ñ£Pñ�K / tawaratwo fi sareekat / involved in stealing”.
Also, the following is another example that has been taken
from Aljazirah newspaper articles [15]:

Fig. 2. Article Excerpt from Aljazirah Newspaper.

It can be seen from the above example in Fig. 2 that the same
writing style is followed. The name of the police station, which
carries the name of the location, is stated first. The nationality
of the criminal is also mentioned, and the type of offense is
described. However, the crime type information is what we
want to concentrate on in this research.

IV. DOMAIN ANALYSIS

A. Arabic Language

In this research, the Arabic language is studied; it is one of
the Semitic languages and it is used in over 21 Arab countries.
This language consists of 29 letters that can be used to form a
word. Moreover, other languages, such as Farsi and Urdu use
mostly Arabic characters [16]. From the sentence construction
point of view, Arabic words can be divided into three classes:
nouns, verbs and particles [17], [18], [19]. When working with
the Arabic language, some other important characteristics need
to be taken into account [20]:

1) A character may have up to three different forms, each
form corresponds to the position of that character in
the word (beginning, middle or end), such as letter ”¨
/ Ayn ” in Table II.
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TABLE II
POSITION OF THE CHARACTER IN THE WORD.

2) Arabic does not have capital letters; this characteristic
represents a considerable obstacle to the NER task
because in other languages capital letters represent a
very important feature.

3) Finally, it is a language with a very complex morphology
because it is highly inflectional.

A linguistic study of Arabic words and grammatical struc-
tures will be required before extracting the most appropriate
structures for common Arabic sentence forms within the crime
domain. Hence, the use of the linguistic internal structures of
Arabic sentences will allow us to identify logical sequences
of words. As previously mentioned, the structure of Arabic
can comprise of three categories : noun (Õæ� @), verb (Éª 	̄ ) and

particle (
	¬Qk).

• Noun
This category in Arabic comprehends any word that
describes a thing, idea or person. It can be divided into
two types: primitive and derivative. Primitive nouns are
nouns that are not derived. Derivative nouns are nouns
that are derived from verbs, other nouns, and particles.
The Arabic nouns are inflected for gender (masculine and
feminine) and number (singular, dual and plural). Also
Nouns are either definite, which starts with the article
”È@ / al” or indefinite, which has no ”È@” article at the
beginning of the noun. Moreover affixes and clitics, such
as some prepositions, conjunctions and possessive pro-
nouns, can be attached to them. The clitic is subdivided
into proclitic (located at the beginning of a stem) and
enclitics (located at the end of a stem). For example, Table
III shows the different morphological segments for the
word ”Ñî�EA �g. PYK. ð” which means ”and by their grades”.

TABLE III
EXAMPLE FOR MORPHOLOGICAL SEGMENTS.

enclitic affix stem proclitic proclitic
Arabic Ñë �H@ h. PX H. ð

pronunciation hm at drg be wa
Gloss their s grade by and

• Verb
This word type points out an event or action. Verbs
are also inflected in terms of number (singular, plural,
dual), gender (masculine, feminine), person (1st, 2nd,
3rd), voice (active and passive) and mood (subjunctive,
indicative and jussive). Furthermore, from the tense point
of view, the verb can be in the past, present or future.

• Particle
This class includes prepositions, conjunctions, interrog-
ative particles, exceptions, and interjections. In other

words, it includes the words that are not nouns or verbs,
and sometimes these words are called function words.

In the Arabic language, sentences are divided into two types,
as follows:

• A nominal sentence, according to Hadj et al [19], a
nominal sentence can start with a noun or a particle.

• A verbal sentence
A verbal sentence can start with a verb or a particle.
The verb is divided into two types: transitive and intran-
sitive. With respect to transitive verbs, a sentence, e.g.,
” �ékA �	®�JË @ �I 	®¢�̄ / qtft altfaht / I picked up the apple” con-
tains one object or more as well as the subject. In other
words, it takes more than one argument. On the other
hand, a sentence that contains an intransitive verb has no
object, and is composed of a verb and only one argument,
e.g., ”YËA �	g 	�QÓ / mrd Khaled / Khaled became ill”. In
some cases, some intransitive verbs can be converted into
transitive verbs, for example, ”ú
G. X ú

�
Í@�

�IJ.ë 	X / thhbt ela
dubai / I went to Dubai”. In this example, the verb has
a subject and a quasi sentence (the prepositional phrase)
”ú
G. X ú

�
Í@� / ela dubai / to Dubai” which is the complement

of the sentence ” �IJ.ë 	X / thhbt / I went”; this help in
determining the meaning of the whole sentence. Most
Arab linguists state that most of the intransitive verbs
can not refer to the object of the sentence but they can
be strengthened by some prepositions, which are called
transitive prepositions, such as ”ZA�J. Ë @ / bi / because”, ”ÐB

��
@

/ allam / for”, ” 	áÓ / mn / from”, ”ú
�
Î« / ala / on”, ”ú


	̄ /

fi / in”, ”ú
�
Í@� / ela / to”, in order to refer to the object.

These verbs are called ”transitive verbs by preposition”
[21], and they play an important role in achieving our
goal.

B. Intransitive Verbs and Prepositions in the Crime Domain

As shown in the above section, our study of the crime
domain corpus has led us to identify the characteristics of
the language used. The first feature is that the past tense
is used when describing crime incidents, whether the verbs
describe the action of the crime itself or indicate a phrase
that carries information about the crime type. Moreover, the
modifier, sometimes called the qualifier, such as prepositional
phrases and adjectives, are used for describing the type of
offence. However, in this research, we concentrate on using the
characteristics of some intransitive verbs and their propositions
in order to recognize the type of crime. In other words, the cor-
relation or dependency relationship between some intransitive
verbs and some prepositions will be exploited. The Arabic
language has approximately fourteen prepositions, most of
which are short. Most of them are formed from three letters,
such as ”ú

�
Î« / ala” or from two, such as ”ú


	̄ / fi”, but they

can be formed with only one Arabic letter, such as ”È / li”

or ”H. / bi”. The structure of a prepositional phrase is usually
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composed of two parts: preposition and noun-phrase [22]. For
example, ” �I�
J. Ë @ ú


	̄ YËñË@ / alwalad fi albyt” means ”the boy

in the house”. In this example, the preposition is ”ú

	̄ / fi”

and the noun is ” �I�
J. Ë @ / albyt”. Table IV shows a list of
Arabic prepositions with their English translations. Only the
most frequently used prepositions in crime domain texts are
presented but more illustration regarding the listed prepositions
is given in order to clarify them semantically.

TABLE IV
LIST OF PREPOSITION IN ARABIC LANGUAGE.

Arabic Preposition Pronunciation English Translation
ú
�
Î« Ala on

ú

	̄ Fi in

ú
�
Í@� Ela to

H. Bi because

È Li for

The preposition ”H. / bi” has different meanings, so based
on a whole sentence, its meaning can be inferred. In this
research context, the preposition ”H. / bi” means ”because”.
In other words, it answers the question ”why”. Also, the
preposition ”ú


	̄ / fi” represents the preposition ”in” in the

English language, for example, ”É�J�̄ ú

	̄  Pñ�K / twrat fi qtl

/ involved in killing” and ”É�J�̄ ú

	̄ � �� 	j�JÓ / motakasys fi qtl

/ specialized in killing”. With regard to the preposition ”È /
li”, it has many meanings but in the current domain being
studied it again means ’because’; put simply, it justifies the
reason, for example, ” �é�̄Qå�Ê

�
Ë é 	�Qª�JË �é£Qå��Ë @ 	©ÊK. @ ñë / howa

ablqa alshortat lita’arrudh lilsareekat / he reported to the
police because he was robbed”. Thus, in this context ”H. /

bi” and ”È / li” carry very similar meanings. Sometimes the

preposition ”ú
�
Í@� / ela” takes the place of the preposition ”È”

(e.g. ” �é�̄Qå�Ë @ ú
�
Í@�

	�Qª�K / ta’arrada ela lilsareekat / s/he was
exposed to theft”). Thus, these prepositions can be utilized in
many different ways. Additionally, they can work as a link
between some verbs and nouns, whether they are adjacent
or not. Moreover, the meanings of sentences that contain
some specific verbs cannot be identified without prepositional
phrases. Based on this, the main forms where a type of crime
is located in the text can be identified. Fig. 3 depicts this case.
Thus, in order to mark the crime phrases in the text, the system
looks for the verbs in the text and (their prepositions), and the
type of crime should not be more than three words away from
the preposition. Therefore, only three words are extracted after
the preposition. As a result, in order to recognize and extract
types of crime, the list of these intransitive verbs and their
prepositions (that indicate the patterns of crime type) must be
defined beforehand.

From the above illustrations, it can be seen that there
are strong correlations between some verbs and prepositions.

Fig. 3. Types of crime in Prepositional Phrases.

These relationships are considered as key elements, and form
an important part in accomplishing this work. Accordingly,
these can lead to discovering a local grammar for crime type
patterns, which will help in their extraction. Fig. 4 shows the
various frequent patterns used in news articles for describing
the type of crime committed.

Fig. 4. Crime types Local Grammar.

V. CLUSTERING SYSTEM

Fig. 5 shows the proposed framework, which consists of
stages, divided as follows:

• Normalization
In this stage, some letters that perform the same function,
and that can be written in different forms in a word, are

normalized. For example, the letters ”
�
@” , ” @�” and ”

�
@” are

converted into the letter @.
• Information Extraction

The system here is focused on prepositional phrases.
Hence, the dependency relationship between prepositions
and intransitive verbs is exploited. The advantage of this
method is that there is no need for an annotated corpus,
whether manual or automatic. In other words, the system
has no linguistic components, such as PoS taggers or
shallow parsers. Instead, lists of intransitive verbs and
their prepositions are provided to the system in order
to extract the desired patterns. Fig. 4 shows the list of
verbs, with their appropriate prepositions, that are used
in this research. In other words, it describes the local
grammar for extracting types of crime. To sum up, in
the processing phase, the system looks for words in a
text that match the words in the verb list. When a match
occurs, the next step is to search for a preposition that
always comes with the verb. After that, the three words
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that immediately follow the preposition are extracted to
represent the whole content of the document. Moreover,
the crime type should appear within these three words.

• Stemming
Through this process, the stem of a word can be obtained
by eliminating the word’s affixes. After stemming, the
content of file is automatically converted into numbers
by giving each word of interest a unique number. Also,
during this process the stopwords are removed.

• Clustering and Visualization
For the clustering process, the Self Organizing Map
(SOM) has been chosen to cluster documents that were
generated by the information extraction process, based on
their similarity. The SOM technique is popular and widely
used for clustering and visualizing high dimensional data
spaces. According to Eyassu and Gamback [23] SOM has
many different structures but the most popular architec-
ture is composed of two layers of processing units; the
input layer and the output layer. These two layers are fully
interconnected. The idea behind SOM is that it performs
mapping for similar input vectors to similar areas on the
output grid. The following is the SOM algorithm:

1) Initialize weight randomly
2) Initialize neighbourhood ratio
3) Set input pattern
4) Calculate Euclidean distance
5) Find the winner neuron (smaller distance)
6) Update winner and neighbour weight neurons
7) Repeat Steps 3 to 7 until the convergence criterion

is satisfied
As can be seen, this algorithm is iterative. The first step
is to randomly initialize the weight vectors of the output
map. At each iteration (training), a sample vector is
randomly chosen from the input data. This phase is called
the learning process or competitive learning. Through
competitive learning, the Euclidean distance is calculated
for choosing the Best Matching Unit (BMU). The wining
neuron or BMU is the one most similar to the input
pattern. That is, its weight is close to the input pattern.
As a result, all neurons on the output layer enter into a
competition with each other. The neuron on the output
layer that has the smallest distance to the input pattern is
the winner. Once the winning neuron has been selected,
its weight and the weights of its neighbour are both
updated in order to make them more similar to the input
pattern. This process is repeated with other documents
until accurate results are found or the maximum number
of iterations (epochs) are reached.

VI. EXPERIMENTAL RESULT AND EVALUATION

A. Corpus

Text mining research relies on the availability of a suit-
able corpus. As a result, many corpora have been created
for specific purposes. For this research, two corpora have
been collected from different Arabic newspapers published in

Fig. 5. System Architecture.

different Arabic countries, such as Alriyadh, Aljazeera and
Okaz from Saudi Arabia, Elkhabar newspaper issues from
Algeria, Addustour from Jordan and Ahram from Egypt. The
first corpus contains 26 documents and the other includes 24
documents. The reason for compiling corpora from different
resources is to avoid the problem of bias, which could occur
if the system is tested on documents that were collected from
only one country.

B. Experiments

Two experiments have been carried out on 26 documents in
order to show how the information extraction process guides
the Self Organizing Map (SOM) to gain accurate results. The
size of this corpus is 25.3 KB. The SOM has been trained on
the same documents, obtaining good results; the best learning
rate, radius and iteration are 0.5, 8 and 1000, respectively.

• First Experiment
In the first experiment, the information extraction process
is used. So, instead of processing the whole of each
document’s content, the extracted patterns from each
document are used by SOM to perform clustering. As
a result, the size of the corpus has become 1.56 KB.
Only 21 unique words represent the 26 text documents
and they comprise 57 tokens. Fig. 6 shows the results of
the first experiment after achieving the clustering process.

Fig. 6. Clustering Result for First Experiment (A: Violante, B: Magic, C:
Fraud, D: Sex, E: Smuggling, F: Theft).
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• Second Experiment
This experiment does not rely on the information extrac-
tion process. So the whole content of each file is stemmed
and used for the clustering process. The 26 textual files
are represented by 32 unique words. These 32 words form
228 tokens. Also, the results of this experiment can be
seen in Fig. 7.

Fig. 7. Clustering Result for Second Experiment (A: Violante, B: Magic, C:
Fraud, D: Sex, E: Smuggling, F: Theft).

In order to examine the proposed system and the SOM (at the
same learning rate, radius and iteration value) on a new and
untouched corpus other experiments have been also carried
out. This new corpus contains 24 documents, and its size is
28.5 KB. The third and fourth experiments are as follows:

• Third experiment
This is exactly like the first experiment because the
information extraction process is used. The size of the
whole corpus after the extraction became 1.83 KB. The
number of unique words is 13 which, form 44 tokens.
These 44 tokens are then used by SOM to cluster the
documents. The clustering results can be seen in Fig. 8.

Fig. 8. Clustering Result for Third Experiment (A: Violante, B: Sex, C:
Theft, D: Smuggling).

• Fourth experiment
This experiment is as the second experiment. It uses the
whole content of each document because no information
extraction technique is used. 23 unique words represent
the tested documents, and they form 235 tokens. As
a result, 235 tokens are used by SOM to cluster the

documents in this experiment. Fig. 9 shows the clustering
outcome of SOM.

Fig. 9. Clustering Result for Fourth Experiment (A: Violante, B: Sex, C:
Theft, D: Smuggling).

C. Result Analysis

The average distance between each data vector and its
BMU (quantization error) in the first experiment is 0.686,
and in the second experiment it is 0.949. So the performance
of the SOM is better when using the information extraction
process. As is well-known, SOM clusters documents based
on their similarity. Moreover, each document is treated as
a vector of words. So the number of a word’s frequency
that occurs in a file affects its clustering and sometimes this
leads to a wrong cluster. For example, File 23 from Group
A in Fig. 6 is clustered as a violent crime, which is true,
but in Fig. 7 it is clustered as a sex crime. The reason for
this clustering mistake in Experiment 2 is because of the
phrase ” �éJ
� 	�m.Ì'@ ø
 Xñª� / saudi aljensyat”, which means ”Saudi
nationality”, occurred many times when talking about the
criminal. So the word ” �éJ
� 	�m.Ì'@ / aljensyat” means ”nationality”
in English, but after stemming this word by removing its
affixes (the article ”È@” and the letter ” �è”) the word becomes

”�	�k. / jens”, which means ”sex”; this affected its clustering
in the second experiment. Also, another clustering mistake
occurred in Experiment 2 for File 14. This file belongs to
Group F in the first experiment; i.e. it is clustered as a theft
crime, but in the second experiment it has been labelled as
”smuggling”, and is far from its Group (F) in Fig. 7. The
reason for this being wrongly clustered is because of the word
”H. Që / hrb”, which appears many times in the file; it has
two meanings in the Arabic language, and it means ”flee” or
”smuggle” in English. The file is totally about a theft crime but
in the crime description the phrase ”thieves fled / �ñ�

�
Ë@ H. Që

” is stated many times in different ways, and ”H. Që / hrb”
in our context means ”smuggle”. As a result, Group F in
Experiment 2 does not contain the file number 14. Also, Fig.
10 shows that the letters attached to the vertical axis represent
categories of crime types, as in Table V, and the numbers that
are underneath the horizontal axis refer to the files. This graph
clarifies how our system labels files with the right category
names using the extracted patterns, and it worked better than
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when using the full content. In Experiment 1, the file numbers
12, 16 and 17 have incorrect crime type category names. On
the other hand, in Experiment 2 file numbers 2, 7, 14, 17,
21 and 23 also have the wrong category names. With regards
to Experiments 3 and 4, the quantization errors are 0.6 and
0.888, respectively.

Fig. 10. Result of Labeling Crime Documents.

TABLE V
MEANING OF VERTICAL AXIS

Letter V M T F Se S
Crime Type Violent Magic Theft Fraud Sex Smuggling

VII. CONCLUSION

In this paper, we have developed a system for clustering
textual documents containing information about different types
of crimes. The Self Organizing Map (SOM) technique was
chosen to perform the clustering. Moreover, the rule-based
approach, based on intransitive verbs and propositions, was
used to help in obtaining good clustering results. Also, a
comparison study was carried out through four experiments in
order to show the effects of the rule-based method on the Self
Organizing Map. The results show that although SOM used
fewer tokens in Experiments 1 and 3, it was able to achieve
clustering that was as good as or better than in Experiments 2
and 4. Therefore, it can be confirmed that the SOM technique
has been improved in terms of its performance. The reason
behind this remarkable achievement is because of the system’s
ability to extract keywords based on syntactic principles, and
this led directly to the improved clustering results.

REFERENCES

[1] R. Feldman and J. Sanger, “Information extraction,” in The Text Min-
ing Handbook: Advanced Approches in Analyzing Unstructured Data:
Cambridge university, no. 94-130, 2006.

[2] A. Toral and R. Munoz, “A proposal to automatically build and maintain
gazetteers for named entity recognition by using wikipedia,” 2006.

[3] M. Collins and Y. Singer, “Unsupervised models for named entity
classification,” in In Empirical Methods in Natural Language Processing
and Very Large Corpora, 1999, pp. 100–110.

[4] A. Flexer, “On the use of self-organizing maps for clustering and vi,”
Intelligent Da, vol. 5, no. 5, pp. 371–384, 2001.

[5] I. Michailidis, K. Diamantaras, S. Vasileiadis, and Y. Frre, “Greek named
entity recognition using support vector machines, maximum entropy
and onetime,” in Proceedings of the 5th International Conference on
Language Resources and Evaluation, 2006, pp. 47–52.

[6] P. Srikanth and K. N. Murthy, “Named entity recognition for telugu,” in
Proceedings of the IJCNLP-08 Workshop on NER for South and South
East Asian Languages, 2008, pp. 41–50.

[7] M. Alruily, A. Ayesh, and H. Zedan, “Crime type document classi-
fication from arabic corpus,” in Second International Conference on
Developments in eSystems Engineering. Los Alamitos, CA, USA: IEEE
Computer Society, 2009, pp. 153–159.

[8] E. Riloff, “Automatic constructing a dictionary for information extrac-
tion tasks,” in The Eleventh National Conference on Artifical Inteligence,
1993, pp. 811–816.

[9] D. Nadeau, P. D. Turney, and S. Matwin, “Unsupervised named-entity
recognition: Generating gazetteers and resolving ambiguity,” 2006, pp.
266–277.

[10] M. Chau, J. J. Xu, and H. Chen, “Extracting meaningful entities
from police narrative reports,” in dg.o ’02: Proceedings of the 2002
annual national conference on Digital government research. Digital
Government Society of North America, 2002, pp. 1–5.

[11] H. Chen, H. Atabakhsh, T. Petersen, J. Schroeder, T. Buetow,
L. Chaboya, C. OToole, M. Chau, T. Cushna, D. Casey, and Z. Huang,
“Coplink: Visualization for crime analysis,” in dg.o 03: proceedings of
the 2003 annual national conference on Digital government research,
2003.

[12] P. Thongtae and S. Srisuk, “An analysis of data mining applications in
crime domain,” in Proc. IEEE 8th International Conference on Computer
and Information Technology Workshops CIT Workshops 2008, 2008, pp.
122–126.

[13] Y. Almas and A. Kurshid, “Lolo: a system based on terminology
for multilingual extraction,” in IEBeyondDoc 06: Proceeding of the
Workdhop om Information Extraction Byeond The Document, 2006, pp.
56–65.

[14] Alriyadh. Crimes articles. [Online]. Available: http://www.alriyadh.com/
[15] Aljazirah, “Crimes articles.” [Online]. Available: http://www.al-

jazirah.com/
[16] A. M. AL-SHATNAWI and K. OMAR, “Methods of arabic language

baseline detection the state of art,” Arab Research Institute in Sciences
and Engineering (ARISER), vol. 4, pp. 158–193, 2008.

[17] R. Al-Shalabi, G. Kanaan, B. Al-Sarayreh, K. Khanfer, A. Al-Ghonmein,
H. Talhouni, and S. Al-Azazmeh, “Proper noun extracting algorithm for
arabic language,” in International Conference on IT, Thailand, 2009.

[18] S. KHOJA, “Apt: Arabic part-of-speech tagger,” in Proc. of the Student
Workshop at NAACL, 2001.

[19] Y. M. E. Hadj, I. Al-Sughayeir, and A. Al-Ansari, “Arabic part-of-
speech tagging using the sentence structure,” in Proceeding of the Second
International Conference on Arabic Language Resources and Tools,
Cairo, Egypt, 2009, pp. 241–245.

[20] Y. Benajiba, P. Rosso, and J. Ruiz, “Anersys: An arabic named entity
recognition system based on maximum entropy,” in CICLing, 2007, pp.
143–153.

[21] ø
 YÔg
�
B@˜ ú


	GA�J
ÊÖÏ @ YÒm×˜ 	áK. úæ��ñÓ,
	¬Qm�'.

�éK
Yª�JÖÏ @ ÈA �ª 	̄ B
�
@ Ñj. ªÓ.

	á�K
C
�
Ö
�
Ï ÕÎªË@ P@ �X, �HðQ�
K. , 1986.

[22] A. C. Satterthwait, “Computational research in arabic,” Mechanical
Translation, vol. 7, pp. 62–70, 1963.

[23] S. Eyassu and B. Gamback, “Classifying Amharic news text using self-
organizing maps,” Proceedings of the ACL Workshop on Computational
Approaches to Semitic Languages, pp. 71–78, 2005.

MESHRIF ALRUILY, ALADDIN AYESH, ABDULSAMAD AL-MARGHILANI: USING SELF ORGANIZING MAP TO CLUSTER ARABIC CRIME DOCUMENTS 363





Quality Benchmarking Relational Databases and

Lucene in the TREC4 Adhoc Task Environment

Ahmet Arslan

Anadolu University

Computer Engineering Department

Eskisehir, Turkey

Email: aarslan2@anadolu.edu.tr

Ozgur Yilmazel

Anadolu University

Computer Engineering Department

Eskisehir, Turkey

Email: oyilmazel@anadolu.edu.tr

Abstract—The present work covers a comparison of the
text retrieval qualities of open source relational databases and
Lucene, which is a full text search engine library, over English
documents. TREC-4 adhoc task is completed to compare both
search effectiveness and search efficiency. Two relational database

management systems and four different well-known English
stemming algorithms have been tried. It has been found that
language specific preprocessing improves retrieval quality for all
systems. The results of the English text retrieval experiments by
using Lucene are at par with top six results presented at TREC-
4 automatic adhoc. Although open source relational databases
integrated full text retrieval technology, their relevancy ranking
mechanisms are not as good as Lucene’s.

I. INTRODUCTION

RELATIONAL database management systems (RDBMS)

have been the preferred way of managing data for the

past two decades. In recent years, data that many applications

manage are moving more from structured to unstructured

(free form text). Although relational databases are designed to

handle structured data, many web applications use databases

to manage and query unstructured data. With the increase

in unstructured text, development of search engine libraries

- which are specifically designed to quickly and effectively

search large volumes of unstructured text - has been gaining

momentum. There are several open source search engine

libraries available with different features [1]. Many database

vendors (IBM DB21, Microsoft SQL Server2, MySQL3, Or-

acle4, PostgreSQL5) have recognized the need for free form

text search and started implementing features that would sup-

port full-text search capabilities. Search engine libraries and

relational databases each have unique advantages but also they

have overlapping capabilities in common. In our previous work

[2], we compared the full text search capabilities of different

open source relational databases and Lucene on Turkish text

documents. In this work we are extending our experiments by

using English data set and deeply exploring full text search

configuration parameters of relational databases.

1http://www-01.ibm.com/support/docview.wss?uid=swg27004103
2http://msdn.microsoft.com/en-us/library/ms142571.aspx
3http://dev.mysql.com/doc/refman/5.5/en/fulltext-search.html
4http://www.oracle.com/technology/products/text/index.html
5http://www.postgresql.org/docs/8.4/static/textsearch-intro.html

The paper is organized as follows. Section II briefly summa-

rizes the related work, Section III explains the retrieval systems

and stemming algorithms that we used, Section IV shows

experimental results and our analysis on them, Section V gives

summary of our observations about relational databases’ full

text search, and Section VI provides concluding remarks.

II. RELATED WORK

There are many studies which evaluated the performance

of search engine libraries over Text REtrieval Conference

(TREC) test collections. TREC6 is an annual conference

aiming to encourage research in information retrieval (IR)

based on large test collections. Database vendors also have

evaluated their full-text search capabilities by participating

in TREC competitions [3], [4]. Earlier papers [5], [6], [7]

have described full text search capabilities and features of

different relational databases, focusing specifically on the

integration of free form text and structured data. The studies on

comparison of IR systems are common, but there are no studies

on Relational Database Management Systems’ information

retrieval qualities. The other studies have focused on hybrid

IR-DB system solutions and integration of IR and databases.

Some unpublished articles discuss and compare different

aspects of relational databases and search engines libraries. In

[8], Marc Krellenstein explores the benefits of a full text search

engine in comparison to a database. The article by David

Smiley [9], addresses a scenario in which a web application

needs to have a full text search capability. It discusses using the

text search features of relational database versus using Apache

Solr7 - an open source search platform built on top of Lucene.

In a recent paper Yinan Jing and Chunwang Zhang [10]

compared Lucene and a relational database in terms of query

time. The data set used in their work was composed of auto-

generated numeric and alphanumeric fields. They performed

their test on these structured fields which are not tokenized

therefore they didn’t use full-text search but rather structured

queries. A systematic comparison of text retrieval quality of

relational databases and search engine libraries has not been

done.

6http://trec.nist.gov/
7http://lucene.apache.org/solr/
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III. EXPERIMENTAL SETUP

In this study TREC-4 adhoc task was completed by querying

forty nine topics (numbers 202-250) over 567,529 documents.

Topic 201 was ignored since it retrieved no relevant docu-

ments and wasn’t used in the actual evaluation of TREC-4

adhoc competition. DOCNO field - which is common for all

documents - used as unique identifier in our experiments and

the rest of the document - except DOCNO and DOCID fields

- is taken as single textual field named contents. Topics are

queried over this single field. The details of the document set

and topics used in TREC-4 can be found here [11].

We used one open source information retrieval library

(Apache Lucene 3.0.1) and two open source Relational

Database Management Systems with full-text search capa-

bilities (MySQL 5.5.3, PostgreSQL 8.4.4) for retrieval ex-

periments. The latest versions of each system were used

in our study in order to take account into latest features

and improvements. We would like to experiment with other

popular relational databases such as IBM DB2, Microsoft SQL

Server and Oracle; however they do not permit disclosure

results of any program benchmark tests without their prior

consent.

All of the experiments were completed on Apple Mac Pro

with two 2.8 GHz Quad-Core Intel Xeon processors and 6

GB 800 MHz DDR2 memory running Mac OS X Version

10.5.7. All test programs were implemented with the Java

programming language, running on JDK 1.6.

A. Stemming Algorithms for English

Stemming is the most employed technique in IR to en-

hance retrieval quality in terms of recall. We investigated

publicly available stemmers for the English language in our

experiments. Probably the two most well-known stemming

algorithms for English language are the Porter [12] stemming

algorithm and the Lovins [13] stemming algorithm. Lovins

is the first ever published stemming algorithm and removes

297 different endings using longest-match algorithm. Porter

stemming algorithm created and maintained by Dr. Martin

Porter. The algorithm can be best defined by its author’s own

words:

”The Porter stemming algorithm (or ’Porter stemmer’) is

a process for removing the commoner morphological and

inflectional endings from words in English. Its main use is

as part of a term normalisation process that is usually done

when setting up Information Retrieval systems.”8

English (Porter2)9 stemming algorithm is a result of Dr.

Martins attempt to improve the structure of the original Porter

algorithm.

These algorithms are rule based and do not use dictionary or

lexicon and preferred for their linear running time complexity

since dictionary based stemmers can be sometimes slow for

real-world web applications.

8http://tartarus.org/\textasciitildemartin/PorterStemmer/
9http://snowball.tartarus.org/algorithms/english/stemmer.html

TABLE I
ANALYZER BUILDING BLOCKS

ootb Porter Lovins, English KStem

LetterTokenizer LetterTokenizer LetterTokenizer LetterTokenizer

LowerCaseFilter LowerCaseFilter LowerCaseFilter LowerCaseFilter

StopFilter StopFilter StopFilter StopFilter

PorterStemFilter SnowballFilter KStemFilter

KStem [14] stemming algorithm is a dictionary based

inflectional stemming algorithm which uses human readable

dictionary. It is a less aggressive stemmer than the standard

Porter stemmer. It was written by Bob Krovetz, ported to

Lucene by Sergio Guzman-Lara (UMASS Amherst).

We used these four different stemming algorithms for En-

glish to improve text retrieval performances of each system. To

measure this improvement we included out-of-the-box settings

of each system. In out-of-the-box option no preprocessing is

done on the documents and queries. Built-in English support

and stop-word list of each system is used.

B. Lucene

Lucene10 is a powerful, free, open source IR library written

entirely in Java. It is suitable for nearly any application that re-

quires full-text search and its popularity is increasing because

of simplicity, high performance, maturity and scalability.

Analysis, in Lucene, is the process where free form text is

converted into tokens by tokenization, lowercasing, stemming

and etc. Analysis process begins with a Tokenizer which

breaks free form text into tokens. And then, the created

token stream is fed into nested TokenFilters. TokenFilters can

add, modify or delete its input token stream. For example

lowercasing, removing common words, reducing words to a

common base form or injecting synonyms occurs in TokenFil-

ters. Lucene has several Tokenizer and TokenFilter implemen-

tations. An analyzer is an encapsulation of the analysis process

which is an essential part of Lucene. Custom Analyzers can

be built from a Tokenizer and a TokenFilter chaining pattern.

Five different analyzers are used in our runs and Table I

shows the Analyzer building blocks used to create them.

First column of Table I represents StopAnalyzer that comes

with out-of-the-box Lucene. StopAnalyzer’s default English

stopword set contains 33 common words.

LetterTokenizer divides text at non-letters by capturing

tokens as maximal strings of adjacent letters, as defined by

java.lang.Character.isLetter()method. We have

used this tokenizer because TREC-4 topics do not have any

alphanumeric or numeric words. All tokens are composed of

letters. (Except three acronyms U.S., U.K. and e.g. which are

taken as stop words in our runs) Therefore we didn’t index

any numeric or alphanumeric tokens.

LowercaseFilter normalizes the token by lowercasing its

text.

10http://lucene.apache.org
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StopFilter removes tokens that exist in a provided list of

stop words. In custom analyzers, we used 70 stopwords which

are superset of StopAnalyzer’s default stopword list.

SnowballFilter - that comes in contrib package of Lucene -,

stems words using a Snowball-generated stemmer. Snowball11,

which is created by Dr. Martin, is a small string manipu-

lation language specifically designed for creating stemming

algorithms for use in Information Retrieval. A range of non-

English stemmers are implemented by using snowball script,

including Danish, Dutch, Finnish, French, German, Hungarian,

Italian, Norwegian, Portuguese, Romanian, Russian, Spanish,

Swedish and Turkish [15]. There exists three English-specific

stemmers (named English, Lovins, and Porter) implemented

by using snowball script and available at Dr. Martins web site.

These exact names can be passed as parameter to constructor

of SnowballFilter to initialize a stem filter for that language

in Lucene. In our experiments we used English and Lovins.

PorterStemFilter is java implementation of Porter algo-

rithm and has the same behavior as SnowballFilter when

Porter is used for the name argument to the SnowballFilter

constructor. PorterStemFilter is much faster since it does not

use Snowball Program.

KStemFilter stems words according to Bob Krovetz’s

kstem algorithm. Lucene does not have KStemmer imple-

mentation with the out-of-the-box settings. Source code of

the stemmer is downloaded from web site of Center for

Intelligent Information Retrieval - University of Massachusetts

Amherst12.

StopAnalyzer and four different custom Lucene analyzers—

representing each stemming option—are used to create five

Lucene indices. The same analyzers are used to search topics

over each index.

C. MySQL

MySQL has support for full-text indexing and search-

ing based on a space-vector model. Full-text indices can

be created only on CHAR, VARCHAR, or TEXT columns

of MyISAM tables. Full-text searching is performed using

MATCH(). . . AGAINST() syntax which is introduced on June

2000. However MySQL has no linguistic support (stemming)

for English or any other language. MySQL has a default stop-

word list for English13 and removes them during indexing

and searching. Like words included in the built-in stop word

list, also words that are less than four or greater than 84

characters are also ignored by default in full-text searches.

Table II shows MySQL’s user-overridable full-text search

parameters including their default values and descriptions.

These parameters are defined by the system variables and can

be obtained by executing

SHOW VARIABLES LIKE ’ft %’;

SQL statement. The other modifications such as disabling 50%

threshold and changing tokenization behavior are non-trivial

11http://snowball.tartarus.org
12http://ciir.cs.umass.edu/
13http://dev.mysql.com/doc/refman/5.5/en/fulltext-stopwords.html

tasks that require source code modification and recompilation

of MySQL.

1) Indexing: Five different MySQL tables with two

columns (docno, contents) are created. For out-of-the-box

option documents are inserted directly into the table. For

the remaining stemming options, first they passed through

respective Lucene Analyzer and then inserted into their tables.

Full-text indices are built on tables thus:

ALTER TABLE docs ADD FULLTEXT (contents);

The indices are created after loading all data to tables

because for large data sets, it is much faster than loading data

into tables that have an existing FULLTEXT index.

2) Searching: MySQL full text search have basically three

modes: natural language mode, Boolean mode and with query

expansion.

Natural Language Full-Text Search14 performs a natural

language search for a query against a text collection. There

are no operators in this mode and the stop-word list applies.

Another interesting property of this mode is the elimination

of query words that occur in more than or equal to half of the

collection. In another words if a query word is present in at

least 50% of the documents, it is treated as a stop-word. This

mode is the default mode in MySQL and automatically sorts

search results in order of decreasing relevance. Run using this

mode is executed as follows:

SELECT docno, MATCH (contents) AGAINST (’<topic>’)

AS score FROM docs WHERE MATCH (contents)

AGAINST (’<topic>’) LIMIT 1000;

Relevance ranking algorithm of Natural Language mode

uses Vector Space Model where rows and queries are rep-

resented as weighted vectors. MySQL uses a variant of the

classic tf-idf (term frequency-inverse document frequency)

weighting scheme along with pivoted document length nor-

malization. Details of the ranking algorithm can be found

here [16].

Boolean Full-Text Search15 allows usage of implied

Boolean operators ([no operator], +, -) and various advanced

search methods like wildcard (*) and phrase search. A leading

plus sign means required or mandatory operator. The word

after the plus sign must exist in every row returned. A leading

minus sign means prohibited operator. The word after the

minus sign must not exist in any row returned. When no

operator is specified, it means that this word is optional and

should exist in returned rows. Rows that contain optional

words will get higher scores. Complete list of supported

operators are shown at the first row of Table II. Stop-word list

applies but 50% threshold limitation does not apply with this

mode. This mode does not automatically sort search results

in order of decreasing relevance therefore ’ORDER BY score

DESC’ clause is added to SQL sentence in two runs using this

mode:

14http://dev.mysql.com/doc/refman/5.5/en/fulltext-natural-language.html
15http://dev.mysql.com/doc/refman/5.5/en/fulltext-boolean.html
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TABLE II
MYSQL VARIABLES ASSOCIATED WITH FULLTEXT SEARCHING

Variable Name Default Value Description

ft boolean syntax + - >< () ˜ * : ”” & | List of operators supported by boolean full-text searches performed using IN BOOLEAN MODE.

ft max word len 84 Maximum length of the word to be included in a FULLTEXT index.

ft min word len 4 Minimum length of the word to be included in a FULLTEXT index.

ft query expansion limit 20 Number of top matches to use for full-text searches performed using WITH QUERY EXPANSION

ft stopword file (built-in) File from which to read the list of stopwords for full-text searches.

SELECT docno, MATCH (contents) AGAINST (’<topic>’

IN BOOLEAN MODE) AS score FROM docs WHERE

MATCH (contents) AGAINST (’<topic>’ IN BOOLEAN

MODE) ORDER BY score DESC LIMIT 1000;

Relevance ranking algorithm of Boolean Mode is quite

different from Natural Language Mode. This mode provides

only simplistic relevance ranking [17]. It is defined as the

sum of weights of matched words in query string. Weights

are defined by boolean operators. This ranking mechanism

produces always 1 when + operator is used before query

terms. For example in the pure required type query ’+term1

+term2 +term3 +term4’ weights of each term will be 1/4.

When no operator is used, score is equal to count of matching

query terms. For example in the pure optional type query

’term1 term2 term3 term4’ weights of each term will be

1. If a document contains three of these terms, it will get

score of three. This ranking algorithm does not use collection-

wide statistics (inverse document frequency) therefore Boolean

Mode full text searches does not require FULLTEXT indices.

Other interesting property of this ranking is that calculated

scores are always greater than or equal to one.

Full-Text Searches with Query Expansion16 applies

classic blind relevance feedback which is also known as

Pseudo relevance feedback. It performs natural language

mode search twice and assumes top few (controlled by

ft query expansion limit variable which has a default value

of 20) results of first search are relevant. And then, it appends

these documents to the original query to perform second

search. This mode can be activated by adding WITH QUERY

EXPANSION or IN NATURAL LANGUAGE MODE WITH

QUERY EXPANSION modifiers to the query. Functions of

these two modifiers are exactly the same and they yield same

results. Since this mode is modified version of a natural

language search, it automatically sorts search results in order

of decreasing relevance. Runs using this mode are executed as

follows:

SELECT docno, MATCH (contents) AGAINST (’<topic>’

WITH QUERY EXPANSION) AS score FROM docs

WHERE MATCH (contents) AGAINST (’<topic>’ WITH

QUERY EXPANSION) LIMIT 1000;

16http://dev.mysql.com/doc/refman/5.5/en/fulltext-query-expansion.html

D. PostgreSQL

PostgreSQL supports full text indexing of textual documents

and relevance ranking for full text database searching.

In PostgreSQL, dictionaries17 allow fine-grained control

over how tokens are normalized. PostgreSQL provides several

predefined dictionaries for linguistic support, available for

many languages, and English is one of them.

PostgreSQL have two special data type tsvector and tsquery

representing preprocessed documents and processed queries

with support of boolean operators respectively. These data

types are vector representation of documents and queries like

in vector space model. There are some functions to convert

documents or queries into these data types. to tsvector is used

to transform a document to tsvector data type while to tsquery

and plainto tsquery are used for converting a query to the

proper tsquery data type. All of these transformation functions

take a language specific configuration parameter. Full text

searching is done using the match operator @@, which returns

true if a tsvector (document) matches a tsquery (query).

1) Indexing: Five different PostgreSQL tables with two

columns (docno, contents) are created. An additional tsvector

type column named ts col is added to the table.

ALTER TABLE docs ADD COLUMN ts col tsvector;

For out-of-the-box option, documents are inserted into the

tables without any preprocessing. Then ts col column is pop-

ulated from contents column by invoking to tsvector function

with the configuration parameter for the English language that

comes with out-of-the-box settings of PostgreSQL.

UPDATE docs SET ts col = to tsvector(’english’, contents);

For the remaining stemming options, documents are first

analyzed by respective Lucene Analyzer and then inserted into

their tables. The ts col column is populated with the output of

to tsvector function, but this time using the simple template

parameter which behaves like no language is specified because

data in the table are already preprocessed.

UPDATE docs SET ts col = to tsvector

(’pg catalog.simple’, contents);

PostgreSQL offers two kinds of indices that can be used to

speed up full text searches.

• GiST (Generalized Search Tree) based index

• GIN (Generalized Inverted Index) based index

17http://www.postgresql.org/docs/8.4/static/textsearch-dictionaries.html
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TABLE III
POSTGRESQL DOCUMENT LENGTH NORMALIZATION OPTIONS

Mode Meaning

0 (the default) ignores the document length

1 divides the rank by 1 + the logarithm of the document
length

2 divides the rank by the document length

4 divides the rank by the mean harmonic distance between
extents (this is implemented only by ts rank cd)

8 divides the rank by the number of unique words in
document

16 divides the rank by 1 + the logarithm of the number of
unique words in document

32 divides the rank by itself + 1

Since GIN index is best for static data and searches are about

three times faster than GiST, GIN index was created to speed

up the search as follows:

CREATE INDEX text index ON docs USING gin (ts col);

2) Searching: PostgreSQL provides two functions

to tsquery and plainto tsquery for converting a query to the

tsquery data type. plainto tsquery transforms unformatted text

querytext to tsquery by parsing and normalizing text, then

inserting the & (AND) Boolean operator between surviving

words. to tsquery creates a tsquery value from querytext,

which must consist of single tokens separated by the Boolean

operators & (AND), | (OR) and ! (NOT). Note that to tsquery

with AND operator is identical to plainto tsquery.

To rank search results, PostgreSQL provides two predefined

ranking functions to calculate similarity between a tsvector

(document) and a tsquery (query). These are standard rank-

ing function (ts rank) and cover density ranking function

(ts rank cd) [18]. While the ts rank does not consider term

position proximity, the ts rand cd ranking function punishes

documents where the search terms are further apart. Post-

greSQL’s both ranking functions do not use any global in-

formation (inverse document frequency); therefore indices are

not mandatory but can be used to speed up full text searching.

Both ranking functions take an integer normalization op-

tion18 that specifies whether and how document length nor-

malization will be done. Table III shows the document length

normalization options and their effect on ranking mechanism

that PosgreSQL supports with the out-of-the-box settings.

Note that mode 32 is used just to scale ranks between zero

and one. The ordering of search results does not change in

this mode.

In out-of-the-box option to obtain pure OR queries, descrip-

tion parts of topics are tokenized at white spaces and then OR

operator (”|”) is inserted between each token. English language

configuration is used in this mode. SQL queries are submitted

as follows:

SELECT docno, ranking function(ts col, query,

normalization) AS rank FROM docs,

18http://www.postgresql.org/docs/8.4/static/textsearch-controls.html

to tsquery(’english’,’<topic>’) query WHERE query @@

ts col ORDER BY rank DESC LIMIT 1000;

In remaining stemming options to obtain pure OR queries,

description parts of topics are first passed through respective

Lucene Analyzer and then OR operator (”|”) is inserted

between surviving words. Simple template configuration is

used because queries are already analyzed. SQL queries are

submitted as follows:

SELECT docno, ranking function(ts col, query,

normalization) AS rank FROM docs,

to tsquery(’pg catalog.simple’,’<topic>’) query WHERE

query @@ ts col ORDER BY rank DESC LIMIT 1000;

IV. EXPERIMENTAL RESULTS

Since the overview of TREC-4 paper presents the pre-

cision/recall curves for the groups with the highest non-

interpolated average precision (MAP) and the runs are ranked

by the average precision, in this work the same metric is

used in global evaluation. While evaluating each system in

itself we also presented precision at 5 (P@5) and precision at

10 (P@10) values as well as search time (sec/q) per query.

Additionally results of citri2 run of Royal Melbourne Institute

of Technology [19] (one of the best TREC-4 automatic adhoc)

were included in experimental result for comparison.

The evaluation measures presented in this paper are cal-

culated by using Chris Buckley’s trec_eval19 package

(version 8.1) which is the standard tool used by the TREC

community for evaluating an adhoc retrieval run, given the

results file and a standard set of judged results.

In our calculations a cut-off level of 1000 is used, which

defines the retrieved set as the top 1000 documents in the

ranked list which is similar to official TREC usage:

trec eval -c -M1000 official qrels submitted results

All retrieval systems are designed in a similar fashion to

standard TREC-type adhoc runs that retrieve maximum 1000

documents per topic.

Topics created for the TREC-4 adhoc task consist of only

one field (description). Therefore we ran retrieval experiments

over each index, by using description-only queries. In this

work completely automatic query construction is used. De-

scription only queries had on average 16 terms with stop

words, 9 terms without stop words.

A. Lucene

Lucene’s scoring20 mechanism uses both the Vector Space

Model and the Boolean Model. The Boolean model is used

to first filter the documents to be used in score calculation.

Lucene’s scoring algorithm implements cosine similarity be-

tween tf-idf weighted documents and queries. It adds several

factors to cosine similarity including document length nor-

malization. Default length normalization function divides the

score by square root of the number of words in the document.

19http://trec.nist.gov/trec eval/
20http://lucene.apache.org/java/3 0 1/scoring.html
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TABLE IV
LUCENE SEARCH QUALITY COMPARISON

Run MAP P@5 P@10 sec/q

StopAnalyzer OR operator 0.1645 0.4939 0.4163 0.0452

StopAnalyzer AND operator 0.0011 0.0490 0.0286 0.0067

TABLE V
MYSQL SEARCH QUALITY COMPARISON

Run MAP P@5 P@10 sec/q

natural language mode 0.1182 0.3388 0.3204 1.2244

boolean mode AND operator 0.0023 0.0612 0.0449 0.0816

boolean mode OR operator 0.0318 0.1429 0.1041 3.4693

with query expansion limit 3 0.0249 0.0939 0.0755 8.1428

with query expansion limit 5 0.0405 0.1426 0.1122 10.4285

with query expansion limit 10 0.0326 0.1102 0.0939 14.7346

with query expansion limit 15 0.0229 0.0735 0.0633 18.0612

with query expansion limit 20 0.0331 0.1265 0.0898 20.6530

Details of the Lucene scoring can be found in chapter 3.3

of [15].

Lucene allows selecting between two Boolean operators

(AND, OR) when performing search. Search quality results

of these two operators are given in Table IV. Result set of

OR operator is superset of the result set of AND operator.

In other words, result set of OR operator already contains

result set of AND operator. Moreover Lucene gives higher

scores to the documents that contain more query terms. This

fact implies that highest ranked documents will usually have

the most ORed query terms among documents returned. OR

operator used in remaining Lucene runs since it yields better

results than AND operator.

B. MySQL

Total eight runs performed (with the out-of-the-box settings)

to determine which type of MySQL full-text search is superior.

Search quality results of our MySQL runs are given in Table

V. It includes different boolean operators and search options

described in section III-C2.

Boolean mode with pure required and pure optional queries

performed badly due to its simplistic ranking mechanism

which is described in section III-C2.

Blind relevance feedback (BRF) is used in TREC com-

petitions and usually improves performance in TREC adhoc

tasks. For example Cornell SMART system [20] at TREC

4 applied BRF (with good success) by adding the most

frequently occurring 50 single terms and 10 phrases from

the top 20 documents to initial query. However in MySQL

it didn’t perform as expected. To investigate this behavior

we ran experiments with query expansion with five different

ft query expansion limit values. However results were still

lower than natural language mode. We compared individual

MAP values of natural language mode run and best with query

expansion mode (limit 5) run and found that in 4 topics query

expansion performed better. MySQL Reference Manual does

not explain details of the query expansion mechanism but we

suspect that this is due to appending whole document text

to the initial query. Appending whole document to the initial

query increases noise significantly and returns nonrelevant

documents.

It is easy to understand TREC-like runs; natural language

mode is more suitable due to its sophisticated ranking algo-

rithm and the 50% threshold limitation. Query terms that occur

in half of the documents in the collection have no distinctive

property. Such words alone would return at least half of the

documents in the collection. Natural language mode that yields

best results in terms of retrieval quality is selected as best

representative of MySQL.

C. PostgreSQL

In PostgreSQL, both matching operator (@@) and ranking

functions takes same two parameters, tsquery and tsvector. We

observed that when AND is used as matching operator, some

topics did not return any documents while the others returned

a few documents. Pure AND queries returned 13 documents

per topic on the average. This behavior of AND operator yield

very poor retrieval quality. Therefore - as described in section

III-D2 - initially we used OR for both matching operator and

ranking functions in our runs. By doing so, we obtained better

results than AND operator.

When we examined our submitted qrels file, we observed

that many documents ranked exactly with the same float value

for a particular topic. Further investigations revealed that one

of the ranking functions (ts rank) does not play well with OR

operator. As it can be understood from first two rows of Table

VI ts rank does not take account into how many ORed terms

match when all query terms occur in a document. When it

is used with AND operator, this behavior reverses and score

increases with the number of matched terms. Interestingly

ts rank with AND operator (last row), does not yield zero for

the document that does not contain all of the query terms. On

the other hand ts rank cd function yields zero in this scenario.

Also score produced by ts rank cd with OR operator increases

as the number of the query terms found in the specified

document increases.

After these observations we concluded that it is more

convenient to use ts rank cd with OR operator while rank cd

with AND operator in our score calculations. We keep using

OR operator for matching function in our remaining runs. Note

that if we were to use ts rank cd with AND operator, the

documents that do not contain all of the query terms would

get a rank of zero. To obtain pure AND tsquery for use with

ts rank function, topics are fed into plainto tsquery function.

SQL sentence of runs using ts rank is modified as follows:

SELECT docno, ts rank(ts col,

plainto tsquery(’english’,’<topic>’), normalization) AS

rank FROM docs WHERE to tsquery(’english’,’<topic>’)

@@ ts col ORDER BY rank DESC LIMIT 1000;

Total eleven different runs performed (with the out-of-the-

box settings) to determine which ranking function and doc-
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TABLE VI
POSTGRESQL RANKING FUNCTIONS WITH BOOLEAN OPERATORS

SQL: SELECT ts rank ts rank cd

to tsvector(’t1 t2 t3’), to tsquery(’t1 | t2’) 0.0607 0.2

to tsvector(’t1 t2 t3’), to tsquery(’t1 | t2 | t3’) 0.0607 0.3

to tsvector(’t1 t2 t3’), to tsquery(’t1 | t2 | t4’) 0.0405 0.2

to tsvector(’t1 t2 t3’), to tsquery(’t1 & t2’) 0.0991 0.1

to tsvector(’t1 t2 t3’), to tsquery(’t1 & t2 & t3’) 0.2683 0.1

to tsvector(’t1 t2 t3’), to tsquery(’t1 & t2 & t4’) 0.0991 0

TABLE VII
POSTGRESQL SEARCH QUALITY COMPARISON

Run MAP P@5 P@10 sec/q

ts rank mode 0 0.0818 0.1878 0.1755 19.0408

ts rank mode 1 0.1071 0.3102 0.2898 19.5918

ts rank mode 2 0.0441 0.1102 0.1184 19.5306

ts rank mode 8 0.0505 0.1143 0.1265 19.0204

ts rank mode 16 0.0987 0.2612 0.2714 19.0408

ts rank cd mode 0 0.0065 0.0163 0.0122 21.3673

ts rank cd mode 1 0.0111 0.0204 0.0163 21.6122

ts rank cd mode 2 0.0267 0.0735 0.0837 21.5510

ts rank cd mode 4 0.0465 0.0980 0.0735 21.0816

ts rank cd mode 8 0.0169 0.0245 0.0306 21.0612

ts rank cd mode 16 0.0094 0.0122 0.0143 21.1224

ument length normalization combination yields best results.

Search quality results of PostgreSQL runs are given in Table

VII. It includes six different document length normalization

options and two ranking functions described in section III-D2.

Note that option 4 is supported only by ts rank cd and option

32 is just a cosmetic change so that it is not included in our

runs.

In all of runs ts rank performed better than ts rank cd

in terms of both search quality and search time. ts rank cd

yielded highest MAP value with mode 4 which is implemented

just for it. Among two predefined ranking functions and

six length normalization options, standard ranking (ts rank)

function with the normalization option 1, yielded highest

MAP value. Therefore this combination is selected as best

representative of PostgreSQL.

D. Global Evaluation

In this section we compare best representative of each

system. In Table VIII, the retrieval qualities (in terms of

mean average precision) of each system are compared. Each

system performed its best with KStemmer while overall best

performing one is Lucene (with KStemmer). It is observed that

among four different stemming methods, best performing is

the KStemmer for the English language. Also English (porter2)

stemming algorithm performed slightly better than the original

porter stemming algorithm in all systems. KStemmer with

Lucene performed slightly (2.8%) better than citri2 [19] which

was at the seventh seat at TREC-4 automatic adhoc com-

petition with the MAP value of 0.1956. PosgreSQL’s poor

TABLE VIII
MEAN AVERAGE PRECISION (MAP) VALUES

ootb Lovins Porter Porter2 KStem

MySQL 0.1182 0.1152 0.1314 0.1325 0.1394

PostgreSQL 0.1071 0.0973 0.1004 0.1010 0.1094

Lucene 0.1645 0.1726 0.1931 0.1941 0.2012
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Fig. 1. Interpolated precision - recall graph

performance can be explained by lack of inverse document

frequency component in its ranking mechanism.

Among the several metrics eleven point precision recall

curves of each system are presented in the TREC-4 overview

paper [11]. Therefore the curves of each system (with KStem-

mer) and citri2 are plotted on Figure 1 to compare information

retrieval systems visually. Lucene whose curve is the closest

to the upper right-hand corner of the graph (where recall and

precision are maximized) indicates the best performance.

Although main focus of this study is text retrieval quality

benchmarking, as a side note, indexing times of each system

are presented on Figure 2. In our experiments relational

database settings are optimized for static data. Note that in

PostgreSQL, GIN index is recommended21 for static data since

lookups are about three times faster than GiST, on the other

hand GIN index takes about three times longer to build than

GiST.

Average searching times of each system’s different runs are

depicted separately in sec/q column of tables in previous sub-

sections. Relational Databases’ searching and indexing speed

are much slower than Lucene. With the response time under 50

milliseconds per query, Lucene would perfectly satisfy online

web users.

V. OBSERVATIONS

Many Relational Databases have full text search functional-

ities but all have different syntax so there is no real standard

between different vendors. Details of their inner algorithms

are not well-documented.

All three systems use document length normalization in

order to prevent long documents taking over. Lucene and

21http://www.postgresql.org/docs/8.4/static/textsearch-indexes.html
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MySQL uses idf component in their score calculation while

PostgreSQL does not. MySQL’s full text search is limited

to only MyISAM tables and has a few tuning parameters.

PostgreSQL has more configurable parameters through dic-

tionaries that provide stemming, synonym expansion, stop

word removal etc. Available PosrgreSQL dictionaries are Stop

Words, Simple, Synonym, Thesaurus, Ispell and Snowball.

PosgreSQL’s full text search, similar to Boolean mode in

MySQL, does not require full text indices. In PostgreSQL,

it is possible to immediately see the output of full text related

functions and debug this way. For example executing SELECT

to tsvector(’english’, ’Testing the English configuration’); dis-

plays ’configur’:4 ’english’:3 ’test’:1

PostgreSQL and Lucene have highlighting feature that can

generate snippets where query terms are highlighted. Generally

users like to see which part of the document matches their

queries.

VI. CONCLUSION

Our work in comparing the performances of relational

databases and information retrieval libraries showed that; for

TREC-4 adhoc collection, Lucene produced the best results in

terms of efficiency and effectiveness. Lucene’s out-of-the-box

search quality reached to top six for TREC-4 adhoc evaluation.

Although relational databases provide easy to use full text

search capabilities that do not require an additional system

installation and maintenance, without linguistic preprocessing

their search quality is quite low. Due to the impractical

response and indexing times, open source relational databases

are unsuitable to be installed as a full text search solution for

high traffic web applications.
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Abstract—The paper presents an extended version of the
SuperMatrix system — a general tool supporting automatic
acquisition of lexical semantic relations from corpora. Extensions
focus mainly on parallel processing of massive amounts of data.
The construction of the system is discussed. Three distributed
parts of the system are presented, i.e., distributed construction
of co-incidence matrices from corpora, computation of similarity
matrix and parallel solving of synonymy tests. An evaluation
of a proposed approach to parallel processing is shown. Paral-
lelization of similarity matrix computation demonstrates almost
linear speedup. The smallest improvements were achieved for
construction of matrices, as this process is mostly bound by
reading huge amounts of data. Also, a few areas in which
functionality of SuperMatrix was improved are described.

I. INTRODUCTION

HUGE text corpora are now relatively easy to be collected,
e.g., on the basis of the Web. They can be a valuable,

direct source of linguistic data, e.g., use examples, but also
a basis for the automated extraction of linguistic knowledge.
Such applications as automatic induction of morphological
descriptions or extraction of syntactic subcategorisation frames
are well known. However, recently we can also observe
applications of automated extraction methods in the lexical
semantics, too. Construction of a large scale language resource
describing lexical semantics, e.g. a wordnet1, is a very labori-
ous process, in which skilled lexicographers must be involved.
Such a process can be supported by the automatic extraction
of semantic relations among words, or multi-word units in
general, as well, as semantic restrictions imposed by particular
words on their occurrence contexts. The extracted knowledge
can be consulted by linguists during the construction of a
resource or can be used for suggesting to the lexicographers
some new elements of a semantic lexicon, e.g., lexical seman-
tic relations between lexical units or groups of lexical units
(i.e., wordnet synsets) in a wordnet, cf [2].

There are two main paradigms of automatic extraction of
instances of lexical semantic relations, e.g., [3]:

• pattern-based,
• and clustering-based.
The clustering-based paradigm is also called distributional

paradigm, as it originates directly from the Distributional
Hypothesis formulated by Harris [4].

1By wordnet we mean here an electronic thesaurus of a structure following
the main lines of the Princeton WordNet thesaurus [1].

According to the pattern based approaches there are some
lexico-syntactic patterns, which combine two words and mark
the word pair as an instance of some lexical semantic relation,
e.g., hypernymy [5]. So every single occurrence of a precise
pattern is treated as evidence for the semantic association
of the given words. The pattern-based methods can utilise
individual occurrences of word pairs in a corpus, but are error
prone in the same time, as they depend on individual occur-
rences. This drawback can be corrected by taking into account
statistics of word co-occurrences with different patterns across
the whole corpus, cf Espresso [3] and Estratto [6] methods.

Statistical analysis of co-occurrences can lead to the au-
tomatic construction of a Measure of Semantic Relatedness
(MSR) (also called Measure of Semantic Similarity) which is
modelled as a function:

MSR : W ×W → R (1)

where W is a set of words and R is the set of real numbers.
MSR construction is based on the analysis of the similarity

of distributions of some words across different lexico-syntactic
or even semantic contexts as evidence for their close semantic
relation.

There are plenty of methods of the automatic extraction
of MSRs. Most of them start with processing a corpus and
constructing a co-incidence matrix describing co-occurrences
of LUs (rows) and lexico-syntactic contexts (columns). They
differ in three aspects: definitions of contexts, transformations
of the raw frequencies and calculation of the final measure
value. A context can be a whole document, but much better
results can be obtained using a more precise description of the
context. So, a word occurrence is mostly described by other
words occurring in its context and, possibly, syntactic relations
linking them to it, e.g., a particular noun can be characterised
by adjectives such that they occur in its context and syntacti-
cally modify it. A feature is a particular type of co-occurrence
describing the context, and a lexico-syntactic feature is a pair:
a word and a syntactic relation, e.g., 〈fast, modifier〉. The
initial value of the features are the frequencies of their co-
occurrence with the words that are described. However, these
raw values are mostly transformed later in order to emphasise
the semantic information they express in relation to words
being described.
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Fig. 1. Schematic view of co-occurrence matrix.

Several algorithms for collecting corpus frequencies, trans-
forming feature value and calculating semantic relatedness
of words on the basis of their feature vectors were imple-
mented in the SuperMatrix system [7] – a general tool for
the extraction of lexical semantic knowledge on the basis
of distributional analysis of corpora. The increasing size of
corpora processed by SuperMatrix and the resulting huge
amount of the extracted data resulted in very long processing
time in practical applications of SuperMatrix. From the very
beginning a typical practice was to divide manually huge
processing tasks into several parts processed independently:
several copies of SuperMatrix were run in parallel, on different
computers, and next the partial results were merged using
manually controlled functions of SuperMatrix. The general
requirement for the computing time is unavoidable, if one
wants to work with huge corpora, but the total time of task
completion can be reduced by extending SuperMatrix with
elements of the parallel architecture.

The goal of the paper is to present a version of SuperMatrix,
which is extended with elements of the parallel processing
architecture, that is aimed towards better support for efficient
distributional analysis of massive corpora. Moreover, several
extensions and improvements concerning extraction and clus-
tering algorithms of SuperMatrix are also presented.

In the following sections, first we will briefly describe the
SuperMatrix system as a tool supporting semantic analysis,
i.e., its basic algorithms and functionality. Next we will
identify these algorithms that can be successfully transformed
into their parallel versions. We will present the distributed,
parallel architecture of the new version of SuperMatrix. Fi-
nally, we will report on the experiments performed, practical
applications and plans for further extensions.

II. SUPERMATRIX

SuperMatrix is a collection of libraries for programmers
and end-user tools for creating, storing and manipulating
co-incidence matrices that describe distributional patterns of
words. A co-incidence matrix is a matrix, in which rows cor-
respond to words being described and columns to features, see
Fig. 1. Initial values of cells are set to frequencies with which
features occurred in the contexts of the subsequent words. The
system consists of the four main modules,2 namely:

• Matrices – a library for storing and accessing matrices.
SuperMatrix supports a few formats of storing matrices,
but the most important one are sparse matrices.

• Comparator – a library enabling computation of simi-
larity between rows of matrices (i.e., between one word

2We present a brief description of a system, for detailed discussion see [7].

and multi-word lexical units) using different MSRs. Com-
parator was also designed in a modular manner. The
computation of a similarity matrix was decomposed into a
few steps, i.e., global filtering of features, local selection
of features, weighting of features and comparing feature
vectors. For every stage there are several algorithms
implemented in SuperMatrix.

• Matrix tools, including (but not limited to) tools for:
constructing co-incidence matrices (collecting raw fre-
quencies and transforming feature values), MSRs, joining
matrices and analysing matrix content, e.g., manually
browsing selected rows and columns from any matrix –
including transformed and weighted matrices.

• Clustering – a package consisting of several cluster-
ing algorithms, e.g., implementation of Clustering by
Committee [8] (modified and extended [9]), RObust
Clustering using linKs [10] and Growing Hierarchical
Self-Organising Maps [11], and also an interface to the
CLUTO package [12].

III. DISTRIBUTED SUPERMATRIX

There are two main problems of processing huge corpora:
long processing time and huge amount of memory required.
Fortunately, corpus processing has in general a parallel nature
and the majority of matrix operations can be easily decom-
posed into operations performed on matrix parts. In the follow-
ing subsection we will discuss parallel algorithms introduced
into extended SuperMatrix, and in the next subsection we
will present the contemporary, improved functionality of the
system.

A. Parallel Algorithms

We have identified three main areas of the SuperMatrix
functionality, in which parallel algorithms can introduce im-
provements:

• co-incidence matrix construction,
• similarity matrix calculation,
• MSR evaluation by WordNet-based Synonymy Test

(WBST)3 [16].
Corpus processing is the fourth possible area, which is

suitable for parallel processing, but SuperMatrix is mostly
applied to text previously tagged morphosyntactically and text
processing is reduced to the application of morphosyntactic
constraints or reading annotation – both these elements are
included in the matrix construction.

A natural way of task distribution among processing nodes
during matrix construction seemed to be assignment of the
subsequent parts of the corpus to the different nodes. However,
this solution encounters several problems. First, the applied
binary corpus format of Poliqarp is best suited for sequential
corpus processing in our wrapping library. Secondly, definition
of the matrix columns in the form of lexicalised morpho-
syntactic constraints can consume huge amount of operating

3The task in WBST test is to determine which word among a few choices
given is synonymous to the given question word. There is a long tradition of
evaluation of MSRs using synonymy tests, e.g., [13]–[15].
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memory, as the constraints are kept in the compiled form due
to efficiency reasons. Thus, a large constraint-based matrix of
around 500 thousands of columns is too large to be kept in the
memory4, but we face the necessity to build such a matrix as
a tool in the analysis of a huge Polish corpus of 930 million
of words. Construction of a matrix including features based
on the morpho-syntactic constraints requires huge amounts of
memory, but it is also the most valuable type of a matrix in
terms of the accuracy of the results generated and possible
applications of SuperMatrix.

Instead of distributing data across processing nodes, we
distribute processing. Each processing node is assigned a
matrix with a subset of the original set of columns. The sub-
matrices (column slices) are defined by the specification of
the features sent by the central managing node. All nodes
are run on the corpus in parallel. A corpus is stored on the
shared resource, as this is the usual approach in computing
clusters. Also, a corpus can be huge so keeping it copied in
multiply places is not practical. Nevertheless, this is a potential
bottleneck of the system. However, as our experiments with
corpus copies placed on the processing nodes showed, the data
transfer influences the system efficiency to a minor extent.
At the end, the data stored in the sub-matrices are read
sequentially by the central node and merged into the resulting
matrix of possible huge dimensions, but typically very sparse.
Constraints are kept in memory only for processing in the
nodes, columns in the resulting matrix are described by labels.

The big advantage of the above model is the ability to con-
struct word descriptions unlimited in the number of features
used distributed across processing nodes. Scheduling is also
simple in the case of a limited set of nodes – the central
manager can gradually sent the subsequent sub-matrices to
nodes which just finished their task.

In the case of the similarity matrix calculation, the smallest
unit of processing which can be distributed independently of
specifics of measure of semantic relatedness is the calculation
of the similarity of two rows. As a typical task is computation
of the k most semantically related words to the given one, the
central manager assigns identifiers of rows to be processed to
the processing nodes. The central node collects the computed
values or ranking lists for the subsequent words.

In the parallel implementation of WBST-based evaluation
of MSR, all processing nodes store the full list of question-
answer (QA) pairs, the similarity matrix and the central
manager assigns subsequent <test, MSR, matrix> tuples to
free nodes. Testing results (the number of correct and incorrect
answers, as well, as omitted QA pairs when one of the words
was not described by a given matrix) are sent to the central
node which calculates the final aggregated test statistics.

B. Improved Functionality

The functionality of SuperMatrix has been improved in a
few areas. Aside from bugfixes and general code clean-up we

4On the processing node with 4 GB of RAM only construction of a matrix
with 76,000 columns could be started, but was not completed.

have added a few new algorithms for construction of MSR or
extended existing ones. We have added simple quantization of
weighted values to mutual information based measures (Mu-
tual Information of Lin’s [17] measure and Pointwise Mutual
Information [8]). Several different methods of weighting inside
RWF function have been implemented using contingency table
based definitions proposed by [18]. We have added RWF based
on: mutual information, log likelihood and χ2 measures of
associations. Rank weight functions were also extended with
a possibility of building non-linear rankings of features (e.g.,
exponential).

Treating co-occurrence data gathered using different lexico-
semantic constraints (or different grammatical relations ac-
quired from parser) in an uniform way may be sometimes
inappropriate. Thus, we have added simple ensemble-like
MSRs that works on different parts of matrices independently.
This is one of the ongoing area of research within our team.

As it was mentioned above, SuperMatrix does data clus-
tering via either using built-in algorithms (e.g., GHSOM
or CBC) or interfacing with CLUTO. Both of these ways
expose pretty advanced clustering algorithms for the user.
However, there was no easy way to use some very simple
algorithms. Thus we have implemented two baseline clustering
algorithms: k-means and k-medoids. The latter uses classical
partition around medoids approach. The implementation of
those algorithms is a little bit different then classical ones,
i.e., we perform clustering on the basis of similarity (any
weighting scheme in SuperMatrix can be used, but similarity
is restricted to cosine in current version). In terms of clustering
we have improved our integration with CLUTO, i.e., for
internal algorithms we use output format of CLUTO and
we added tools for evaluation of clustering based on this
format. We have implemented only a few evaluation measures,
namely: purity, Rand Index, normalised mutual information
and precision, recall and f-measure [19]. Having this tight
integration with CLUTO enables us to use also SenseCluster
[20] method of evaluation, which uses a little bit different
definition for computing precision and recall.

We also work on the web service base access to SuperMatrix
and part of the targeted functionality is already available5. This
work is done as a part of the CLARIN project. Currently we
have most of the technical bits of SOA-based communication
with SuperMatrix worked out and a user can query a few pre-
build matrices for similarity between words.

We have added an interface to work with Doug Rohde’s
SVDLIBC library6 — a cleaned up version of Berry’s SVD-
PACKC [21].

Also a few technical improvements have been made in
SuperMatrix. The performance of (sequential) parts of MSR
computation have been greatly improved (by a factor of 2-
10 depending on complexity of MSR, the more complex the
higher the speedup) by allowing user to weight whole matrix,
before computations (which can be undesirable in a few cases,

5http://nlp.pwr.wroc.pl/clarin/ws/supermatrix/
6http://tedlab.mit.edu/ dr/SVDLIBC/
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e.g., some MSRs use unweighted data in the later stages of
processing, or raw frequencies are required in different part of
user’s application). We have improved a parser of MSR request
in a way that every part of MSR can be now specified via a
character string without resorting to assembling MSR inside
the code. In previous version of SuperMatrix only predefined
combinations of parameters were available in this way.

IV. EXPERIMENTS

All experiments were aimed at comparing the processing
time of the single-node version of SuperMatrix with the new
parallel version run in the distributed network of process-
ing nodes. For the needs of semi-automated development of
plWordNet (a wordnet for Polish) [2] a corpus of the size
900 million words7 is processed, around 350,000 lexicalised
constraints (based on adjectives, nouns and verbs) were iden-
tified as delivering statistically meaningful information and
the description is built for around 25,000 nouns (some of
them are multiword expressions)8. Concerning these numbers,
performing the repeated tests on the corpus of this size would
consume the power of our computing cluster to the very large
extent, while the cluster is being extensively used in everyday
practice of the works on preparing semantic resources for
plWordNet. Also, it is not possible to fit a matrix of this size in
the memory which is needed for comparison with performance
of a run on a single node – only up to 40–60 thousands
of column constraints, depending on the complexity of the
constraints, can be stored in 4GB RAM. Thus all experiments
were performed on smaller matrices or on partially completed
tasks.

All experiments were performed on the computing cluster
consisting of 6 computing nodes. Each node is equipped with
two dual core processors Intel(R) Xeon(R) CPU 5160 3GHz.
4 processes can be run in parallel on each node that gives
maximally 24 virtual processing nodes. Three of the nodes
have 5 GB RAM, three 6 GB RAM – this is a strong limitation
for SuperMatrix, concerning a single processing node. The
nodes are connected by the InfiniBand network of 96Gbit/s
bandwidth. The cluster runs under CentOs 5.3. All parallel
algorithms of the extended SuperMatrix were written in C++
and the inter-process communication using Message Passing
Interface (MPI) library.

Aside from time of execution we mention also speedup
S(p) = Ts

Tp(p)
, where p is a number of processors, Ts is a time

of execution of best sequential algorithm solving the problem
and Tp(p) is time of execution of parallel algorithm using p
processors. In practice Ts = Tp(1) for convenience [24].

7A joint corpus consisting of 10 smaller, including the IPI PAN Corpus
[22], the corpus of Rzeczpospolita [23] and several corpora built on the basis
of the Web content.

8The set includes words already included in plWordNet and new ones, as
the aim of the process is to extract from the corpus information concerning
semantic associations among words and next use this information in generating
suggestions concerning the placement of the new words in the plWordNet
structure.

TABLE I
MATRIX CONSTRUCTION ON THE DIFFERENT NUMBER OF PROCESSING

NODES.

No of nodes 1 2 4 6 8 10 12 14
Time (min) 90.5 71.5 64.25 62 61.75 54.5 51.5 53

Speedup 1.27 1.41 1.46 1.47 1.66 1.76 1.71

A. Co-incidence Matrix Construction

A matrix was constructed on the basis of the IPI PAN
Corpus (around 250 millions of words). Description of 25,000
nouns was based on constraints based only on adjectives that
resulted in around 35,000 lexical constraints (columns). A
constraint of this type recognises occurrence of the given
adjective in text as modifying the given noun which is being
described.

During the first experiment constraints were uniformly
assigned to the processing nodes. The results for different
number of nodes used are presented in Tab. I. The processing
time decreases with the increasing number of nodes. However,
the process saturates with 10 processing nodes, and starting
with 12 nodes the speed of processing starts to increase. It is
caused by the communication overhead: adding new nodes
brings a relatively small increase of processing speed but
increases the complexity of communication. The reason for
this is that a significant part of the process has a sequential
character, i.e., mainly reading the corpus.

In the second experiment, we compared the behaviour of the
system in the environment of the limited memory capacity. The
maximal number of the constraints stored was limited to 7800
only. A sequential non-parallel version was run 4 times and
was compared with the parallel version run on the 4 nodes
simultaneously. The results are, respectively: 169.5 minutes
and 64.25 minutes. The total cost of processing 257 min. (4
times 64.25 min.) is much higher in the case of the parallel
version, however we get the result 2.64 times faster.

B. Similarity Matrix Calculation

Experiments in this subsection were based on the co-
incidence matrix of 25,000 rows (describing nouns) and
240,000 columns representing lexicalised constraints. Cosine
measure was applied as row similarity measure, so no trans-
formation took place during the similarity calculation.

In the first experiment, computations was repeated for
several different numbers of words, in each case the goal was
to find k = 20 most semantically related words to the given
one. Experiment was repeated for the different numbers of
processing nodes used. As complete would require a lot of
processing time, the final results were estimated on the basis
of the first hour of processing in each case. The results are
presented in Tab. II.

The achieved speedup is almost linear – with the increasing
number of nodes the speedup of the processing is increasing
(see Fig. 2). The sequential part is performed on each node
and encompasses reading the co-incidence matrix (from the
shared hard drive) and calculating the similarity function. So
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TABLE II
TIME (MIN) REQUIRED FOR THE SIMILARITY MATRIX CALCULATION ON

THE DIFFERENT NUMBER OF PROCESSING NODE – “ND.” AND FOR
DIFFERENT SIZE OF THE PROBLEM.

No of words
Nd. 200 500 1000 2000 5000 10000 25000

1 107 267 476 1120.5 2719 4486.5 14760
2 57.25 138 302 553.75 1323.5 3102 6402
4 34.25 74 154.5 306.5 727 1488.25 3682
6 23 45 93.5 180 453.5 911 2318
8 20 37.5 78.75 152.5 387 759.5 1987

10 16.75 28.5 60 115.25 288 581 1408.5
12 13.75 23 47.5 88 225.5 445 1104.5
14 13.25 19.5 40.25 75 186.5 373.25 927
20 12.5 16.75 33.25 70.25 157 307 781

Fig. 2. Speedup of similarity matrix calculation in relation for different size
of the problem

the parallel part of the process increases with the increasing
number of words.

A typical task is calculation of a list of the k most
semantically related words to each described word. Such a
list is used next, e.g., as a knowledge source in a WordNet
Weaver system that supports extension of a Polish wordnet in
a semiautomatic way.

During the second experiment, we tested the influence on
the speedup of the number of k most semantically related
words calculated for each word and sent to the central man-
ager. Our aim was to analyse consequence of the expected in-
creasing communication complexity with the increasing length
of lists returned to the central manager. The results for the two
values of k: 20 – a typical one, and 25,000 – the full list, are
presented in Tab. III. The lists were computed for a sample of
500 words (nouns).

In the case of 1 and 2 nodes, the processing time was
estimated on the basis of part of the process. If size of the
results had had an influence on the communication, the time
required for computing a list for k = 25000 would have
been larger than for k20, but it is much smaller in fact! It
is caused by the lack of sorting in the case the whole list of
25,000 similarity values is returned. According to the assumed
algorithm, if k is smaller than the number of words a list must
be sorted and only the k top are returned.

Both experiments showed that with the increasing com-
plexity of the problem, but also with increasing number of
processing time the system expresses very positive efficiency.

TABLE IV
TIME (MIN) USED REQUIRED FOR PERFORMING WBST TESTS FOR

DIFFERENT CO-INCIDENCE MATRICES AND MEASURES OF SEMANTIC
RELATEDNESS. THE VALUE OF SPEEDUP IS GIVEN IN THE BRACKETS.

MSRs 5 10
Matrices 1 2 1 2

Nodes
1 21 51 66.5 157.5
2 13 (1.61) 26 (1.96) 35 (1.9) 82.5 (1.91)
3 10.2 (2.05) 22 (2.32) 28 (2.37) 65 (2.42)
4 10 (2.1) 19.5 (2.61) 24.2 (2.74) 55.5 (2.84)
5 6 (3.5) 15 (3.4) 18 (3.69) 42.2 (3.73)
8 6 (3.5) 11.2 (4.53) 16.2 (4.09) 28.5 (5.53)

10 6 (3.5) 8 (6.35) 16.2 (4.09) 22.5 (7)

These results have a very practical meaning, as row similarity
matrices are comptuted very often in practice, and in the
case of a non-parallel version of SuperMatrix their calculation
was a serious bottleneck for more complex process of the
extraction of lexico-semantic relations.

C. Measure of Semantic Relatedness Evaluation

For the needs of the experiment a WBST test was ran-
domly generated from plWordNet. The test consisted of
around 15,000 of question-answers (QA) pairs. Two large co-
incidence matrices were collected. For the experiment we se-
lected also 10 MSRs based on different algorithms of different
complexity. All MSRs were calculated during experiment for
the pairs of words from the test. Matrices were stored on the
processing nodes.

Two versions of the WBST-based evaluation were com-
pared. The old one, which is parallel (thread-based parallelism)
but not distributed. It can assign different <test, MSR, matrix>
tuples to different cores of the single machine. The second one
of extended SuperMatrix is capable of distributing subsets of
<test, MSR, matrix> tuples across processing nodes.

The parallel version was tested for 5 and 10 different MSRs
to be tested and 1 and 2 co-incidence matrices on up to 10
processing nodes. The old non-distributed version was tested
for the same combinations of MSRs and matrices but only up
to 4 cores – the maximal number in the PC used for the test.
The results of the experiment are presented in Tab. IV.

We expected that the WBST performance would be increas-
ing with the increasing number of processing but the speed will
not rise linearly in relation to the size of the problem. In our
expectations we took into account different complexity of the
used MSR algorithm and different properties of the two co-
incidence matrices applied. WBST parts, i.e., subsets of QA
pairs are different from the computation point of view – they
differ only in their size. In order to solve one QA pair, the
system has to compare four row vectors. The achieved results
are generally compatible with our initial expectations. The
only difference is that in the case of two matrices processed
the speedup grows almost linearly, while in the case of one
matrix saturates around 5 nodes.

BARTOSZ BRODA, DAMIAN JAWORSKI, MACIEJ PIASECKI: PARALLEL, MASSIVE PROCESSING IN SUPERMATRIX 377



TABLE III
TIME (MIN) REQUIRED FOR COMPUTING LIST OF THE k MOST SEMANTICALLY RELATED WORDS TO THE GIVEN ONE.

Number of Nodes
1 2 4 6 8 10 12 14 20

k=20 267 138 74 45 37.5 28.5 23 19.5 16.75
k=25000 215.5 117.25 75.5 45.25 37.75 29.25 23.25 19.75 16.75

V. RELATED WORKS

There are a few systems that are similar in functionality to
SuperMatrix, but process data in a sequential manner. Reim-
plementation of LSA [13] is possible with the combination
of MC Toolkit [25] and SVDPACKC [21]. There are a few
problem with this approach, e.g., MC Toolkit supported only
ASCII encoding and could only create a words by documents
matrix. Infomap NLP package [26] supports similar function-
ality to MC Toolkit with SVD, but it was especially created
for the extraction of word meanings from free text corpora.
Infomap NLP package has been abandoned in favour of a new
system called Semantic Vectors (SV) [27]. Main differences
with Infomap NLP are: usage of random projection instead
of SVD for dimensionality reduction and the implementation,
which was written completely in Java, using Apache Lucene
as a document-indexing engine.

Distribution of computation in natural language processing
has a long tradition in domain of Information Retrieval (IR).
However, in IR the main approaches focuses on reducing
volumes of fetching, sending and processing of (inverted)
index, cf [28], [29].

Pantel et al. present work similar to subset of ours — scaling
similarity calculation to very large datasets [30]. However, the
focus in [30] was put on distribution of only the similarity
function, like cosine or Dice. In our approach we parallelized
all the computations (matrix construction, feature selection and
filtering, weighting and similarity calculation). Pantel et al. use
a approach based on MapReduce framework which is popular
in many application in NLP, e.g., clustering [31].

VI. CONCLUSIONS

SuperMatrix appeared to be a very valuable system dur-
ing the semi-automated construction of plWordNet, see the
detailed report on techniques applied in [2]. However, the
growing size of both: corpus and plWordNet, caused that
the further usage of a single-machine version of SuperMatrix
started to be difficult. Work on transforming the system into a
system based on the parallel architecture have been initiated.

In SuperMatrix, the basic data structure is a matrix, the
majority of operations have a sequential character in relation
to processing rows or columns of the matrix. Thus, the main
concern was in which areas the effort on introducing parallel
and distributed processing will be most effective in terms
of the reduced time of processing or the increased scale
of problems processed. The latter was even a more severe
limitation than the former.

Three main areas were identified for transformation into
parallel computation, namely: co-incidence matrix construc-
tion, similarity matrix calculation and MSR evaluation by

WBST. The first two are the most costly processes in terms
of computation complexity and both were bottlenecks for
larger problems: the former because of the memory usage, and
the latter due to time complexity. Less attention was given
so far to the feature-oriented transformations of the matrix,
as they are applied to the already collected frequencies and
sparse matrices. Matrix-oriented transformations, like SVD,
form a separate class of problems, SuperMatrix depends in
this area on the third-party solutions, so this important issue
was left for further development. Corpus preprocessing, e.g.,
by a morpho-syntactic tagger, is also an area suitable for
parallel processing. However there is an ongoing work on
some solutions in this phase in another project, cf. [32], so it
was not solved here – SuperMatrix is able to co-operate with
some language tools, e.g., the TaKIPI tagger, but from the
point of view of parallel SuperMatrix architecture we assume
that the input corpus is already pre-processed. Moreover, the
morpho-syntactic constraints, which are heavily applied during
matrix construction are in fact a language tool similar to a
chunker (a kind of a parser).

All introduced solutions appeared to be effective in per-
formed tests and in practice. In the case of the matrix con-
struction the decrease of processing time saturates with the
increasing number of processors, but even more important
profit is that parallel architecture enables construction of
matrices of practically unlimited size in a convenient way, i.e.,
without human guiding the system through the process. This is
important feature, because the construction of large amount of
submatrices independently and summing them in correct order
is long, laborious and error prone process when done manually.
The use of 500,000 features and even more is justified as
distribution of words in the natural language is very sparse
and different subsets of lexicon can be described by different
subsets of lexico-syntactic features, e.g., by different specific
adjectives. The present version of SuperMatrix is prepared for
this.

The applied technical solution based on the MPI, makes
possible to use the system not only on a specialised computing
cluster by also on a network of computers or even utilise multi-
core architecture of a modern PC.

We plan to make SuperMatrix more flexible with respect
to the application to different languages and different corpus
annotation schemes. The present version works for Polish and
English, but some elements are tightened to some specific
language tools.

Possible application areas for SuperMatrix include ex-
traction of MSRs from corpora and semantic correction of
handwritten text. This system can be also used to perform
unsupervised word sense disambiguation, named entity disam-
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biguation, sentiment analysis, document indexing, clustering
and retrieval and search engine construction. Last but not least,
we suspect that SuperMatrix can be used outside the domain of
natural language processing, i.e., everywhere were an object
can be represented as a sparse feature vector (especially in
high dimensional space).
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Abstract—In this paper the development of a prototypic mobile
voice control for navigating autonomous robots within a multi
robot system is described. As basis for the voice control a
hidden markov model based speech recognizer with a very low
vocabulary of 30 words is utilized. It is investigated how many

training samples for a markov model are required for a normal
operation of speaker-dependent speech recognition. Therefore,
hidden markov models were developed successively in parallel
with an own training data corpus containing finally 2290 utter-
ances from 12 speakers. Within the successive development of
acoustical models and training corpus, the work revealed details
about how many speakers are necessary to achieve an acceptable
degree of speaker independence. We focused on an evaluation
of the speech recognizer in adverse outdoor environments. The
evaluation ranges from almost calm conditions of about 39 dB
up to very adverse noise conditions of 120 dB. It is investigated
whether a small vocabulary attenuates the noise vulnerability and
in how far an increase of speaking volume can compensate noises
of different intensity. The voice control was tested in outdoor
environments and aspects of its usage are described.

I. INTRODUCTION

I
N HUMAN-MACHINE scenarios, e.g., where the user does

not have his hands free to type in commands, or where the

user is handicapped, the ability to control a system by voice

can be considered. For those purposes usually small vocab-

ularies are sufficient. In calm acoustical environments, e.g.,

in flats, low vocabulary speech recognition performs almost

perfectly. Unfortunately in outside-scenarios or in in-vehicle-

scenarios the acoustical environment can be very adverse.

It is not clear in how far a small vocabulary can compensate

such bad acoustical conditions in order to maintain an accept-

able word recognition rate (WRR) of 95%. Furthermore, it is

an open question in which noise scenarios an increase of the

speaking volume can maintain this recognition rate.

To this end, a low vocabulary speech recognizer was de-

veloped and evaluated under several adverse conditions. The

evaluation ranged from almost calm conditions of about 39

dB up to very adverse noise conditions of 120 dB. For the

training of models we constructed an acoustic corpus contain-

ing 2290 hand labeled German utterances from 12 people with

different accents and relevant issues in corpus construction are

described. For the unit of speech that has to be acoustically

modeled by hidden markov models (HMMs), the word was

chosen. Suitable numbers of gaussian mixture components

were specified for speaker-dependent and speaker-independent

training. The successive development of the acoustic models

revealed insights in how many training samples are required

per model and how many speakers are needed for speaker

independent speech recognition. The core speech recognizer

was connected to the software framework of the robots by

means of suitable software libraries as will be explained in

Section II. Finally, the speech recognizer was integrated into

a voice control application for navigating robots within a multi

robot system and issues in operating the voice control in

outside environments are described.

A. Related work and Goals

In various studies experimental speech communication with

robots has already been developed and successfully used (see,

e.g., [1], [2]). However, in these works no studies were con-

ducted regarding the performance of speech recognition when

used in different noise scenarios. Therefore, we developed the

voice control application with the aim to give answers to the

following questions:

1) How strong is the effect of street noise, crowd noise, and

in-vehicle noise of different degrees on the performance

of speech recognition? Can an increase of speaking

volume improve recognition rate and can a vocabulary

with less than 50 words compensate such noise?

2) How many speakers are necessary to achieve an accept-

able level of small-vocabulary speaker independence?

3) Does direct voice input suit to perform spatial navigation

tasks?

The rest of the paper is structured as follows. Next, Section

II describes groundwork and conceptual considerations for the

voice control. The successive development of the application is

illustrated in Section III. The speech recognizers performance

is evaluated in Section IV and Section V concludes with a

discussion.

II. CONCEPTION

This section describes basic conditions and conceptual con-

siderations on which basis the voice control was developed.
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Fig. 1. Specifying target coordinates in a robot-centered 2-dimensional area

A. Navigation by the use of voice

The goal was to enable a navigation of robots onto a

two-dimensional arbitrary ground, i.e., to move the robots

backwards and forwards, and to rotate and stop. To allow for

such a control, one single command was defined to consist

of the specification of a direction and a distance. The values

of distance and direction are given in meters1 and o’clock.

For instance, if the user commands robot 1 to go five meters

forwards, the command to be uttered is formed as "robot 1:

5 meters, 12 o’clock". If robot 1 should drive five meters to

the right, the command is "robot 1: 5 meters, 3 o’clock". The

values for the parameters distance and direction are always

specified relative to the robot (see also Figure 1).

B. Reused tools, software and platforms

In the following, toolkits and robot platforms utilized for the

implementation of the voice control application are described.

Robots software and hardware: For the operation of the

voice control we used robots of ATRV series from Real

World Interface2. An ATRV-robot is a four-wheeled mobile

platform equipped with sonar sensors and wireless ethernet

communications. The ATRV-robots employ the software robot

framework RoSe [3], [4], which serves as framework for con-

trol and communication among roboters. A C++ application

is embedded in this framework and is called a RoSe service.

The framework provides methods that allow RoSe services

to communicate with each other via wireless link. A relevant

service for the voice control is the collision avoidance service

[5]. To this service a target coordinate in a two-dimensional

robot-centered coordinate system can be passed. The service

computes a path to the target coordinate which prevents to

collide with obstacles. In order to put the robot in motion the

1All commands have to be uttered in German. But for better readability
they are written in English throughout the paper.

2formerly RWI, now iRobot, http://www.irobot.com

ATRV robot

RoSe−Framework

Tablet PC

RoSe−Service

RoSe−Service

RoSe−Service

Colission avoidance

Motor control

Application Toolkit for HTK

Speech recognizer

environments

Noise data of 5 acoustical 

Acoustical models

HMM Development System
Hidden Markov Toolkit HTK

1280 Training utterances

440 Test utterances

with coordinates

RoSe−Messages

Fig. 2. Several software components arranged into an overall system for
development, evaluation, and tests in outdoor environments

collision avoidance service instructs a further RoSe service

which is responsible for control of the robot’s motor.

Toolkits for speech recognition: For development of acous-

tic models and evaluation under noise, the hidden markov

Toolkit (HTK, [6]) was used. For embedding the developed

acoustic models into a C++-application of the robots frame-

work the Application Toolkit for HTK (ATK, [7]) was used.

ATK is designed to create experimental applications based on

HTK. It consists of a C++ layer which directly accesses the

HTK library modules. ATK enables acoustic models that have

been developed by HTK to be reused and integrate them into

arbitrary C++-applications wrapped by ATK.

Composition of the voice control application: A combina-

tion of the software tools and hardware platforms described

above composed the voice control application as follows.

Acoustic models were trained with a development system

based on HTK. These models were loaded into ATK. A RoSe

service was written which utilizes the ATK libraries and, in

particular, markov recognition algorithms and thus represents

a RoSe service for voice control. Since the voice control

appears as RoSe service, it is able to send messages with target

coordinates to the collision avoidance service (see Figure 2).

C. Determining the speech recognizers application scope

This section describes the determination of adequate param-

eters for defining the speech recognizers application scope.

Vocabulary size: A small vocabulary of around 30 words

was chosen to cover the required words for navigating the

robot like, e.g., “robot”, “meter”, “o’clock” and several num-

bers ranging from “one” to “twelve”.

Degree of speaker independence: Investigations deal-

ing with speaker independence indicate different numbers of

speakers required to achieve an acceptable degree of speaker

independence [8], [9], [10]. According to Lee [9], at least 100

male speakers are in the training set as a minimum requirement

for speaker independence. Furthermore, Kubala [10] shows

that with 12 carefully selected speakers the same degree of

speaker independence as a reference system can be obtained

which was trained with 100 speakers. Thus, in this work

utterances of 12 speakers of our research group were used

as data basis. According to the statement of Kubala [10], it
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is assumed that even with this little number of speakers an

approximately similar degree of speaker independence can be

achieved as with a system that is trained with great speaker

numbers.

D. Conception of Acoustic Modeling

The parameters that define the structure of the hidden

markov models and the feature extraction are as follows.

Unit of speech: As unit of speech that has to be modeled

by hidden markov models the word was chosen.

Number of states: The number of states per word-model

was chosen dependent from words number of phonems but

an extra state was added for the closure phase of plosives to

model their non-stationarity more adequately. The number of

states of the HMM was chosen to be linear to the number of

phonemes in the corresponding word. This was intended to

ensure that the phonetic structure of words is identical with

the states of the HMMs. Furthermore, Bakis models [11] were

used in which each of the next state may be skipped. This was

intended, to take care of articulatory phenomena like vowel

reduction.

Number of gaussian mixture densities: In literature there

is no way known how to calculate the correct number of

gaussian mixture densities. Accordingly, the number of gaus-

sian mixture densities was kept variable. In development of

acoustic models various numbers of gaussian mixture densities

were tested in order to determine a suitable value.

Feature extraction: Mel Frequency Cepstral Coefficients

(MFCC) were used to simulate a frequency sensitivity that is

similar to that of the human ear.

E. Conception of the Acoustic Corpus

The overall speech corpus was recorded with a Sennheiser

PC 30 microphone.

Utterances to be spoken: It was determined to use speech

samples out of continuously spoken utterances. Phenomena

of coarticulation as they will occur in the operation of the

speech are aimed to be included into the models. For instance,

a sentence that had to be recorded looked like the following.

robot one drive ten meters twelve o’clock

Amount of utterances to be spoken: As requirement for

HMM training for each model that should be trained at least

10, but better 50 or 100 samples should be available [8]. With

a vocabulary of about 30 words, it should be sufficient to

take 60 training utterances as basis to achieve a set of 20

references per word. Thus, in this work 60 training utterances

were specified as minimum.

Manual annotation of utterances: Training procedures for

hidden markov models require model specific pre-annotated

audio data. For good results, at least an initial annotation for

the models should be provided [12], [8]. For that reason parts

of the corpus were manually segmented on word level. For

the utterances for which no segmentation has taken place, a

complete orthographic annotation was required instead.

two

one

three

one

drive

thirty

meterstwenty

twelve

one

o’clockrobot six

Fig. 3. Grammar network to cover navigation commands

III. DEVELOPMENT AND IMPLEMENTATION

In this section the development of the speech recognizer, its

connection to the robots framework, and its integration onto a

Tablet PC is described.

A. Realization of the Grammar

To allow for the requested operation the following grammar

has been constructed. A command basically consists of a

citation of the robot which is to execute a command, e.g.,

"robot two", and the actual statement, e.g., "drive ten meters

towards twelve o’clock". Figure 3 depicts the grammar where

silence models are omitted for better clarity.

B. Development of the Acoustic Corpus

In order to create the corpus, speaker utterances for training

and for testing were recorded, afterwords post-processed, and

finally partly annotated on word level with Praat [13].

Recording: The recordings have taken place in a carpeted

large room with curtains. In total 220 training and 50 test

utterances were recorded from the author. From each of the

12 speakers, 72 training and 50 test utterances were recorded.

The whole corpus consists of 2290 utterances which includes

the training part of 1850 utterances and the test part of 440

utterances. Issues related to the recording procedure were as

follows. In order to maintain an adequate recording level and

to avoid overmodulation, the distance to the mouth was re-

adjusted for each speaker. For very loud or very soft voices

the recording volume of the sound device had to be adjusted.

Increasing the recording volume had to be done carefully in

order to avoid too much inclusion of ambient noise into the

signal. Sometimes it was difficult to maintain the same mean

energy due to a movement of the microphone or a change of

speaking volume. To ensure a flawless corpus, it was necessary

to review the recorded utterances and, if some utterances were

faulty, to capture those again.

Post-processing: The recorded utterances had needed to be

post-processed such that only those audio data was included

in the speech signals that were specified by our orthographic

annotation. Thus, the utterances were freed from previous

and following silence with standard sound-editing software.

Random reviewing of temporal and spectral variation has taken

place at approximately one third of the statements. Attention

in inspecting the utterances was paid to modulation issues like

insufficient modulation or overmodulation.

Manual annotation: All 240 utterances of the author were

entirely manually annotated considering to use them for

speaker-depended training. 10 of the 70 utterances of remain-

ing speakers have been annotated manually aiming to use them

for speaker-independent training. An automatic conversion
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TABLE I
NUMBER OF UTTERANCES FOR TRAINING AND EVALUATION

Subject Sex Accent Training Segmented Test

AK male Franconian 72 10 50

AT male Russian 72 10 10

BB male High German 72 10 50

DS male High German 72 10 50

FH male High German 72 10 50

FS male High German 0 0 10

HLW male High German 72 10 50

HM male Arabic 0 0 10

HN male High German 72 10 50

MS male High German 0 0 10

RC male High German 220 220 50

SR male High German 72 10 50

TB male High German 72 10 50

TR male High German 72 10 50

1850 320 440

of annotations from the Praat format into HTK format has

been realized with linux scripts. Naturally appearing speaking

sounds like those of smacking and exhalation were separately

annotated intending to train particular models for them later

on. When smacking sounds merged with subsequent verbal

sounds those were included into the annotation boundaries of

the whole word. Small pauses between words were handled

such that the word boundary was set in the middle of the

pause. Regarding the annotation of silence, it had to be ensured

that the duration of the intervals was consistently the same.

Therefore, we chose an interval of 110 to 130 ms for silence

annotations.

C. Development of acoustic models

In literature there was no precise information found about

how much data is necessary for training of acoustic models.

For this reason, the development of acoustic models was

keeping pace with the creation of the acoustic body. In each

development step, a model version was created. Below the

structure and development of acoustic models is described.

Creating the HMM structure: The number of model states

Ns was initially selected for each model by Ns = N · (P +3)
with the word’s number of phonemes P , and a weight factor

N . A small number of 3 states were provided for the word’s

beginning and the word’s end. After the results for N > 1
were significantly worse, N was set to 1. In determining the

number of phonemes of a word an extra state was provided

for closure phases of plosives. For instance, for the German

word ’roboter’ 11 states were provided where two states are

considered to model the closure phases of /b/ and /t/.

Training of HMMs: The training of models was carried

out in two main steps. First, a speaker-dependent model was

developed and optimized for high detection rates. Second,

the speaker-dependent model was gradually extended to other

speakers to achieve a high degree of speaker independence.

To keep the development cycle as small as possible, the

TABLE II
MODEL VERSIONS FOR SPEAKER-DEPENDENT TRAINING

Mixtures References per model WRR

4 ≥ 5 97.56

4 ≥ 10 98.00

4 ≥ 21 94.17

4 ≥ 21 99.04

4 ≥ 23 100.00

TABLE III
MODEL VERSIONS FOR SPEAKER-INDEPENDENT SPEECH RECOGNITION

Mixtures Training Speakers Test Speakers WRR

4 RC SR 75.00

4 RC,SR HN,DS 65.00

4 RC,SR,HN,DS BB,TR,FS,MS,HLW 76.00

2 RC,SR,HN,DS,HLW BB,TR,FS,MS 52.00

3 RC,SR,HN,DS,HLW BB,TR,FS,MS 90.00

3 RC,SR,HN,DS,HLW,TB BB,TR,FS,MS 90.00

3 RC,SR,HN,DS,HLW,TB,FH BB,TR,FS,MS,HM,AT 93.34

entire exercise was automated with linux scripts for which

HMM parameters could be specified. The varied parameters

of the training were number of gaussian mixture compo-

nents and number of training reestimations. Tables II and III

show the development of the speaker-dependent and speaker-

independent models. As expected, it was observed that the

degree of speaker independence increased for each additional

speaker in the training set.

D. Creating the link to the robot framework

After development of the acoustic models was finished, a

RoSe service has been written in C++ in which ATK connects

the acoustic models with the RoSe-framework (see Fig. 2).

ATK provides methods for starting the speech recognition

process and returns the word chain that is assumed to be

uttered. From the recognized word chain values for distance

and direction are extracted by regular expressions. If the

distance r in meters and the angle α is given in clock the

target coordinate (x, y) was determined by x = r · sin(α·π6 )
and y = r · cos(α·π6 ). The target coordinate is then sent via

a RoSe-message to the RoSe service for collision avoidance

which is responsible for further activation of the robot’s motor.

E. Integration onto a Tablet PC and outdoor tests

In the integration and test of the speech recognizer on

a Tablet PC, it was observed that the sensitivity of the

microphone had to be adjusted such that less ambient noise

was included in the signal. If the recording level was set too

high, the detection rate fell off dramatically. This was noted

especially for operation in a outdoor environments when the

microphone was adjusted too sensitive because even little noise

was included in the signal.

IV. EVALUATION

The overall development of the voice control described

above has already revealed some details about the degree of

384 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



TABLE IV
RESULTS OF THE LEAVE-ONE-OUT-TEST FOR MEASURING THE DEGREE

OF SPEAKER-INDEPENDENCE, 1 MIXTURE, REESTIMATIONS 1-10

Training data Test data WRR

HN,HLW,AK,BB,FH,TB,SR,AT,DS,TR RA 98%

HLW,AK,BB,FH,TB,SR,AT,DS,TR,RA HN 100%

AK,BB,FH,TB,SR,AT,DS,TR,RA,HN HLW 100%

BB,FH,TB,SR,AT,DS,TR,RA,HN,HLW AK 84%

FH,TB,SR,AT,DS,TR,RA,HN,HLW,AK BB 100%

TB,SR,AT,DS,TR,RA,HN,HLW,AK,BB FH 98%

SR,AT,DS,TR,RA,HN,HLW,AK,BB,FH TB 98%

AT,DS,TR,RA,HN,HLW,AK,BB,FH,TB SR 96%

DS,TR,RA,HN,HLW,AK,BB,FH,TB,SR AT 100%

RA,HN,HLW,AK,BB,FH,TB,SR,AT,DS,TR FS 90%

RA,HN,HLW,AK,BB,FH,TB,SR,AT,DS,TR HM 100%

RA,HN,HLW,AK,BB,FH,TB,SR,AT,DS,TR MS 100%

Mean 97%

speaker independence and vulnerability to noise. In this section

these features are examined in more detail.

A. Speaker independent recognition

The speaker-independent training has shown that the de-

gree of speaker independence increased with the number of

speakers in the training set. For evaluation of the degree of

speaker independence, only those speakers had to be used who

were not in the training set of acoustic models. By repeatedly

leaving out a speaker in the respective training set and testing

only this specific speaker, i.e., performing a leave-one-out test,

one measurement of the degree of speaker independence for

this specific speaker could be achieved. Since a total number

of 11 speakers were available, the exhaust test was repeated

several times for each available speaker. Depending on the

mean value of the results, the general degree of speaker

independence was estimated. The test results are shown in

Table IV.

B. Recognition in noise

In the following the speech recognizers evaluation under

noise adversity of low and high degrees is described.

Acquisition of noise: For the environmental conditions

calm outdoor environment and busy street, the noise was

recorded with the same microphone used for creating the

acoustic corpus. The adjustment of the recording volume was

done manually such that it was initially set to zero and

continuously increased up to a good modulation of amplitudes

between values of 0.5 and -0.5. For every recording, the sound

pressure level was measured in dB with a sound level meter.

Noise of the high adversity environments babble and track

vehicles was taken from the corpus Noisex [14].

Overlaying procedure: Both the speaker-dependent and

speaker-independent models were evaluated. For speaker-

dependent evaluation in noise, test utterances of speaker RC

were used. For speaker-independent evaluation in noise, test

utterances of all speakers were used. Furthermore, noise ad-

versity was simulated by artificially superimposing the clear

TABLE V
AVERAGE SOUND LEVELS OF MALE SPEAKERS IN 1 M DISTANCE OF

SPEAKERS MOUTH FOR SPECIFIED SPEAKING STYLES; P = PRIVATE FIELD,
FROM LAZARUS [16], SUPPLEMENTED WITH SPECIFICATIONS AT

SPEAKERS MOUTH

Speaking style 1 m distance 3,125 cm distance

whispering 36 dB 66 dB

softly speaking 42 dB 72 dB

relaxed speaking (p) 48 dB 78 dB

relaxed, normal (p) speaking 54 dB 84 dB

normal, raised (p) speaking 60 dB 90 dB

raised speaking 66 dB 96 dB

speaking loudly 72 dB 102 dB

speaking very loudly 78 dB 108 dB

screaming 84 dB 114 dB

screaming maximally 90 dB 120 dB

screaming maximally (single cases) 96 dB 126 dB

commands from the test corpus with the software tool FaNT

(Filtering and Noise Adding Tool, see [15]). The operation of

FaNT requires SNR values to be specified which represents

the intensity with which the noise superimposes the speech

signal. The ratio of signal to noise depends on the sound level

of speech and on the sound level of the noise. Sound levels

of noise were measured in case of recording and are specified

by Noisex [14] in case of noise corpus usage. Sound levels

of speaking styles are taken from Lazarus et al. [16]. They

provide average sound levels of different speaking styles, i.e.,

whispering, speaking softly, and relaxed speaking. Therefore,

men produce by whispering at a distance of one meter a sound

pressure level of 36 dB. By screaming, up to 96 dB can be

achieved in some cases. For a summary of the data collected

see Table V. Thus, utterances were superimposed at several

SNRs in the range of small SNRs where the noise was barely

noticeable up to large SNRs where the speech was hardly

intelligible. In particular, superimposition ranged from -5 dB to

50 dB SNRs in 1dB steps. For the various noise scenarios, the

test corpus was superimposed several times and new modified

testing corpuses were created. The speech recognizer was then

scheduled on the created corpora and word recognition rates

were logged. This overlaying procedure has been used for

noise evaluation of speech recognition in several works, e.g.,

[17], [18].

Overlaying Results: The sounds of a calm outdoor environ-

ment were obtained by recording at an average sound pressure

of 39 dB. It can be seen that in a quite acoustic environment

with a noise level of 40 dB, it is sufficient to speak softly

to achieve very good recognition rates of at least 95% (see

Figures 4 and 5). The sounds of a busy street were obtained

by recording in a distance of 5 meters at an average sound

pressure of 61 dB. The experiment showed that no good word

recognition rates were possible when speaking relaxed. But

by increasing the speaking volume good detection rates above

90% were achieved (see Figures 6 and 7). The babble sounds

came from a large hall in which 100 people spoke to each

other producing an average sound level of 88 dB. Hence, by
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w: whispering (66dB)

ss: speaking softly (72dB)

sr: speaking relaxed (78dB)

srn: speaking relaxed, normal (84dB)

nrs: normal raised speaking (90dB)

rs: raised speaking (96dB)

sl: speaking loudly (102dB)

svl: speaking very loudly (108dB)

s: screaming (114dB)

sm: screaming maximally (120dB)

sms: screaming maximally single cases (126dB)

Fig. 4. Speaker-dependent recognition in 40 dB noise of a calm outdoor
environment
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Fig. 5. Speaker-independent recognition in 40 dB noise of a calm outdoor
environment

speaking very loud with 108 dB effecting an SNR of 20 dB, it

could still be possible to achieve acceptable word recognition

rates of around 90% (see Figures 8 and 9). The in-vehicle

sounds came from track vehicle 1 driving at a speed of 30

km/h producing an in-vehicle sound level of 100 dB. Good

detection rates were virtually not able to be achieved. With

a maximum achievable speaking volume of 120 dB, it would

be theoretically possible even to achieve 80% recognition rate

(see Figures 10 and 11). The in-vehicle sounds came from

track vehicle 2 driving at a speed of 70 km/h. The sound

power level was specified with 114 dB. The results of the

experiment may be taken from Figures 12 and 13. For those

background noises virtually no satisfactory recognition rates

were achieved.

V. DISCUSSION AND CONCLUSIONS

This section describes finally which conclusions were made

and how this work can be used as a basis for further develop-

ments.
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Fig. 6. Speaker-dependent recognition in 61 dB noise of a busy street in 5
meters distance
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Fig. 7. Speaker-independent recognition in 61 dB noise of a busy street in
5 meters distance
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Fig. 8. Speaker-dependent recognition 88 dB noise of a crowd of 100 people
in a large room
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Fig. 9. Speaker-independent recognition 88 dB noise of a crowd of 100
people in a large room
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Fig. 10. Speaker-dependent recognition in 100 dB noise from within a track
vehicle driving with 30km/h
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Fig. 11. Speaker-independent recognition in 100 dB noise from within a
track vehicle driving with 30km/h
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Fig. 12. Speaker-dependent recognition in 114 dB noise from within a track
vehicle driving with 70km/h
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Fig. 13. Speaker-independent recognition in 114 dB noise from within a
track vehicle driving with 70km/h

A. Acoustic modeling and degree of speaker independence

The training of acoustic models in Section III-C proved, that

a number of around 20 samples per hidden markov model can

be sufficient for normal operation of a HMM based speech

recognizer. In the evaluation of speaker independence, it was

shown that in a speech recognizer with a small vocabulary

and a small number of speakers of around 10, a relatively

high degree of speaker independence can be achieved.

B. Noise vulnerability

The evaluation had shown that when using a speech rec-

ognizer with vocabulary of solely 30 words in adverse envi-

ronments of around 60 dB noise can be tackled by speaking

with a raised voice in order to achieve a recognition rate of

about 95%. In environments with extreme noise conditions

from 80 dB up to 150 dB, the speech recognizer can no longer

be used satisfactorily due to detection rates of around 80%.

Here, a method for compensation of noise should be taken

into account in conception of the speech recognizer. It could
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be summarized that keeping a speech recognizers vocabulary

small does not compensate adverse noise of high sound levels

above 100 dB.

However, it should be noted that when speaking louder, not

only SNR increases but also the vocal tract changes its shape

and produces frequencies for which the acoustic models were

not trained. The results obtained here are subject to some inac-

curacy since the identified speech sound levels were calculated

directly at the mouth and thus only represent an estimate.

Furthermore, many microphones feature polar patterns so that

the noise received on the side of the microphone is attenuated

more than those which enter head-on. It can be concluded

that slightly higher SNRs and better recognition rates could be

achieved. The comparison of the speaker-specific and speaker-

independent results suggests that models that were trained by

much more data and therefore having a greater generality, do

not necessarily offer worse results than models that were only

trained by a speaker and are much more specific.

Regarding possible further developments noise sensitivity

can be reduced based on several methods. Besides conven-

tional signal filtering methods human strategies for speech

understanding in noise can be employed. A recent survey about

findings of human strategies for noise compensation can be

found in Loizou [17].

C. Voice as input mode for navigation tasks

The usage of speech as an input mode for the control

of robots must be carefully planned. In this work, speech

which represents a verbal mean is used to perform a spatial

continuous operation task. The objective called to enable a dis-

crete navigation of the robots on an arbitrary two-dimensional

ground. In considering how this task could be completed by

means of speech, the continuous task was transformed into

a discrete task by instructing the user to specify a target

coordinate in a two-dimensional system that the user must

consider first. The spatial thinking user has to transform his

intention to move first into a verbal command which causes

an additional cognitive load and costs time.

Regarding possible further developments, a holistic de-

signed interface could take the requirements of the operation

task and the expectations of the operator into account. The

development should take place through an iterative design-

implementation approach and the human-robot interface in

field evaluation should be kept at pace with development. The

result should be an effective human-robot interface that allows

the user, even under extreme conditions like stress and noise,

for a consistent, effective, and fast control of the robot. For

control by voice discrete operating activities are suitable. It

would be conceivable to raise the navigation commands for

navigation to a higher level of abstraction. For example, the

user could navigate the robots as follows:

• "Drive back to command center", or

• "Drive to robot group A, drive to robot group B"

Furthermore, semi-autonomous functions of the robot could

be controlled. Examples of such instructions are:

• "Follow robot A",
• "Explore area, radius 50 m", or

• "Search for intruders".
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Abstract—SyMGiza++ — a tool that computes symmetric
word alignment models with the capability to take advantage
of multi-processor systems — is presented. A series of fairly
simple modifications to the original IBM/Giza++ word alignment
models allows to update the symmetrized models between each

iteration of the original training algorithms. We achieve a relative
alignment quality improvement of more than 17% compared
to Giza++ and MGiza++ on the standard Canadian Hansards
task, while maintaining the speed improvements provided by
MGiza++’s capability of parallel computations.

I. INTRODUCTION

W
ORD alignment is a key component of the training

procedure for statistical machine translation systems.

The classic tool used for this task is Giza++ [1] which is

an implementation of the so-called IBM Models 1-5 [2], the

HMM model by [3] and its extension by [1], and Model 6 [1].

All these models are asymmetric, i.e. for a chosen transla-

tion direction, they allow for many-to-one alignments, but not

for one-to-many alignments. Training two models in opposite

directions and symmetrizing the resulting word alignments

is commonly employed to improve alignment quality and to

allow for more natural alignments. The two alignment models

are trained fully independently from each other. Symmetriza-

tion is then performed as a post-processing step. Previous work

[4], [5] has shown that the introduction of symmetry during

training results in better alignment quality than post-training

symmetrization.

The approaches from [4], [5] as well as our method still

require the computation of two directed models which use

common information during the training. Employing a multi-

processor system for the parallel computation of theses models

is a natural choice. However, Giza++ was designed to be

single-process and single-thread. MGiza++ [6] is an extension

of Giza++ which allows to start multiple threads on a single

computer.

We therefore choose to extend MGiza++ with the capabil-

ity to symmetrized word alignments models to tackle both

problems in one stroke. The resulting tool SyMGiza++ is

described in this work. The paper will be organized as follows:

Section 2 provides a short overview of Giza++ and MGiza++

and the above mentioned methods of symmetrized alignment

model training. In Sec. 3 we give a formal description of

our modifications introduced into the classical word alignment

models implemented in Giza++ and MGiza++. The evaluation

methodology and results are provided in Sec. 4. Finally,

conclusions are presented in Sec. 5.

II. PREVIOUS WORK

A. Giza++ and MGiza++

Giza++ implements maximum likelihood estimators for sev-

eral statistical alignment models, including Model 1 through 5

described by [2], a HMM alignment model by [3] and Model 6

from [1]. The EM [7] algorithm is employed for the estimation

of the parameters of the models. During the EM algorithm

two steps are applied in each iteration: in the first step, the

E-step, the previously computed model or a model with initial

values is applied to the data. The expected counts for specific

parameters are collected using the probabilities of this model.

In the second step, the M-step, these expected counts are taken

as fact and used to estimate the probabilities of the next model.

A correct implementation of the E-step requires to sum over

all possible alignments for one sentence pair. This can be done

efficiently for Model 1 and 2, and using the Baum-Welch

algorithm also for the HMM alignment model [1].

For Models 3 through 6, a complete enumeration of align-

ments cannot be accomplished in a reasonable time. This can

be approximated by using only a subset of highly scored

alignments. In [2] it has been suggested to use only the

alignment with the maximum probability, the so-called Viterbi

alignment. Another approach resorts to the generation of a

set of high probability alignments obtained by making small

changes to the Viterbi alignment. [8] proposed to use the

neighbour alignments of the Viterbi alignment.

MGiza++ [6] is a multi-threaded word alignment tool that

utilizes multiple threads to speed up the time-consuming word

alignment process. The implementation of the word alignment

models is based on Giza++ and shares large portions of source

code with Giza++. The main differences rely on multiple

thread management and the synchronization of the counts

collecting process. Similarly, our tool in turn incorporates large

portions of the MGiza++ source code extending MGiza++’s

capabilities of using multiple processors with the ability to

compute symmetrized word alignment models in a multipro-

cessor environment. Since the multiprocessing aspect is mainly
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a feature of the original MGiza++, we will not discuss it

in this paper and refer the reader to the original paper on

MGiza++ [6].

B. Symmetrized Word Alignment Models

The posteriori symmetrization of word alignments has been

introduced by [1]. This method does not compute symmetrized

word alignment models during the training procedure, but

uses heuristic combination methods after the training. We

described it in more detail in Sec. III-E. The best results of

[1] for the Hansards task are 9.4% AER (using Model 4 in

the last training iterations) and 8.7% AER (using the more

sophisticated Model 6).

[4] improve the IBM alignment models, as well as the

Hidden-Markov alignment model using a symmetric lexicon

model. This symmetrization takes not only the standard trans-

lation direction from source to target into account, but also the

inverse translation direction from target to source. In addition

to the symmetrization, a smoothed lexicon model is used. The

performance of the models is evaluated for Canadian Hansards

task, where they achieve an improvement of more than 30%

relative to unidirectional training with Giza++ (7.5% AER) is

achieved.

In [9], the symmetrization is performed after training IBM

and HMM alignment models in both directions. Using these

models, local costs of aligning a source word and a target

word in each sentence pair are estimated and graph algorithms

are used to determine the symmetric alignment with minimal

total costs. The automatic alignments created in this way are

evaluated on the German–English Verbmobil task and the

French–English Canadian Hansards task (6.6% AER).

Another unsupervised approach to symmetric word align-

ment is presented by [5]. Two simple asymmetric models are

trained jointly to maximize a combination of data likelihood

and agreement between the models. The authors restrict their

experiments to IBM Models 1 and 2 and a new jointly trained

HMM alignment model. They report an AER of 4.9% — a

29% reduction over symmetrized IBM model 4 predictions —

for the Canadian Hansards task.

III. SYMGIZA++ — SYMMETRIZED MGIZA++

In this section we will describe our modifications to the well

known alignment models from [2] and [1].

We do not introduce changes to the main parameter esti-

mation procedure. Instead, we modify the counting phase of

each model to adopt information provided by both directed

models simultaneously. The parameter combination step is

executed in the main thread. In the following subsections, the

formal aspects of the parameter combination will be outlined

separately for each model. The notation has been adopted from

[2] and we refer the reader to this work for details on the

original models that will not be repeated in this paper.

A. Model 1

Model 1 is the first of the IBM models described extensively

by [2] which have been implemented accurately in Giza++ and

MGiza++.

French-English parallel corpus

Model 1 (fr-en) Model 1 (en-fr)

Combine t parameters for Model 1

HMM Model (fr-en) HMM Model (en-fr)

Combine t, a parameters for HMM Model

Model 3 (fr-en) Model 3 (en-fr)

Combine t, a parameters for Model 2

Model 4 (fr-en) Model 4 (en-fr)

Combine t, a parameters for Model 2 Symmetrize alignments

Final alignment

Fig. 1. General training scheme for SyMGiza++

In order to distinguish between the parameters of the two

simultaneously computed alignment models we will use α
and β as subscripts for the parameters of the first and second

model respectively. For our English-French training corpus we

compute the following two models:

Prα(f |e) =
ǫ(m|l)
(l + 1)m

∑

a

m∏

j=1

tα(fj |eaj ) (1)

Prβ(e|f) =
ǫ(l|m)

(m+ 1)l

∑

b

l∏

i=1

tβ(ei|fbi) (2)

where l and m are the lengths of the French sentence f
and the English sentence e respectively, a and b are the

directed alignments between the sentences and tα and tβ
the directed translation probabilities between the French and

English words f and e. Due to the simplicity of this model,

it is straightforward to introduce our changes in the counting

method used during the E-step of the EM-algorithm. The only
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free parameters of Model 1 are the translation probabilities tα
and tβ which are estimated by:

tα(f |e) =
∑S

s=1 c(f |e; f (s), e(s))∑
f ′
∑S

s=1 c(f
′|e; f (s), e(s))

, (3)

where S is the number of sentences in the parallel training

corpus. c(f |e; f , e) is the expected count of times the words

f and e form translations in the given sentences f and e, in

the inverted model c(e|f ; e, f) is used.

In the original model, the expected counts c(f |e; f , e) are

calculated from the t values of the preceding iteration with the

help of the following two formulas:

c(f |e; f , e) =
∑

a

Prα(a|f , e)
∑

i,j

δ(f, fj)δ(e, ei), (4)

and

Prα(a|f , e) =
∏m

j=1 tα(fj |eaj )∑
a

∏m
j=1 tα(fj |eaj )

, (5)

where δ is the Kronecker function1. Equations (3) and (4)

are common for all models discussed in this section. Our

modifications are restricted to (5) which is replaced by

Prα(a|f , e) =

∏m
j=1 t̄(fj , eaj )∑

a

∏m
j=1 t̄(fj , eaj )

=

∏m
j=1

(
tα(fj |eaj) + tβ(eaj |fj)

)
∑

a

∏m
j=1

(
tα(fj |eaj ) + tβ(eaj |fj)

)
(6)

Here we see the only difference between the standard

Model 1 and our symmetrized version. By taking into account

the translation probabilities from the previous iteration of both

directed models we inform each model about the estimates of

its counterparts. The following intuition applies: a French word

is a good translation of an English word, if the English word

is a good translation of the French word as well. This cannot

be easily captured in the directed models without breaking

up its sound probabilistic interpretation, as it happens here.

However, since we modify only the way expected counts are

obtained, the requirement imposed by [2] that

∑

f

t(f |e) = 1

still applies. Our modifications do not interfere with the EM

procedure. The parameters for the inverted model are obtained

analogously.

It should be noted that most of the time — despite the sym-

metry of the sum t̃α(f |e) + t̃β(e|f) occurring in both counts

— c(f |e; f , e) and c(e|f ; e, f) will have different values for

the same words and sentences. This is due to the differences

in the alignment direction. Therefore tα(f |e) 6= tβ(e|f) in the

general case.

1δ(i, j) =

{
1 if i = j
0 otherwise

.

B. Model 2

Although it is common practice to replace Model 2 during

the training procedure with the HMM Model described in the

next subsection, we need to modify its counting procedure as

well. Model 2 is used to score a subset of alignments during

the training procedure of the more sophisticated Models 3

and 4 which — in contrast to the lower models — cannot

efficiently enumerate all possible alignments.

Model 2 introduces a second type of free parameters: the

alignment probabilities a. These a parameters capture the

probability that given the lengths of both sentences, a French

word at position j is aligned with an English word at position

aj . The complete model is given by [2] as:

Prα(f |e) = ǫ(m|l)
∑

a

m∏

j=1

(
tα(fj |eaj )aα(aj |j,m, l)

)
(7)

The general scheme described in (3) and (4) for the estima-

tion of t values is the same for Model 2 as for Model 1. The

alignment probabilities are estimated similarly:

aα(i|j,m, l) =

∑S
s=1 c(i|j,m, l; f (s), e(s))

∑
i′
∑S

s=1 c(i
′|j,m, l; f (s), e(s))

, (8)

c(i|j,m, l; f , e) =
∑

a

Prα(a|f , e)δ(i, aj). (9)

Again, we only modify Pr(a|f , e) in (4) and (9) to obtain

our symmetrized version of the alignment models:

Prα(a|f , e) =
∏m

i=1

(
t̄(fj , eaj )ā(aj , j,m, l)

)
∑

a

∏m
j=1

(
t̄(fj , eaj )ā(aj , j,m, l)

) (10)

where t̄(f, e) is defined as before for Model 1 and

ā(i, j,m, l) = aα(i|j,m, l) + aβ(j|i, l,m). The effect of

information sharing between the two inverted models Prα
and Prβ is even increased for Model 2 since translation and

alignment probabilities interact during the estimation of both

types of parameters for the next iteration.

C. HMM Model

The HMM Alignment Model has been introduced by [3]

and is used in the GIZA++ family of alignment tools as

a replacement for the less effective Model 2. The HMM

alignment model is given by the following formula which at

first looks very similar to (7):

Pα(f |e) = ǫ(m|l)
∑

a

m∏

j=1

(
tα(fj|eaj )aα(aj |aj−1, l)

)
(11)

The alignment probabilities from Model 2, however, are

replaced by a different type of alignment probabilities. Here

the probability of alignment aj for position j has a dependence

on the previous alignment aj−1 which turns the alignment

model into a first order Markov model. The counts for the

new a parameter are defined as follows:

aα(i|i′, l) =
∑S

s=1 c(i|i′, l; f (s), e(s))∑
i′′
∑S

s=1 c(i
′′|i′, l; f (s), e(s))

, (12)
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c(i|i′, l; f , e) =
∑

a

Prα(a|f , e)
∑

j

δ(i′, aj−1)δ(i, aj) (13)

The definition of the t parameter and corresponding counts

remains the same as for Model 1 and 2. Like before we only

have to modify the definition of Pr(a|f , e):

Prα(a|f , e) =
∏m

j=1 tα(fj |eaj )aα(aj |aj−1, l)∑
a

∏m
j=1 tα(fj |eaj )aα(aj |aj−1, l)

(14)

is replaced by

Prα(a|f , e) =
∏m

i=1

(
t̄(fj , eaj )aα(aj |aj−1, l)

)
∑

a

∏m
j=1

(
t̄(fj , eaj )aα(aj |aj−1, l)

) . (15)

t̄ is defined as before for Model 1 and 2.

Here, the alignment probabilities a remain unchanged. For

Model 2 we are able to find the symmetrically calculated

a parameters just by swapping source and target values.

Doing the same for the Markov model would change the

interpretation of the alignment probabilities. We would require

neighbouring source language words to be aligned only with

neighbouring target language words which is to strong an

assumption. Nevertheless, their values are still influenced by

both models due to the appearance of t̄ in the re-estimation.

D. Model 3 and 4

We already mentioned that the parameters specific for Mod-

els 3 and 4 are calculated from fractional counts collected over

a subset of alignments that have been identified with the help

of the Viterbi alignments calculated by Model 2. Therefore it

is not necessary to revise the parameter estimation formulas

for Model 3 and 4, instead we simply adopt the previous

changes made for Model 2. This influences the parameters of

Model 3 and 4 indirectly by choosing better informed Viterbi

alignments during each iteration.

E. Final Symmetrization

Although the two directed models influence each other

between each iteration, the two final alignments produced at

the end of the training procedure differ due the restrictions

imposed by the models. Alignments are directed and since

alignments are functions, there are no one-to-many or many-

to-many alignments for the respective directions. There are,

however, many-to-one alignments. [1] have proposed a method

for the symmetrization of alignment models, which they call

refined symmetrization and which is reported to have a positive

effect on alignment quality.

They first map each directed alignment into a set of align-

ment points and create a new alignment as the intersection of

these two sets. Next, they iteratively add alignment points (i, j)
from the union of the two sets to the newly created alignment

occurring only in the first alignment or in the second alignment

if neither fj nor ei has an alignment in the new alignment, or

if both of the following conditions hold:

• The alignment (i, j) has a horizontal neighbour(i− 1, j),
(i+1, j) or a vertical neighbour (i, j− 1), (i, j+1) that

is already in the new alignment.

TABLE I
RESULTS FOR THE HLT/NAACL 2003 TEST SET

Alignment Method Time [m] Prec [%] Rec [%] AER [%]

GIZA++ EN-FR – 91.19 92.20 8.39
GIZA++ FR-EN – 91.82 87.96 9.79
GIZA++ REFINED 457 93.24 92.59 7.02

MGIZA++ EN-FR – 91.19 92.22 8.40
MGIZA++ FR-EN – 91.84 87.96 9.78
MGIZA++ REFINED 306 93.25 92.60 7.01

SYMGIZA++ 332 94.34 94.08 5.76

• Adding (i, j) to the new alignment does not created

alignments with both horizontal and vertical neighbours.

This method is applied as the final step of our computation

and will also be applied to the directed alignments created by

Giza++ and MGiza++, our baseline systems.

IV. EVALUATION

We compare three systems on the same training and test

data: Giza++, MGiza++, and SyMGiza++. For the Giza++

and MGiza++ we run both directed models separately and

in parallel and recombine the resulting final alignments with

the refined method described in III-E. The tools from the

Giza++ family are all run with the following training scheme:

5×Model 1, 5×HMM Model, 5×Model 3 and 5×Model 4.

All experiments were performed on a test system with 4 CPUs

and 8 GB RAM, we plan to increase the number CPUs in the

future. Apart from Giza++ all tools make use of all available

CPUs, the parallel computation of the alignment model with

Giza++ can employ at most two CPUs.

A. Measures and Evaluation Data

The standard metric Alignment Error Rate (AER) proposed

by [1] is used to evaluate the quality of the introduced input

word alignments. AER is calculated as follows:

Precision =
|A ∩ P |
|A| Recall =

|A ∩ S|
|S|

AER = 1− |A ∩ S|+ |A ∩ P |
|A|+ |S|

(16)

where P is the set of possible alignment points in the reference

alignment, S is the set of sure alignments in the reference

alignment (S ⊂ P ), and A is the evaluated word alignment.

In order to obtain results that can be easily compared with

the work summarized in II-B, we evaluated our system on

the Canadian Hansards task made available during the HLT-

NAACL 2003 workshop on “Building and Using Parallel

Texts: Data Driven Machine Translation and Beyond” [10].

The training data comprises 1.1M sentences from the Canadian

Hansards proceedings and a separate test set of 447 manually

word-aligned sentences provided by [1].

B. Results

Our results — which comprise alignment quality and pro-

cessing time — are summarized in Tab. I. Processing time is
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measured from the beginning of processing till the end of the

symmetrization process.

It is not surprising that there are no significant differences

between Giza++ and MGiza++ when AER is considered.

MGiza++, however, is about 33% faster than the two Giza++

processes run in parallel. MGiza++ is also slightly faster

than SyMGiza++. This delay of SymGiza++ is caused by

the parameter recombination executed between each model

iteration and by the idle time if one directed model has to wait

for its counterpart. SyMGiza++ achieves the best AER results

with a relative improvement of more than 17% compared to

Giza++ and MGiza++.

In Sec. II-B we gave the results for a number of other

symmetrization approaches. Although we use the same test

set our results are not yet fully comparable to the results

of other works. We tried but failed to reproduce the results

from [5] using the BerkeleyAligner, for which the authors

reported an AER of 4.9%. The results reported by [5] for

their base line alignments produced with Giza++, on the other

hand, are more or less identical to our results. This requires

further investigation and we will give a more comprehensive

comparison of our results and the results in the literature in

an extended paper to come.

V. CONCLUSIONS

We have presented SyMGiza++, a tool that computes

symmetric word alignment models with the capability to

take advantage of multi-processor systems. Our fairly simple

modification to the well-known IBM Models implemented

in Giza++ and MGiza++ achieves quite impressive improve-

ments for AER on the standard Canadian Hansards task. Our

symmetrized models outperform post-training symmetrization

methods. On a four processor system, SyMGiza++ is slightly

slower than MGiza++, but significantly faster than Giza++

executed in two parallel processes.
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Abstract—We present a tool that facilitates the efficient exten-
sion of morphological lexica. The tool exploits information from
a morphological lexicon, a morphological grammar and a text
corpus to guide the acquisition process. In particular, it employs
statistical models to analyze out-of-vocabulary words and predict
lexical information. These models do not require any additional
labeled data for training. Furthermore, they are based on generic
features that are not specific to any particular language. This
paper describes the general design of the tool and evaluates the
accuracy of its machine learning components.

I. INTRODUCTION

MANY applications of natural language processing heav-

ily rely on lexical resources. For highly inflected lan-

guages, such resources are typically represented as morpholog-

ical lexica that contain stem entries, inflectional morphemes

and derivational morphemes. The formation of words from

morphemes is described by a morphological grammar.

In practical applications, lexical resources often need to be

extended continually, either to include additional in-domain

words or to expand the application to new domains. The

manual extension of lexical resources is considered to be

expensive. This is particularly true if lexical resources of

different languages have to be maintained. In such cases, a

trained native speaker may not be readily available.

One way to deal with this problem is to compromise on

the quality of the lexicon. For example, out-of-vocabulary

words can simply be added as full forms with some mini-

mal specification, e.g. their part-of-speech. Such an approach

is problematic for two reasons. First, the underspecification

increases the ambiguity in later processing stages such as

syntactic analysis or generation. Second, adding full forms is

rather inefficient for highly inflected languages, where a single

stem can account for many inflected forms and a potentially

infinite number of compound words. The latter problem can

be partially solved by stripping off the suffix of the out-of-

vocabulary word (either manually or by means of heuristics)

and allowing the resulting pseudo-stem to undergo arbitrary

inflection. This, however, will again increase the ambiguity.

In this paper, we present a tool that facilitates the efficient

extension of high-quality morphological lexica, even for a

user with minimal knowledge of the underlying linguistic

representations and conventions. The tool assists the user in

creating the stem entry that is required to correctly analyze

a given out-of-vocabulary word. The acquisition process is

guided by statistical models whose training requires no addi-

tional data apart from a text corpus and some language-specific

parameters. The models are based on a set of generic features

and thus can be trained for arbitrary languages.

The paper is structured as follows. Section II describes

the concepts underlying our tool and illustrates a typical user

interaction. Section III is concerned with the statistical models,

their training procedures and their accuracy. Related work is

reviewed in Section IV and Section V concludes with a final

discussion.

II. TOOL DESIGN

A. Basic Assumptions

Before describing the actual tool, we want to make certain

assumptions explicit. Regarding the linguistic processing, we

assume that the morphological grammar is a context-free

grammar with atomic-valued attributes attached to the non-

terminal symbols. In this setup, a stem entry consists of an

orthographic representation of the stem, a preterminal symbol

and a value for each attribute. The attributes of the preterminal

symbol denote syntactic features (e.g. grammatical gender

for German nouns) or inflectional information such as the

inflectional class. For example, the stem entry for the German

noun Tür (door) can be defined as follows:

NS(sk10,pk4,f) "tür+"

The first two attributes denote the inflectional classes for

singular and plural inflection, and the third attribute indicates

feminine gender. The orthographic representation of the stem

is terminated by the morpheme boundary marker +.

Morphological processing may also involve a finite-state

transducer (FST). FSTs essentially map the lexical form of

a morpheme to one or more surface forms depending on

the graphemic context. For example, the surface form of the

German verb handeln (to trade) can be specified as handel+.

The FST ensures that this lexical form has the surface realiza-

tion handl if followed by an e but handel anywhere else. Our

tool can deal with FSTs by transforming surface forms back

to possible lexical forms.

A final assumption is that an out-of-vocabulary word con-

tains exactly one unknown stem. To put it differently, our tool

will always look for a single stem that allows to analyze a

given out-of-vocabulary word. If the word contains two or

more unknown stems, the acquisition will result in a pseudo-

stem which is itself a compound.

Proceedings of the International Multiconference on
Computer Science and Information Technology pp. 403–409

ISBN 978-83-60810-27-9
ISSN 1896-7094

978-83-60810-27-9/09/$25.00 c© 2010 IEEE 403



B. Acquisition Process

The acquisition process consists of three steps. In the first

step, an out-of-vocabulary word is entered and automatically

analyzed.

In the second step, the stem’s preterminal symbol and lexical

form are determined. To this end, the tool shows all possible

stem hypotheses that would render the given out-of-vocabulary

word analyzable if added to the lexicon. The visualization of

the stem hypotheses reflects their relative probabilities, which

allows the user to focus on the most likely hypotheses. The

user can reduce the candidate set by adding constraints on

various levels of linguistic abstraction. The second step is

completed by selecting a stem hypothesis.

The morphosyntactic features of the stem entry are deter-

mined in the third step. The tool facilitates this task by pro-

viding a probability for each potential attribute value. Further,

the tool offers different ways for verifying and correcting the

predictions.

As soon as the selected feature values are confirmed, a new

stem entry is generated and added to a special lexicon. The

second and the third step will be illustrated and further detailed

in the following sections.

C. Determining the Stem

Figure 1 shows the state of the dialog at the beginning

of the second step. Panel 1 visualizes the out-of-vocabulary

word under consideration (in the present example the German

noun Dressursport, engl. dressage sports). The possible stem

hypotheses are listed beneath this word in the order of their

respective probability. The hypothesis on the top, the noun

stem with lexical form dress+, is the most likely one. In

order to help the user in verifying the top-ranked hypothesis,

panel 3 lists the five most frequent words that can be analyzed

with the respective stem.

In this example, the correct hypothesis (the noun stem

dressur+) is ranked second. A user which is familiar with

the given lexical representation can simply click on the correct

stem and thereby proceed to the third step. If the user is

less trained or if the correct stem is not among the best few

hypotheses, the candidate set can be reduced in three ways.

1) Related words: Panel 5 lists words that can be analyzed

with one of the available stem hypotheses but not with the

top-ranked hypothesis. By clicking on a word, the candidate

set is restricted to the stems which would allow to analyze

that word. For example, clicking on dressur (dressage) results

in a set of four stem hypotheses, the top-ranked hypothesis

being the correct one. The word constraint is added to panel

4 and can be removed with another click. Note that this

interaction requires no linguistic knowledge besides some

sense of semantic relatedness.

The list of related words is constructed as follows. Start-

ing with the second-ranked hypothesis, each stem hypothesis

contributes up to three words that discriminate it from the

top-ranked hypothesis. If there are more than three such

words, only the three most frequent ones (in terms of corpus

�

�

�

�

�

Fig. 1. The dialog for determining the preterminal and the lexical form of
the stem. The stem hypotheses shown on the left are ordered by probability,
the topmost hypothesis being the most likely one.

occurrences) are considered. Thus, the words at the top of the

list correspond to the most probable stem hypotheses.

2) Stem span: By clicking on a letter of the out-of-

vocabulary word in panel 1, the user can specify whether

this particular letter should be included in the stem or not.

As for the related words, the candidate set is reduced to

include only stem hypotheses that fulfill this constraint. For

example, clicking on the second letter ’r’ results in a set of

13 candidates. Again, the top-ranked hypothesis happens to be

the correct one.

This kind of interaction requires the user to be familiar

with the particular notion of a stem that is assumed in the

morphological lexicon. This notion may not be intuitive. For

example, the lexical stem may differ from the surface stem due

to the FST, or parts of the “actual” stem may be represented

by special morphemes in order to account for allomorphic

variation.

3) Tag and preterminal: A final way of restricting the set

of stem hypotheses is to specify the tag or the preterminal

symbol in panel 2. The tag is the non-terminal symbol that

represents the out-of-vocabulary word on the sentence level.

Tags typically correspond to parts-of-speech such as noun,

verb or adjective. Even though the tool is able to predict the
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Fig. 2. The dialog for determining the morphosyntactic features. The window
in front presents corpus examples which indicate that the noun stem dressur

has feminine gender.

part-of-speech of a word (see Section III-B), this information

is currently not used to restrict the candidate sets. The preter-

minal symbol denotes the category of the stem, e.g. noun stem,

verb stem or adjective stem.

D. Determining the Morphosyntactic Features

The dialog for determining the morphosyntactic features is

shown in Figure 2. There is a tab for each morphosyntactic

feature. A tab displays information for each possible value

of its corresponding feature. In particular, it indicates the

probability that a certain value is present in the given stem.

These probabilities are computed by binary classifiers (one

classifier per value) and thus do not sum to 1. The use of

binary classifiers is motivated by the fact that values need not

be mutually exclusive. For example, the German noun filter

(engl. filter) can have either masculine or neuter gender.

Initially, the most probable value of each tab is checked. If

the user agrees with this choice, the tool can directly generate

the final stem entry. If not, the selection can be changed by

checking or unchecking individual values. The validation and

correction of the automatically predicted values is assisted in

two ways:

First, the tool can present corpus examples which suggest

that a particular value should be chosen. Figure 2 shows 10

corpus examples supporting the hypothesis that Dressur is

feminine (which it is). The most informative example is shown

on the top of the list. In this example, the best indicator for

feminine gender seems to be the unambiguously feminine

determiner eine followed by a word that ends in -e. The

prototypical female determiner die is less discriminative as

it can also appear with plural nouns of any gender.

Corpus examples tend to be less useful for verifying inflec-

tional features. For instance, if the best predictor for some

inflectional class is the grammatical gender, the tool will

present corpus examples which indicate that gender. This

information clearly doesn’t help the verification. Thus, the tool

can visualize the current inflectional paradigm as tables and

lists of inflected forms. This layout of this visualization is de-

fined as a grammar and language specific template that has to

be created manually. The user can also introduce constraints by

restricting the inflected forms for specific syntactic contexts.

As a result, the incompatible values will be disabled in the

dialog.

III. MACHINE LEARNING

The presented tool is based on machine learning compo-

nents that compute the probability of a stem hypothesis and

predict the morphosyntactic features. The underlying models

are automatically created from a morphological lexicon, a

morphological grammar, a normalized text corpus and some

grammar-specific information. In the following, we will first

comment on the latter two resources and then describe the

main components. Finally, the accuracy of the models will be

evaluated.

A. Resources

The most important additional resource is a sufficiently large

text corpus. The corpus is assumed to be normalized such that

there is exactly one token per line. A token is either a word

or an interpunction symbol.

The tool also requires some explicit information about

the given language and grammar. First of all, it needs a

description of the stem morphemes that are to be acquired.

Besides the preterminal symbol, a stem description specifies

how each argument has to be handled: an argument can either

be determined by the acquisition tool, set to a default value

or remain unspecified. Next, the lexical form of a stem has

to be described as a regular expression. The lexical form will

typically be an arbitrary sequence of characters followed by

a morpheme boundary symbol, e.g. [a-zäöü]+[+] in the

case of our German grammar.

Finally, the explicit information also includes two sets of

heuristics that allow for a very crude disambiguation. The first

set relates a tag to its preferred heads. For example, German

nouns can be derived from noun stems, adjective stems or verb

stems, but the preferred head (in case of ambiguity) is the noun

stem. The second set excludes certain tags for certain stems.

For example, if an overly productive rule allows to create a

proper name from each noun, it is hardly possible to train a

part-of-speech tagger that can discriminate between these two.

Thus, it can be declared that the proper name tag should be

excluded if a word can be derived from a noun stem.

B. Part-of-Speech Tagging

Part-of-speech information can be applied on different levels

of our approach. We have implemented an HMM part-of-

speech tagger similar to the TnT tagger [1]. The tagger is based

on a trigram sequence model and exploits suffix statistics for

handling unknown words.

The tagger is trained on the text corpus by means of

an expectation-maximization algorithm. For each analyzable

word, the set of possible tags (i.e. non-terminal symbols)

is defined by the grammar and the lexicon. We initially
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assume that the possible tags are uniformly distributed. The

tag distributions of out-of-vocabulary words are estimated

from the suffix statistics of the analyzable words. In each

training iteration, the forward-backward algorithm is employed

to compute the posterior tag probabilities of each word. This

information is then used to re-estimate the model parameters.

As the forward-backward algorithm is rather slow with loga-

rithmic probabilities, we preferred a scaling approach to avoid

underflow [2], [3].

The tagger is used to produce a tagged version of the text

corpus. Further, the tag distribution of each word is computed

as the average tag distribution for all corpus occurrences.

C. Predicting Stems

Predicting stem entries is considered to be a discriminative

reranking task. First, we compute all stem hypotheses that

would render the given out-of-vocabulary word analyzable.

Next, each stem hypothesis is transformed into a stem entry

with unspecified arguments. These additional entries allow to

analyze the out-of-vocabulary word w, yielding a set of parse

trees T (w) = {t1, t2, ..., tn}. A disambiguation model then

assigns a conditional probability P (t|T (w)) to each parse tree.
The probability of a stem s is defined as

P̃ (s|T (w)) = max
t∈T (w,s)

P (t|T (w)), (1)

where T (w, s) denotes the set of those parse trees that include
the hypothetical stem entry s1. The distribution P (t|T (w)) is
described by a discriminative log-linear model [6], [7]:

P (t|T (w)) =
exp(

∑
i θifi(t))∑

t′∈T (w)

exp(
∑

i

θifi(t
′))

(3)

The real-valued features fi(t) represent pieces of evidence

whose relative importance is expressed by the feature weights

θi. In the present work, each feature fi(t) counts how often a

certain linguistic event occurs in the parse tree t.
Table I shows the different types of linguistic events that

were considered for stem prediction. Actual linguistic events

are defined by replacing the arguments X, x, c, M , i⋆ or mi

with specific values. The character classes that are used to

characterize stem hypotheses are automatically induced from

the text corpus with a clustering algorithm [8]. Both 8 and 16

classes are considered in order to capture different levels of

abstraction. The stem occurrence information is extracted by

analyzing the 500 000 most frequent words in the corpus.

1The correct way of computing the stem probability may be considered to
be

P (s|T (w)) =
∑

t∈T (w,s)

P (t|T (w)). (2)

This probability can be efficiently computed from a packed parse forest
representation [4] without explicitly enumerating all parse trees. However, we
observed that the prediction of the correct stem hypothesis was significantly
less accurate for this approach. In particular, we observed a strong bias towards
stems that are more productive in generating parse trees (i.e. verb stems in
our German grammar). We believe that this is due to the training procedure,
which can be interpreted as maximizing some margin between the correct
parse tree and the incorrect ones [5].

TABLE I
TYPES OF LINGUISTIC EVENTS FOR STEM PREDICTION

stem hypothesis (STH) features

STH has lexical form x
STH covers at most m surface characters (1 ≤ m ≤ 10)
STH contains the lexical character sequence x (|x| ≤ 4)
STH contains the character class sequence x (|x| ≤ 4)
STH has lexical prefix x (|x| ≤ 4)
STH has lexical suffix x (|x| ≤ 4)
STH has lexical prefix x and preterminal X (|x| ≤ 4)
STH has lexical suffix x and preterminal X (|x| ≤ 4)
STH has lexical prefix x and left surface context c (|x| ≤ 4, |c| ≤ 3)
STH has lexical suffix x and right surface context c (|x| ≤ 4, |c| ≤ 3)

parse tree features

tree contains terminal X
tree contains non-terminal X
tree contains rule X
tree contains lexicon entry X
tree contains morpheme X
tree contains morpheme with lexical form x
tree contains morpheme with surface form x
tree contains morpheme with lexical form x and preterminal X
tree contains morpheme with surface form x and preterminal X
morpheme has lex. prefix x and left surf. context c (|x| ≤ 4, |c| ≤ 3)
morpheme has lex. suffix x and right surf. context c (|x| ≤ 4, |c| ≤ 3)

capitalization features

word is capitalized and the parse tree’s root non-terminal is X
word is not capitalized and the parse tree’s root non-terminal is X

stem occurrence features

the corpus contains a word that can be decomposed into the morpheme
sequence m1, ...,mM , where mi⋆ is the stem hypothesis. Each mor-
pheme mi is specified by its preterminal symbol and (optionally) its
lexical form.

Estimating the model parameters θi requires training ex-

amples, each example consisting of a correct parse tree and

a set of incorrect parse trees. As the number of parse trees

can be huge, a training example is generated by means of

random subsampling [9]: we randomly choose one tree that

contains the correct stem and 20 trees that contain any other

stem. After generating 10 000 training examples for different

words w, Charniak and Johnson’s MaxEnt reranker [7] is used

to compute the model parameters. Note that the potentially

very large number of features requires some kind of feature

selection. For this purpose, we only consider the first 2000

features that are chosen by a boosting learner [10].

At this point, we still require a list of out-of-vocabulary

words for which the correct stem hypothesis is known. As no

manually labeled data is available, the lexicon and the text

corpus are used to artificially generate such data. This process

is described in the following.

An in-vocabulary word w from the text corpus is morpho-

logically analyzed and disambiguated by means of a simple

heuristics: a parse tree is preferred if (in decreasing order of

importance) its root non-terminal matches the most likely tag

of w according to the tagger, if it contains less stems, if it

contains more stems that are preferred heads of the root tag

(see Section III-A), if it contains longer stems and if it is

smaller in terms of tree nodes.

From the resulting unambiguous parse tree, a random stem

is selected. This stem will be considered as the correct stem

hypothesis. Next, the stem is removed from the lexicon, and
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TABLE II
FEATURE TYPES FOR PREDICTING MORPHOSYNTACTIC FEATURES

word at position P is x (−2 ≤ P ≤ 2)
word at position P has suffix x (|x| ≤ 4, −2 ≤ P ≤ 2)
stem contains the lexical character sequence x (|x| ≤ 4)
tag at position P is X (−2 ≤ P ≤ 2)

so are all overlapping stems from alternative parse trees. In

general, w will now be out-of-vocabulary, which allows to

generate the stem hypotheses. Given the word w, the correct

stem hypothesis and the set of incorrect stem hypotheses,

a training example for the log-linear model can now be

generated.

In order to reduce the mismatch between the training data

and the actual out-of-vocabulary words, each (correct) stem

occurs about equally often in the training data. This prevents

the model from rote learning the properties of a few very

frequent stems.

D. Predicting Morphosyntactic Features

Predicting a morphosyntactic feature involves one classifier

for each possible value of the given feature. In our German

system, for example, there is a classifier which predicts

whether a given stem has feminine gender or not.

The decision of the classifier is based on a set of boolean

features. Each feature can be thought of as scanning the text

corpus and reporting whether the stem under consideration

occurs in a specific context. For example, some feature may

be true if and only if the corpus contains a word that can be

analyzed with the given stem and is preceded by the word eine.

The basic feature types are shown in Table II. The positions

indicated by P are relative to the given stem occurrence,

i.e. the word a position −1 immediately precedes the stem

occurrence.

The actual classification process is as follows. First, a pre-

computed index is used to retrieve all corpus words which can

be analysed as having the given stem as their rightmost stem.

The rightmost stem is typically the head of a compound word.

For languages with left-headed compounds (e.g. Vietnamese),

the assumed head position can be changed accordingly. Next, a

second index provides the positions where those words occur

in the corpus. The aggregated value of a boolean feature is

computed as the logical disjunction of the feature values for

the different corpus occurrences.

The training of the classifiers is straight-forward: training

examples can be generated by extracting the feature values

for the known stems from the morphological lexicon, which

also provide the correct label. As classifiers, we use maximum

entropy models [11] with Gaussian priors for regularization

[12]. We apply feature selection based on a mutual information

criterion: the class label and the value of a particular feature

can both be considered as random variables, where the random

process consists of randomly choosing a stem occurrence in

the corpus. The mutual information of these two random

TABLE III
STEM PREDICTION: EVALUATION

approach accuracy

baseline 8%
no stem occurrence features, unconstrained 53%
no stem occurrence features, constrained 57%
stem occurrence features, unconstrained 68%
stem occurrence features, constrained 72%

variables provides a measure of the feature’s usefulness. For

each classifier, we select the 500 features with the highest

mutual information.

In addition to the basic features from Table II, we also use

so-called joint features. A joint feature is an arbitrary conjunc-

tion of (possibly negated) basic features. For example, a joint

feature might indicate that the word at position −2 is die and

the word at position −1 does not end in -e. Joint features are

created automatically by training an alternating decision tree

classifier [13] to predict whether some morphosyntactic feature

has a specific value or not. Rather than using information ag-

gregated over the whole corpus, this classifier makes a predic-

tion for a single stem occurrence. Each decision in the alternat-

ing decision tree depends on the value of a single basic feature,

and a path from the root node to a so-called predictor node cor-

responds to a joint feature. We used JBoost [14] to create a de-

cision tree from 10 000 labeled stem occurrences. JBoost is run

for 100 training iterations which results in 200 joint features.

E. Evaluation

In order to evaluate the accuracy of stem prediction, we ran-

domly chose 1000 out-of-vocabulary words from our German

text corpus (220 million tokens of newspaper text). Words with

typographic errors, foreign words, dialect words and closed-

class words were removed from this set. Also, personal names

and geographical names were not considered because they are

massively underrepresented in our German lexicon. As it is

assumed that compounds do not contain two or more unknown

stems, such compounds were excluded as well. Finally, we

removed compounds which our German grammar could not

account for. For the remaining 530 words, the correct stems

were determined manually.

Table III shows the resulting accuracies. The baseline is the

expected accuracy when uniformly choosing a random stem

hypothesis. The baseline is compared to four variants of our

stem prediction algorithm. These variants differ in whether

they make use of stem occurrence features (see last item of

Table I) and whether tag constraints are applied.

With tag constraints, the best out-of-vocabulary stems are

not directly determined according to P̃ (s|T (w)). Rather, the
maximization in equation (1) is additionally restricted to parse

trees whose root non-terminal matches the most likely tag of

w according to the part-of-speech tagger. If the tagger does not

make a prediction for w, the algorithm falls back on P̃ . Unlike

the disambiguation model for stem prediction, the tagger also

considers the textual contexts of a word and thus provides

additional disambiguating information.
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TABLE IV
PREDICTION OF MORPHOSYNTACTIC FEATURES: EVALUATION

gender baseline accuracy

masculine 55% 91%
feminine 62% 96%
neuter 79% 93%

singular declension class baseline accuracy

none 85% 98%
class 1 64% 94%
class 2 73% 89%
class 3 82% 90%
class 4 94% 95%

plural declension class baseline accuracy

none 80% 92%
class 1 94% 98%
class 3 80% 97%
class 4 80% 96%
class 6 91% 98%
class 7 74% 94%

The results show that the presented approach to stem

prediction is fairly accurate: the most likely stem hypothesis

is correct in almost 3 out of 4 cases. They also suggest that

judging stem hypotheses on the basis of corpus occurrence

information (rather than just considering the word w in iso-

lation) leads to a much higher accuracy. Using part-of-speech

tagging to disambiguate parse trees seems to have a smaller

impact. We did not use this information in our tool in order

to keep the user interface intuitive.

The prediction of morphosyntactic features was evaluated

on about 300 noun stems that were excluded from training.

Table IV shows the results for the different values of gender,

singular inflection class and plural inflection class. For brevity,

the table lists only the values that are observed in at least

5% of the stems. For each value, the baseline accuracy and

the classifier accuracy are provided. The baseline accuracy is

achieved by assigning each example the majority class. It can

be seen that the classifier accuracies are substantially higher

than the baseline accuracies. Exceptions are very rare values,

for which a negative decision is already very accurate.

IV. RELATED WORK

There are a number of approaches to extracting lexicon

entries from text corpora [15], [16], [17], [18]. Here, a lexicon

entry consists of a lemma or stem and an inflectional paradigm,

though some approaches also consider syntactic features [16],

[18]. All approaches explicitly describe word formation, ei-

ther in the form of a morphological grammar [16] or some

representation of inflectional paradigms [15], [17], [18].

The above approaches do not consider existing morpho-

logical lexica in the acquistion process. Rather, they employ

heuristics which are mainly based on the presence or ab-

sence of inflected forms in the corpus. For example, Oliver

et al. prefer a hypothetical lexicon entry if it accounts for

more inflected forms observed in the corpus [18]. Adolphs

additionally considers the coverage of the paradigm, i.e. the

fraction of generated inflected forms that actually appear in

the corpus [16]. Šnajder et al. compute the corpus frequencies

of the generated forms and essentially use the sum of these

frequencies as a measure of confidence. Finally, Forsberg relies

on handcrafted constraints on the presence and absence of

inflected forms [17].

Note that our approach also uses the presence of inflected

form as evidence, both for predicting stems and for predicting

morphosyntactic features. However, by exploiting the infor-

mation in an existing morphological lexicon, we are able

to compute a dedicated weight for each piece of evidence.

Thus, inflected forms which are more reliable indicators have

a higher influence on the prediction. The constraints used in

Forsberg’s approach [17] achieve a similar effect but have to be

determined manually. Further, none of the above approaches

attempts to analyze compounds: it is assumed that an unknown

word is to be decomposed into a single stem and an inflectional

ending.

Our approach to predicting morphosyntactic features is

mainly related to some work on automatic lexical acquisition

for precision grammars. Precision grammars require much

richer lexical information than we are aiming at, e.g subcat-

egorization frames. The most closely related work is that of

Baldwin [19] and Nicholson et al. [20], who used k-nearest-
neighbors classifiers to bootstrap lexical resources by means

of corpus data. In contrast to the presented tool, they do

not predict the stems of unknown words but assign lexical

information to entire word forms. As in our approach, their

features are based on word contexts, affixes and character n-

grams. The former author additionally considers the output of

a chunk parser and a dependency parser. We did not use such

tools as they are not available for many languages.

V. DISCUSSION

We have presented a tool for the semi-automatic extension

of morphological lexica. The tool facilitates the efficient acqui-

sition of new stem entries from out-of-vocabulary words and

ensures a high quality and consistency of the lexical resources.

1) Efficiency: Statistical models guide the user in the ac-

quisition process and allow him to focus on the most

promising hypotheses. The tool can also be handled by

relatively untrained users: it employs concepts that are

easily accessible to native speakers and its models cap-

ture some of the resource-specific “expert knowledge”.

2) Quality: The user is offered different ways to verify his

decisions, e.g. the predictions and the confidence of the

statistical models, evidence from the text corpus and a

visualization of the inflectional paradigm.

3) Consistency: Sometimes there are different possibilities

to specify a stem entry. Sources of uncertainty may be

the boundary between stem and affixes or the degree to

which stems can include derivational morphemes. The

statistical models can capture such tendencies in the

original resources and may help to resolve ambiguities

accordingly.

For our German resources, we have demonstrated that the

machine learning components are able to predict lexical in-

formation with a reasonably high accuracy. We argue that

the presented algorithms are applicable to a wide range of
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languages. Apart from German, the tool has already been

deployed for Swedish and Finnish2, the latter being an ag-

glutinative language which is not part of the Indo-European

family.
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TABLE 2.

EXAMPLES OF MWTS EXTRACTED FROM PROPOSED PATTERNS AND 

PATTERNS PROPOSED IN [12]
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$�������
�������/��%#�/F�F'E���E�E"F�$�������+����F��"����&�&�EF�

C0���0F���EF&�E"�E����F�$���������F�C0��/"��F��E"F���
��F���E��D�/F*F�#�E"������E"F����E��EF��$F+��F�������E"F��E�E��!
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E������FE"�&��E�����%�E"F�EF�������$�F�9��"�/�����F'����F�
�+�$������L�F'E���E����

TABLE 5.

EXAMPLE OF BIGRAMS’ EXTRACTION

B��&�&�EF�
C0�

wQVYRS�iXj�ORS��hX�Zp�̀ OQ~R��{�pOUrRS��[\RS

���EF&��E�EF��D�E���E����F�F���"��������

H������

iXj�ORS��hX�Zp

�E�EF���������
����C0�

wQVYRS�iXj�ORS{

���EF&��E�EF�
C0�

wQVYRSÒQ~R��{

���EF&�+����F�F���"
����C0�

�̀ OQ~R�[\RS

+���D�E���E����F�F���"
����C0�

�pOUrRS��[\RS

D�E���E��
C0�

	��			��E��D���E�	�����B

A���� � �E�E��E���� ��FE"�&� � ��� � "F�� �/�E" �����"���������
��&����E��E�����$����E�F����&�E"F�F+��F#�����F������E"F�2����!
E����&�E"F�2���E�E���+�����F�E�F'E���EF&�C0�������E"����EF�#�
/F������&F� �$�E" ���B������ ��& ���������� �F����F� � E� ��FE�
$FEEF���F���E��E"����������������F��F����F�E��F�,-:.�
��������&F��E"F���������#�/F��"��F������FE"�&�$F����F�

�E���*F�����&��F���E��/�E"�D��$���C0���F'E���E����,-3.��A���
E"F ���B������/F��&��EF&�B!*���F��FE"�&�$F����F��E�"�����
/�&F � ���F�E���F � �� � � � *����$�F ��FE"�& � E� � ���% � ���&�&�EF�
C0���,-:.�������FE"�&�����$F���F&�F++���F�E�����������+�!
����F��+��������E�����F����F�$FE/FF��E"F�E/��/��&�����E"F�
$������,-<.����F���&����E"F�B!*���F��FE"�&#��E��F2���F�����!
��F���&�+���E����E��$F��$�F�E�����%�E"F�F'E���EF&�$��������
0F� ���E � E"F �F�E��F ����&�&�EF �C0�����& � E"F �F'E���EF& �$�!
���������E"F�+���E��EF�#���&�E"F��/F�������E"F�B!*���F�F2��!
E���������E��E"F�$����������EF�E"�E�/F�/���&���E�$F��$�F�E��
�������EF�E"F�B!*���F�����F�+���E"F�$�������/�E"��E����F���!
+����E�����$��E�E"F����&�&�EF�C0���/"��"����E����E"��F�
$��������

 ���E������#�/F���%F������E��+�$����������%F&�$��E"F������
0F ���%F � ���E"F� � ���E# � /"��" � �� � ���%F& � $� � E"F � B!*���F�
�FE"�&�����E��#�/F����$��F�E"F�E/�����E��E���FE����F/����E��+!
$������ � ���%F& � $� � E"F � E/� � �E�E��E���� ��FE"�&�� � A����F � 4�
�"�/� � E"F ����!��%F��"��& � ��E�� � F2��E����# � ��& � A����F � 8�
�"�/� �B!*���F��FE"�&�F2��E�����A����F�9��"�/��E"F�����!
��E"���+�������F&��E�E��E�����+��EF���

A���45����!��%F��"��&���E���F2��E����

A���85�B!*���F��FE"�&�F2��E���

A����35��"F�������EF���+���F'E���E�����+����&�&�EF�C0���������E"F��������E���+��EF�
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�����B�C��D��D����@

0"F��/F�E���E��F'E���E�C0�#�EF���*����E���������F��+�E"F�
�����+����E�+��E����E"�E��"���&�$F��E�&�F&#�����E"F��/��&�#��E����
�����E��E � E���"�/�"�/�E"F�������F& ��������" �&F��� �/�E"�
&�++F�F�E�E��F���+�*����E�����
�� ���� �������F& ��������"# �/F � �E��EF& �&F����� �/�E" � E"F�

EF��L��*����E��������E"F��E�E��E������EF���D��/F��F�E���F&�$F!
+��F#�E"F�����E��+�E"F��E�E��E������EF�����E"F�F'E���EF&�$�������
/"��"�/F�E���E�����%�������E"F��E�E��E������FE"�&����$*����!
��#�E"F�F��FE"�&����F�E"F�+�F2�F�����������������+��E����+�
/F��"E�����0"�E�/F�&�&�"F�F����������E"F��EF�L��+�F2�F����

�+����������EF�&��+�/��&L��+�F2�F���# ��EL����F���E"�E�*F�$��
��F�F'���&F&�+����E"F��EF�L��+�F2�F�����������E��������F����
��������+��E"F�����E#�������F�/F�"�*F�E"F�+����/����$�!

������/"��"�"�*F�����"�������&���+�F�E������*�����E�5

�B�*�����F�E��������E����

b�P~RS�`OaVp��P~RS�`Oa]b�P~RS�`Oa]

��P~RS�`OaVRSiX�P~RS�`Oa]b�P~RS�`OaVR

�"F�+���E�/��&��������$�������"���E"F����F��EF�#���&�/F�
��������E"F����F��$��E�E"F��F���&�/��&���"����F����E"�E�E"F�
�E�E��E������FE"�&��/���������&F��E"F�F�$�����������&F�E����#�
��&��E�/������*F�E"F��E"F����F�����F��D+EF�������FE����E"F�
���E � �+ � ���%F& � $������# � �� � F�"���F�F�E � ����F�� � /��� � $F�
�*����$�F�+���E"������E1�����E"F�$�������/�E"�����"�������&���!
+�F�E������*�����E��/����$F��F��*F&�F'�F�E�E"F�$F�E���F#�/F�
�����&F��E"F�$F�E��"���F����E"F�$������/"��"�"���E"F������F�E�
���$F���+���������++�'F��E"�E����"E�$F�F'��EF&����&�++F�F�E�
��+�F�E������+������C��F�*F�#����F���F+�'F���+�/��&�����$�!
����� ���F� �F��*F& �$F+��F ��"������� E"F�$F�E �$������� �"F�
$F�E��"���F�+���E"F���F*�����$����������,b�P~RS�`Oa].�
C���"����E��E�����&����E��E���*�����E����F����F������F'�

E"���E"F���F*�������F�# ���&��FF&��&*���F& ��������E������!
�F������E��&F���/�E"#�����������F&����EF������&F���F++���F�E!
��������/�E"����F�E��F���+�����"����E��E���*�����E�#����/F���
������E��E���*�����E��+������&�+���E����E��F���&����E����E����
��$!E��F����$�F�:��"�/��F'����F���+�*�����E�L�E��F��E"�E�����
�������"�&F����/�E"�

TABLE 6.

EXAMPLES OF VARIANTS THAT OUR APPROACH DEALS WITH

����"�����*�����E� F���
j^SZ_�iS^XP];�bj^SZ_�iS^XP]�

�E"F������

��+�F�E������*�����E� F���
�]X~��sXY����*F�FE�$�F�����&�
bP]X~��{wY����*F�FE�$�F�����&��

����"����E��E���*�����E�
��&�+���E���;���E����E���

F���
bj�ZRS��wh���*���$���E��

���ZRS�bj�ZRS��wh�*F�E�����*���$���E��

���E��E���*�����E� F���
�xXq|��`Oa];TXq|}Xp�`OaVRS�

���&����E�*F������E����

���B� B��CB��@�D�	��B@A��@

�� ���	��B��D

�"F���%F��+�D��$�����F�����(F&�&��������������+���F&�E"F�
�F�F���"F��E��$���&��F/���������E��F*����EF�E"F����������"F���
���+��E#�������&�++F�F�E��������+����&�++F�F�E�EF����������F'!
E���E�����������"F��"������F��E�*F������E��+�E"F��$���E��E��
������F�$FE/FF��E"F��
���%FF� ���� � ���EF���������$�F � ��� ����" ��� ������$�F��

/�E"���F*�����/��%����D��$���C0��#�/F���F&��������/�E"�
���F�������������F�E�F��E��E"�E�/"��"���F&����,-3.���&�,-4.��

"B����5����E��+�B��&�&�EF����E�!/��&�EF���

D������5����E��+����%F&�H������

����DA�5

���BE��	F�ABE�D	CB��	��D�	�C	 E����E��	��������B�	��B�D

��B	�E��	F�ABE�	F	��!

								 E����E��	��A���"�������	BE���	#E���I
�������������������"���E5�H������F
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									 E����E��	 �������	#E���						I
��������������������"���E5����E��+�B��&�&�EF����E�!/��&�EF���
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��������������������������������������������������H������F
��������������������%�E��E5�B!�FE"�&�*���F��+�$������F
���������������������FE"�&5���F�F2��E�������A���8�
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																																																																														J

��B�	$��ABE�D%	F�	��&	#E���%	��D������A'

��B�	$��ABE�D%	F�	 �������	#E���%	��D������A'
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�"F��������$F������E��E"F�F�*�����F�E�&��������&�����F�EF&�
+�������$F���+�/F$��EF����"F�/F$��EF-�/"��"�"���$FF����F&�
���,-3.���&�,-4.�������E��+�E"F�����������$�F �< ��"�/�����F�
��+����E�����$��E�E"F���������

TABLE 7.

STATISTICAL INFORMATION OF THE CORPUS

���$F���+�/��&���E�%F��� 933=89

���$F���+��EF��F&�/��&� 8?9:-=

���$F���+������ 3=-94-

���$F���+��F2�F��F���+������ :3<:-

���$F���+����&�&�EF�C0�� 84>-=

���#E��E����	E��	&�D���D

B*����E�����+�D����������"F������������F'�E��%#�$������!
��#�E"F�F���F������F��+����E��&��&��+���F*����EF���&�������F�
&�++F�F�E �D����������"F�� �D�/F*F�# � E"F ����E ��+ � E"F � ��!
�����"F� � "�*F � ��F& � ��F � �+ � E/� � F*����E��� ��FE"�&� � ���&�
���FE��F��$�E"�5��F+F�F��F����E���&�*���&�E����,-<.�
A���E"F�F*����E����������F�/F�&F��&F&�E��F*����EF�������!

�����"�������E/���FE"�&������E"F�+���E���F#�/F���F&�E"F����F�
/�����F&����,-3.���&�,-4.��0F������&F��E"F�C0���������F�E#�
�+��E��E������E������������&F&����B���&����E��3� ��EF���������!
����&�E�$��F���A�+��E���EF��#�D���*��4��EF�������������&�E�!
$��F������&F��D��$���EF����������E��*����$�F�����F�E��� ��"F�
�F���&��FE"�&����E"F��������*���&�E�����+�E"F�EF��������+��E#�
/F�+���&����������F�E�C0���/"��"���F���E������&F&����E"F�
��F&�EF����������&�E�$��F��

1 ������������	AABCDBA�EF����
2  �������D��A�A�	F���A�
3 www.fao.org/agrovoc/

�"F��F���E���+������������"���F���*F�������$�F�=���$*�!
�����#�E"F��F���E���"�/�E"�E�������B!*���F��FE"�&���*F��$FE!
EF���F���E��E"��������������FE"�&#�/"��F�������E"F����$���!
E����$FE/FF��E"F�E/���FE"�&����*F�����E"F�$F�E��F���E���A���
E"F��F���E���+������FE"�&#�/F�����F'������E"F�&�++F�F��F��
$FE/FF�������F���E����&�E"F��F���E���$E���F&����,-3.�E��E"F�
&�++F�F��F��+�E"F���F&���������
��&FF&#��E���������E��E�E������E"�E�/F�����E�E"F�EF����/�E"�

$���� � ��������!������ � ��& � &F+���E�&F � *����E��� � �� � ����F�E�
EF���#�����F����E��+�D����E�&�F������/�+���E"F�F�%��&���+�
*����E�����,8.��A����F�:��"�/��E"F��F���E���+�E"F�������F&���!
�����"��A����F�<��"�/�������F��+�F'E���EF&�D��$���C0���
���%F&�$��E"F����$���E����$FE/FF��B!*���F���&������FE"!
�&��

����B��B�A@���

���E"������F�#�/F�"�*F���F�F�EF&���"�$��&��������"�E��F'!
E���E �D��$�� �C0��� �0F�"�*F �����F�E��EF& ��� ��������&�
�����������������E��E�E��F��+�C0�#���&��"��F�E��F'E���E�$�!
�����EF���#�/"��"�����E�E�EF���"��"��F��F�E��F��+��������&�
�������B'E���E�����+�C0���F2���F&���$�E��E������+E/��F�&F!
*F����F�E �F++��E� ��"F�������F& ��������" ��E��EF& �/�E" � E"F�
�������E�� � +��EF� � �EF�# � E"�� � �EF� � ���E����5 ���F����F�����#�
/��&L��������+���E���#�F'E���E�����+������L��F2�F��F�#����/F���
��������L��F2�F��F��E"�E�����F�EF&�$����F����E����#�EF�E����
F��"�F'E���EF&��F2�F��F�$��F&����C0������E��E�����EEF���#�
��&�+������#�F'E���E�����+�$�������+�������&�&�EF�C0����
�"F��F'E ��EF�� �� � E"F��E�E��E���� � +��EF�� ��"�� ��EF�������&F��

���%�E"F�$�������$��F&����������&�B!*���F��FE"�&�#���&�
E"����EF��+����/��$��&F������/�E"�&�++F�F�E�E��F���+�EF���*���!
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�E������"F��F���E���"�/�E"�E������������"��+������������$�!
��E����$FE/FF����� ���&�B!*���F ��FE"�&�� �� � E"F � ���%����
����F�����*F�$FEEF���F���E��E"����������������F��+�E"F������
�F�F���#�/F��$E���F&������������F���E�����$�E"���*F���F���&�
��F��������+�C0��F'E���E�����������F'�F���F�E��$��F&����
F�*�����F�E�&�������������
���E"F�+�E��F#�/F�/����/��%�E��F�"���F�E"F��������E���+��EF� �
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Abstract—User generated content in the form of customer
reviews, feedbacks and comments plays an important role in
all types of Internet services and activities like news, shopping,
forums and blogs. Therefore, the analysis of user opinions is
potentially beneficial for the understanding of user attitudes
or the improvement of various Internet services. In this paper,
we propose a practical unsupervised approach to improve user
experience when exploring photo collections by using opinions
and sentiments expressed in user comments on the uploaded
photos. While most existing techniques concentrate on binary
(negative or positive) opinion orientation, we use a real-valued
scale for modeling opinion and sentiment strengths. We extract
two types of sentiments: opinions that relate to the photo quality
and general sentiments targeted towards objects depicted on
the photo. Our approach combines linguistic features for part
of speech tagging, traditional statistical methods for modeling
word importance in the photo comment corpora (in a real-
valued scale), and a predefined sentiment lexicon for detecting
negative and positive opinion orientation. In addition, a semi-
automatic photo feature detection method is applied and a set of
syntactic patterns is introduced to resolve opinion references. We
implemented a prototype system that incorporates the proposed
approach and evaluates it on several regions in the World using
real data extracted from Flickr.

I. INTRODUCTION

With the fast development of user-centered Internet tech-
nologies, we witness a rapid growth of Web resources, which
not only allow users to consume textual information, but also
to generate their own. This leads to dramatic improvements of
products and services. For example, nowadays it is difficult to
imagine that we would book a hotel room without checking the
hotels overall ranking or without reading comments previously
written by other users. We are also less inclined to buy a
product without reading comments or ratings about its quality.
In fact, written opinions have become essential components in
decision-making processes. Furthermore, opinionated texts are
now common in almost all parts of our life. They are essential
parts of blogs, news, financial market reports, product reviews,
etc. However, textual information generated on the Web almost
grow at an uncontrollable pace, and manual skimming through
user opinions has become a time consuming process.

There has been extensive research within the past ten
years on automatic opinion and sentiment analysis. Different
algorithms and approaches have been proposed for the analysis
of customer feedback data from web surveys [1], movie

reviews [2], [3], [4], news articles [5], product reviews [6], [7],
financial blogs and news [8], [9], stock message boards [10],
opinions in the domain of fast food restaurants [11], and
blogs [12].

A typical task in opinion mining is to determine whether a
document (review, comment) is bearing a positive or negative
connotation [13], [2], [6], [3], [10], [11], [14]. If either
connotation is present, the task can be formulated as a clas-
sification problem with two class labels (positive and nega-
tive) [15]. Three different kinds of approaches have been used:
Unsupervised [2], semi-supervised [14] and supervised [1],
[3], [12], [10], [16], [9] ones. Supervised machine learning
approaches perform good if sufficient labeled training data
exist (for example, in the movie reviews domain users assign
ranks to movies along with their opinionated text). However,
in domains where labels are not easy to acquire or where
opinion orientation is measured on a real-valued scale [17],
unsupervised approaches are more favorable.

In this paper, we consider the problem of opinion and
sentiment analysis of users’ comments written for photos,
uploaded to photo sharing web sites. Photo sharing web sites,
in general, allow users to maintain their own albums of photos.
Users can view photos of other members and write comments
for a particular photo. In this paper we work with photo
comments from Flickr1.

Before proceeding further with the analysis, we need to
understand what are the similarities and what are the dif-
ferences between the domain of user photo comments and
other domains. Having manually examined hundreds of user
comments, we found some similarity to blogs [12], where
opinions are stated in the beginning of the paragraph. Similar
to blogs, the same user can write several comments about
the same photo, but usually the first comment contains the
opinions and sentiments, while subsequent comments mostly
include neutral information like responses to comments of
others or the photo owner. The following example shows two
comments from the same user. In the first comment there is
an expression of sentiment like “Powerful place and story”,
while the second comment was made after the owner of the
photo wrote his response.

1http://www.flickr.com/
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(1) this is great. I visited Dachau, but don’t remember this
part. but I hear they have added some things in the last 5
years. Powerful place and story, thanks for sharing

(2) I was there about 8 years ago and I don t recall this hall
way. Was this one of the houses, or near the main complex
where the museum and films were?

As already mentioned, the owner of the photo can also
participate in the discussion about his own photo. In this case,
his opinions can introduce a certain bias, which suggests that
comments of the photo owner should be excluded from the
analysis. The following is a short example of two comments
written by the owner of the photo to people as a response to
their comments.

(1) thanks for the comments. i also found the colors both
beautiful and chilling...a very creepy place for sure

(2) Thanks! I was fortunate to actually capture the
impression it made on me standing there in person

Detailed inspection of user comments revealed that com-
ments are noisy, relatively short, and with only few negations.
They may be written in any languages, contain arbitrary
syntactic structures and typos. Moreover, they may contain
a mixture of opinions on the quality of the photo (usu-
ally positive) “Great shot”, “Nice picture” and sentiments
or moods expressed towards objects depicted on the photo
(“Sad place”). As mentioned above, a widely used approach
is to classify documents using a binary classification. This
approach seems inappropriate in our case for two reasons:
(1) Photo comments have two subjects of opinions (opinions
on the photo and sentiment towards objects). Consequently,
we will loose valuable information if the overall score will
be a mixture of two opinion scores. (2) Since most of the
opinions are positive, we will end up with most of the
photo comments classified as positive. In order to draw a
clear analysis, we propose two improvements over existing
approaches. We extract two types of opinions: (1) opinions
that relate to the photo quality, and (2) general sentiments
targeted towards objects depicted on the photo. Supervised
machine learning approaches are not feasible in our case since
it is very hard to find agreements between human annotators
on a real-valued scale, e.g. the difference in opinion strength
between “Great shot” and “Amazing photo” cannot be clearly
defined. For that reason, we propose an unsupervised approach
for opinion scoring using concepts of word importance based
on statistical properties derived from the field of information
retrieval [18]. Further observations revealed that opinionated
pieces of text are mostly accompanied by adjectives, which
is in accordance with past findings [19], [20]. Based on these
facts, we generated our own lexicon of adjectives extracted
from the corpora of user comments, and analyzed its usage
with respect to photo quality opinions and general sentiments,
as well as their usage by commenters. We found that in the
majority of cases adjectives are used directly with the subject
of the opinion (“Great shot”) and that the most frequently
used adjectives are the same, even if different regions of
the world are considered with photos of different topicality.

The latter suggested that a finite lexicon of adjectives can
be used for opinion analysis of photo comments in many
regions around the world. In addition, we also discovered
an interesting property of the frequency of adjectives, which
is perfectly described by Zipf’s law [21]. Our approach is
based on a sentence-level opinion analysis, which makes it
scalable in dynamic environments like photo comments, where
a comment can be added at any time by any of the members.

We developed a desktop Google Earth-based system [22]
that combines map navigation and photo exploration using
opinion and sentiment scores as well as a number of derived
textual features. The system is capable of showing the photos
filtered by one of the features, locating them on the map
or seeing them sorted sequentially in an additional window.
We believe that our approach can be a very useful extension
of photo sharing web sites that will enrich and improve the
currently available service capabilities.

The main contributions of the paper can be summarized as
follows:

• Our model is based on the corpora extracted from users’
photo comments.

• We construct and work with a finite lexicon of opinion
words in contrast to the majority of approaches in which
seed lists are used to infer scores of unknown opinion
words.

• We develop a model that consists of two types of scores:
opinion regarding the photo and sentiment towards the
subject of the photo. For this purpose, we suggest a
semi-automatic extraction of photo features and a set of
syntactic opinion reference patterns.

• We model the orientation strength based on word dis-
tributions without using any external dictionaries, while
the semantic orientation (positive or negative) of a word
is determined by the predefined lexicon of positive and
negative opinion-bearing words.

• We provide a continuous scale for opinion and sentiment
orientation.

• Our approach allows dynamic updates of scores when
new comments are added to the system, which makes
the whole method readily applicable in real-world tasks.

• We demonstrate our approach using a Google Earth-based
framework.

II. RELATED WORK

Existing approaches in the context of opinion analysis can
be broadly divided into several categories. We will review the
following categories as they are closely related to our work
opinion classification and orientation, lexicon generation and
feature-based opinion analysis. A more detailed overview can
be found in [15].

A. Opinion classification and orientation

An unsupervised approach for review classification was
applied in [2] using pointwise mutual information (PMI)
between a phrase containing an adjective or adverb, and the
positive word “excellent” and negative word “poor”. The PMI
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probabilities were calculated based on the number of pages,
retrieved by the AltaVista search engine, that contain one of
the phrases or two phrases together. The review was classified
as positive or negative using the average opinion orientation
of all phrases.

[23] proposed a similarity measures of adjectives for se-
mantic orientation using the WordNet [24] synonymy relation.
The idea is to count the geodesic distance (similarity relation)
of an arbitrary word to a word good and bad and to determine
its orientation based on its similarity relation to one of these
words.

A Naive Bayes Classifier was used in [3] for classifying
movie reviews, while [10] use Naive Bayes as one of five
classifiers with majority voting. A Support Vector Machine
(SVM) classifier was used by [1] for classifying customer
feedback data. [9] applied SVM on financial blogs.

[17] proposed a real-valued scale opinion orientation based
on a classification of adverbs (doubt, strong and week intensi-
fiers, negation and minimizers), different verb categories (pos-
itive, negative, conjecture and declarative verbs) and complex
relationships of adverbs, adjectives and verbs in the text.

B. Lexicon generation

[13] proposed an approach for the identification of semantic
orientations of words using a seed list of positive and nega-
tive orientations and the conjunctions (and, or, but) between
adjectives with known orientation. [5] used a seed lexicon con-
taining eight positive and eight negative words from the news
domain to classify a news article as positive or negative. A
vector of words from an article was constructed and similarity
between it and the vector of negative and positive seed words
was measured using cosine measure. A novel approach was
proposed in [7] to construct a domain sentiment lexicon using
a seed list of sentiment words and relations of these words to
specific topics (in the product domain). The key observation
is that sentiment words are directly associated with product
features. This observation was used to identify new sentiment
words using features and new features using new sentiment
words. [12] used a Wikipedia dictionary to determine the
polarity of adjectives. [25] generated a dictionary called
SentiWordNet using WordNet with three sentiment scores
(positive, negative and objective) for each WordNet synset.

C. Feature-based opinion analysis

In addition to the approaches that try to detect the sentiment
of sentences or even documents as a whole, the task of
feature-based analysis is to investigate to which feature (e.g.
entity, topic, attribute) a sentiment or opinions refers. This is
also very important in our case since we want to separate
opinions that refer to photo features from other opinions.
Having identified a set of features and a set of opinion words
with respective orientation values (+1/-1) in a sentence, the
task is to assign the opinion words to features. Different
approaches have been suggested in the past. Some of them use
distance-based heuristics ([26], [27]). The closer an opinion
word is to a feature word, the higher is its influence on the

feature. Other approaches exploit advanced natural language
processing methods, like dependency parsers, to resolve lin-
guistic references from opinion words to features.

[28] extract pairs (opinion word, feature) based on 10
extraction rules that work on dependency relations involving
subjects, predicates and objects gathered from the Minipar
dependency parser2. [29] use lexico-syntactic patterns in a
bootstrapping approach for subjectivity classification. They
define a set of 13 syntactic templates (e.g. subject passive-
verb) and concrete example patterns for such templates (e.g.
subject was satisfied). However, the purpose is only to resolve
relations between opinion holders and verbs for subjectivity
classification.

III. PHOTO COMMENT CORPUS

In this section we outline the photo comment collection, the
creation of the corpus and the preprocessing techniques.

A. Data Collection

We collected photo comments from Flickr, the largest web
community for photo and web sharing, using its publicly
available API3. Since the API does not allow downloading
metadata for a particular region in the World, the downloading
was performed as follows: An initial user id was used to
download his photo metadata (owner id, photo id, photo url,
date a photo was taken, geotagged information, comments).
Then, we downloaded all the users’ contacts. To speed up
the process of retrieving heterogeneous users, we retrieved all
groups to which the individual user belongs, and using group
information, we were able to retrieve all the people who belong
to these groups. Beginning in June, 2009 (as part of another
project) we collected metadata for about 90 million geotagged
photos from about 7.6 million users by the end of April, 2010.

B. Development of Corpora

1) Region selection: Five regions (Dachau, Auschwitz,
Wisla, Krakow and Warsaw) were defined for analysis. The
rationale behind selecting these regions is that we want:

• To find differences in comment types between regions
• To find differences in the usage of parts of speech

(adjectives and nouns)
• To build a model that better reflects different kinds of

comments

We assumed that Dachau and Auschwitz concentration
camps should contain special kinds of comments (negative
emotions) that would differ from comments in general touristic
places. Wisla, we assumed, is a neutral region visited rarely
by tourists while Krakow and Warsaw were selected as large
Polish cities that include many touristic attractions.

Table I summarizes the statistics related to the selected
regions.

2http://webdocs.cs.ualberta.ca/∼lindek/minipar.htm
3http://flickrnet.codeplex.com/
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TABLE I
STATISTICAL INFORMATION RELATED TO FIVE REGIONS SELECTED FOR

ANALYSIS

Region Area # commented # owners # commenters
photos

Krakow 120km2 8127 1257 23045
Warsaw 60km2 8690 1140 22695
Wisla 43km2 117 39 603

Auschwitz 12km2 505 138 1687
Dachau 14km2 329 121 1062

2) Preprocessing: For every region, we selected photos that
contain at least one comment. Photos that do not contain
comments were removed from further analyses.

Photo comments are very noisy and unstructured. They
may contain HTML tags which should be filtered from
the original text. In addition, they may contain different
irrelevant sections that have to be removed such as URL links
or invitations to join a group. Below are two examples of
comments (punctuation is preserved) that require the removal
of URL links and invitations to join groups
(1) Greetings!Using the “blog this” function above your
picture, we have linked your picture to our WordPress blog <a
href=http://osiddhartha.wordpress.com>SIDDHARTHA</a>
(2) Hi, I m a member of a group called <a
href=groups/fiveflickrfavs>Five Flickr Favs</a>, and
we’d love to have your photo added to the group

Photo comments can be written in different languages
or may contain mixtures of several languages. In order to
analyze parts of speech usage, we had to apply a POS-tagger.
Since there is no universal POS-tagger that can work on any
language and we don’t know exactly what languages are used
in comments, we decided to remove all comments that are
not written in English. For this, we used the TextCat language
guesser4. The following languages were identified while scan-
ning all the comments: Polish, English, Swedish, Slovenian,
Slovakian, Danish, Italian, Dutch, Spanish, French, German,
Finnish, Albanian, Hungarian, Norwegian, Unknown.

After removing all non-English comments, we were left
with 4214 commented photos in Krakow, 4098 commented
photos in Warsaw, 56 commented photos in Wisla, 311 com-
mented photos in Auschwitz and 179 commented photos in
Dachau.

In the next step, we applied the Stanford POS Tagger5 on
the English comments.

IV. METHOD

A. Definitions

Different terminology definitions are provided in the senti-
ment and opinion analysis literature. The terminology used in
this paper mostly sticks to the definitions given in [15], but
makes a clear distinction between opinions and sentiments.
The important terms and their definition for this paper:

4http://odur.let.rug.nl/∼vannoord/TextCat/
5http://nlp.stanford.edu/software/tagger.shtml

• Photo Feature: Nouns that describe the photo features -
attributes, components or characteristics of the photo, e.g.
“shot”, “photo”, “color”, “composition”, “light”. Photo
features in our case are usually directly related to the
quality of the photo. It is common to distinguish between
explicit and implicit features, i.e. features that are men-
tioned in a sentence and features that are not explicitly
mentioned but implicitly referenced.

• Orientation: The semantic orientation of a word or a
comment as a binary categorical variable with the param-
eter values “negative” and “positive” (the third possibility
“neutral” is omitted in our scenario).

• Orientation Strength: The numerical strength of the
orientation value ranging from 0 to ∞ in absolute num-
bers, whereas negative orientations are indicated by the
algebraic sign “-”.

• Photo Opinion (PO): Negative or positive user state-
ments, that clearly refer to photo features of a certain
photo, are summarized as the respective photo opinion.
They express the users’ opinions on the technical and
artistic photo quality. For simplicity, we will only speak
of opinions when we refer to photo opinions.

• General Sentiment (GS): Negatively or positively con-
noted user statements that cannot be attributed to a photo
feature. As implied by the denomination, the general
sentiment shall capture orientation statements that have
a broader nature than opinions, i.e. sentiments and emo-
tions that are evoked by the photo content. For simplicity,
we will only speak of sentiments when we refer to general
sentiments.

• Ambiguity: Not all users have concordant opinions or
sentiments when commenting on a photo. However, at the
end one single PO and GS value is computed for each
photo that does not account for potential disagreements
among users. Accordingly, for both PO and GS ambiguity
values are provided that indicate perfect agreement (0.0)
or complete disagreement (1.0) among users, as well as
arbitrary real values in between.

B. Corpus-based lexicon generation

Opinion mining is heavily dependent on an opinion lexi-
con. The two common approaches for lexicon generation are
dictionary-based and corpus-based ones. The former is based
on bootstrapping a seed of opinion words from dictionaries
like WordNet, SentiWordNet or Wikipedia, the latter is based
on the corpus and, thus, inherently domain dependent.

We applied a corpus-based lexicon generation due to several
reasons:

• We want to generate a new lexicon in the domain of photo
comments since currently, at least to our knowledge, no
such lexicon is publicly available

• Dictionaries like SentiWordNet may supply only a binary
opinion orientation, while our task is to model opinion
orientations on a real-value scale

• We want to investigate statistical properties of words used
for commenting
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It was shown in past research that there is a strong corre-
lation between the presence of adjectives and opinions [19],
[20]. Indeed, a careful analysis of photo comments showed
that people often use short sentences like “Great photo”, “Nice
picture”, “Sad place” to express their opinions or sentiments.
The analysis also showed that the number of positive adjectives
used in photo comments is higher than for negative ones and,
overall, the number of positive comments is much higher than
the number of negative comments. Any lexicon of positive and
negative words will show that the words “great” and “nice” are
positive. However, it is difficult to estimate which of these two
words is “more positive than the other” using lexical features
alone. For that reason, we decided to apply a measure, which
is similar to the TF-IDF (Term Frequency-Inverse Document
Frequency) measure used in information retrieval and text
mining [18]. The idea is that standard opinion or sentiment
words that are used frequently by majority of people receive
lower scores than words that are used infrequently. In order
to acquire word distributions, we extracted adjectives and
nouns from the corpus, counted their occurrences in the five
selected regions separately, and sorted them according to
their occurrence from the highest to the lowest. Nouns were
extracted in order to learn what words are commonly used as
photo features. We used Yago-Naga stemmer6 to convert all
nouns into a singular form.

In order to minimize the bias of some active commenters,
we counted word occurrence only once for each person. The
reason why we selected five separate regions is that word
occurrences may differ due to different topicalities. Moreover,
the number of commented photos is different from region to
region and the word distribution would inevitably be biased
towards words used in regions with a lot of comments. Table II
summarizes frequencies of adjectives in five areas.

An inspection of the results shows the following interesting
patterns: The words great, nice and beautiful are the most
frequent and equally ranked adjectives in all five regions,
33% of the adjectives are found within the 20 most frequent
adjectives in every region, 58% of the adjectives are found in at
least one region and 42% of frequent adjectives are found only
in one region. This suggests that people use many common
opinion words even if the context of photos is very different
(Dachau concentration camp and Nature).

Another interesting finding is that the distribution of adjec-
tives in all five regions can be described by Zipf’s law, which
stays that if f is the frequency of a word in the corpus and r
is the rank, then

f =
k

r
(1)

where k is a constant for the corpus. When we take the
logarithm of both sides, we obtain a linear function with the
slope of -1. The slope coefficients we obtained for Krakow is
−1.138, Warsaw: −1.136 , Auschwitz: −0.988 and Dachau:
−0.95 (Wisla was excluded because it does not have enough

6http://www.mpi-inf.mpg.de/yago-naga/

TABLE II
20 MOST FREQUENT ADJECTIVES AND THEIR FREQUENCY IN FIVE

SELECTED AREAS. WORDS THAT ARE COMMONLY USED IN FIVE REGIONS
ARE COLORED IN YELLOW, IN FOUR REGIONS - GRAY, IN THREE - PINK, IN

TWO - GREEN, IN ONE - WHITE

Krakow Warsaw Wisla Auschwitz Dachau
great,1469 great,1403 great,26 great,129 great,65
nice,864 nice,856 nice,14 nice,61 nice,29

beautiful,829 beautiful,756 beautiful,13 beautiful,57 beautiful,29
good,311 good,306 lovely,8 good,42 fantastic,17

wonderful,271 wonderful,257 awesome,7 powerful,31 powerful,14
lovely,238 amazing,215 amazing,6 amazing,30 excellent,14

amazing,202 cool,191 cute,6 impressive,27 awesome,11
interesting,200 lovely,184 good,5 sad,24 amazing,11

cool,196 fantastic,181 such,3 wonderful,24 sad,10
fantastic,168 excellent,174 excellent,3 excellent,22 impressive,10
excellent,153 interesting,173wonderful,3 fantastic,18 very,8
awesome,137 awesome,166 right,2 awesome,17 interesting,8

very,129 very,133 pretty,2 interesting,16 such,7
perfect,116 perfect,104 cool,2 very,15 wonderful,7
gorgeous,74 gorgeous,79 new,2 strong,13 dark,7

such,71 cute,78 very,2 many,12 lovely,6
cute,68 little,61 fantastic,2 same,11 cool,6

much,62 such,55 terrific,1 white,11 scary,6
little,58 stunning,47 fierce,1 such,11 dramatic,6
black,55 impressive,45 perfect,1 cool,11 good,6

words for a reliable slope estimation). Apart the statistical
properties of the word distribution, Zipf’s law can be also
explained in terms of “least effort” principle: [30] the tension
between the goal of the speaker to minimize production efforts
by using only few words very frequently and the goal of the
listener to minimize perceptual confusion by having a large
vocabulary of distinct words.

C. The Adjective Weighting Model

Having defined statistical and linguistic interpretations of
the distributions of adjectives in the photo comments corpus,
we are now ready to propose an adjective weighting model
for opinion orientation.

We define the word opinion orientation woo using the
principles of word relevance as defined in the TF-IDF measure
and word distribution properties of Zipf’s law as follows:

woo = orientation(w) ∗ log(fw,r=1

fw
+ 1) (2)

where orientation(w) is a function which assigns 1 if the
word w is positive and -1 if it is negative, fw,r=1 is the
frequency of the word having the rank 1 (Equation 1) and
fw is the frequency of the word w in the whole corpus.

The difference between TF-IDF and our approach is that the
importance of the word in TF-IDF is measured for every word
independently, while opinion orientation score is calculated
relative to the most frequent word in the corpus. Thus, if
the most frequent word is “great” with frequency of 1469
(see Table II) and the word ranked second is “nice” with
the frequency of 864, “great” will get a score of 0.30 (log
(1469/1469 + 1)), while the score of “nice” will be 0.43 (log
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Fig. 1. Overview about the interdependence of the different core text analysis
processes. The numbers correspond to the paragraphs in Section IV-D, where
details are provided.

(1469/864) + 1). One is added to log to avoid zero score of
the most frequent word.

We should note, that the word frequency in the Equation 2
is absolute and can be applied to five regions separately. In
order to make a global model that takes into account different
word distributions, we need to find the relative order of all
words from five regions. We proceeded it as follows:

• We calculated a ratio fw,r=1

fw
for every word

• An average of ratios for every word was calculated taking
these ratios for the same word wi,n from every region n

• If the word wi,n was not found among the lexicon of the
region n, its ratio was assumed to have the ratio of the
last word in the lexicon of the region n

After building a weighted ratio for every word, we applied
Equation 2 to obtain the global adjective weighting model.

D. Automatic Opinion and Sentiment Analysis

The automatic opinion and sentiment analysis consists of
several interdependent steps as outlined in Figure 1. The
analysis relies on both resources derived from the photo
comment corpus itself and external resources. The details are
provided in the following subsections.

1) The Photo Features: In order to determine which opin-
ions relate to the photo, first a list of photo features had to
be compiled. For this purpose a term extraction method was
created that exploits certain characteristics of photo features:
(1) such features usually correspond to nouns, (2) such features
should not depend significantly on the photo location, and
(3) such features should be frequent in photo comments.
Consequently, (1) all nouns where extracted, that (2) appeared
in photo comments of at least 4 out of 5 locations, and finally
(3) the 100 most frequent among these terms were extracted as
candidate photo features. The list was then manually revised
and finally, 60 out of these nouns where considered in the anal-
ysis as photo features. The top 10 frequent nouns present in at
least 4 locations were, in decreasing frequency order, “shot”,
“photo”, “color”, “composition”, “light”, “picture”, “capture”,
“love”, “image”, “work”. Here, “love” is one example that
was manually deleted. In this case we could observe that high

frequency of the noun “love” was due to a repeated error of
the part-of-speech tagger, when occurrences of the verb “love”
in very short sentences (e.g. “Love it!”) were misclassified as
nouns.
Implicit features: If sentences were shorter than 6 words
and did not contain a noun, it was assumed that comments
implicitly meant the photo (e.g. “I love it.”, “Well done.”,
“Very nice.”).

2) The Word Orientation List: As already mentioned, a
manually enhanced version of the widely used Internet General
Inquierer lexicon [31] was applied. It was used to determine
the orientation of the word and incorporate it into Equation 2,
i.e. +1 for positive, -1 for negative and 0 for neutral words (not
contained in the orientation list). Before, words were reduced
to their base form with Kuhlen’s algorithm [32], in order to
increase the number of matches.
All words not contained by the adjective weighting model of
Section IV-C, because they either did not appear in the photo
comments or belong to a different part-of-speech category,
were allocated the weight 1.

3) Syntactic Opinion Reference Patterns: In order to detect
references of opinion words to photo features, a set of syntactic
opinion reference patterns was defined, based on linear word
order part-of-speech sequences7. A very simple example is
the pattern “JJ NN” which stands for an adjective (JJ) directly
followed by a noun (NN). In this case we can be sure, that
the adjective refers to the noun. Hence, if the noun is a
photo feature then the adjective and its orientation can be
assigned to this feature. While in theory recursive patterns of
arbitrary length (e.g. JJ* NN) are possible in natural language,
in practice such patterns do not appear to a noteworthy extent.
We could observe that the limited pattern set we defined,
covers the vast majority of cases. The whole pattern set is
provided in Figure 2. One main advantage is that the pat-
terns encode the available linguistic knowledge about opinion
references without requiring the time-consuming parsing of
a full syntax structure tree or a typed dependencies graph.
Our syntactic reference patterns cover most of the cases that
other approaches detect with dependency parses. This is due
to the fact that in English adjectives are usually very close to
the nouns they refer to. Only very exceptional and infrequent
cases like relational phrases ”‘the photo, that shows a tree, is
really nice”’ cannot be resolved by our means. In case of verbs,
our approach is not able to distinguish explicitly whether the
feature is the subject or the object of the verb. In our tests,
however, we could observe that this is not a problem. Verbs
that express opinions (”‘to hate/to like”’) cannot have a photo
feature as subject and in cases in which they are objects,
they are covered by our analysis patterns. In addition, our
method is less error-prone than dependency parsing, especially
when applied to less formalized and clean writing, as in user-
generated content.

7The used part-of-speech tags follow the Penn Treebank Tag-set definition:
http://www.comp.leeds.ac.uk/ccalas/tagsets/upenn.html
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4) Identification and Separation of Photo Opinions and
General Sentiments: One crucial point of the automatic text
analysis is the detection and separation of (1) opinions about
the photo quality (PO) and (2) general sentiments expressed
about the photo content (GS).
The first part (1) is based on the extraction of photo features
and the mapping of opinion statements to photo features.
The described set of syntactic opinion reference patterns was
applied for this mapping. For each photo feature in a sentence,
all words were extracted that describe the feature according to
one of the syntactic opinion reference patterns. The orientation
scores of these words were then summed up to yield a photo
opinion value. In this process, a simple heuristic is used to
invert the orientation of negated words.
Accordingly, step (2) is based on all sentiment expressions
that could not be attributed to photo features during step (1).
This means that all words not referring to photo features were
considered and their orientation scores summed up to yield a
general sentiment value.
It should be noted that general sentiments only in very rare
cases are falsely classified as photo opinions, whereas the
contrary could be observed more frequently, due to different
reasons (missing photo feature, implicitness).
Additionally, in both steps the ambiguity of comments is
analyzed. This implies investigating whether different users
express different opinions or sentiments on the same photo.
The output of steps (1) and (2) are an opinion and sentiment
value for each user comment. The ambiguity is then calculated
separately for the opinions about a photo and the sentiments
about a photo. Equation 3 shows how the opinion ambiguity
value is calculated for a photo, based on the number of user
comments with positive opinions (#pos) and the number
of user comments with negative opinions (#neg). For the

sentiments this works analogously.

amb =

{
0 if (#pos = 0) ∨ (#neg = 0),
Min(#pos,#neg)
Max(#pos,#neg) else.

(3)

E. Statistical Proof of Concept

Because of the lack of an appropriate Gold Standard it is not
easy to evaluate the sentiment and opinion analysis. Instead,
we try to gain evidence for the suitability by performing sta-
tistical analysis. Table III shows mean and standard deviation
values of opinions and sentiments for the different regions. As
expected, the relative difference of mean photo opinion values
between different locations is much smaller then that of mean
general sentiments. This is in accord with our expectations,
because the general sentiment is much more dependent on the
location than the photo quality. There is a certain correlation
between photo quality and general sentiments, which could be
due to the fact that both cannot be separated unambiguously
in all cases. However, the two concentration camp memorials
Ausschwitz and Dachau, as expected, have very low general
sentiment values and the two popular tourist places Warsaw
and Krakow are allocated much higher values (even the same
mean). Wisla, which we anticipated to be a rather neutral
place, lies between the extrema with its general sentiment
values. All in all, the statistics indicate that a reasonable
separation of opinions and sentiments could be achieved.

Location Op. Mean Op. Stdv. Sent. Mean Sent. Stdv
Auschwitz 0.827 1.847 0.318 1.202

Dachau 0.776 2.16 0.268 1.026
Krakow 1.003 2.068 0.736 1.544
Warsaw 0.976 2.618 0.736 2.483
Wisla 0.945 1.209 0.516 1.314

TABLE III
AVERAGE AND STANDARD DEVIATION OF OPINION AND SENTIMENT

SCORES

V. APPLICATION

In this section we demonstrate the desktop application that
combines Google Earth8, the custom engine built on top of
Google Earth [22], and the navigation and filtering toolbox
that implements the method for opinion and sentiment analysis
of photo comments.

A. Usage Scenario

Our goal is to enrich the user experience by improving
photo navigation in a selected region and adding more op-
tions for exploring the area. Google Earth has become a
favorite platform among Internet users for map navigation
and exploration. Google Earth contains different layers that
include points of interest, photos, etc. At any time the user
can navigate to a specific region in the World and explore the
points of interest or photos that were taken there by tourists.

8http://earth.google.com/
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The difficulty is that photos are displayed in Google Earth as
small rectangular thumbnails. The actual image is displayed
only when the user clicks on the thumbnail. To gain an actual
view of the place, the user has to click on the thumbnails many
(several) times and search through different photos. Similarly
to Google Earth, the Flickr web site allows the navigation to
a particular place using the provided search field. The web
page will display large image thumbnails in a sequential order
with an overall statistic of how many images were found. For
example, for May 25, 2010, Flickr reports 256, 827 results
when Warsaw is used as a keyword. Flickr allows sorting the
results using three options Relevant, Recent and Interesting.
In addition, Flickr allows locating photos on the map using
its WorldMap9 by providing the location and optionally the
category (architecture, urban, forest). By issuing a search for
Warsaw, Flickr found 73, 174 geotagged photos, displayed as
image thumbnails on a horizontal strip and sortable according
to two parameters: Interesting and Recent. The relevant option
allows searching for images that contain the search keyword
in their titles, while the interesting option is based on the non-
disclosed algorithm that takes into account such features like
number of views, comments, etc.

In our application, we implement two main features that
are the core of the algorithmic part of the paper, namely
opinion and sentiment, three derived features, namely number
of sentences in comments, opinion and sentiment ambiguities
and the number of positive and negative opinion words in
comments. Additionally, we included an additional feature,
which is part of the downloaded metadata the number of times
the photo was viewed. The application has two main views and
will be described in the following subsections.

B. Photo sorting

The control panel displayed in Figure 3(a) allows the user
to receive information about the boundaries of the selected
region (label 1). When the user changes the boundaries by
manipulating the Google Earth map, the application connects
to the server and updates statistical information related to
the photos (label 2). In particular, the following statistics
are sent by the server: total photos in the region, minimum
and maximum opinion and sentiment scores, minimum and
maximum number of sentences in comments, positive and
negative opinion words and opinion ambiguity, minimum and
maximum number of viewed photos.

The central part of the control panel contains a number
of filtering options (label 3): filtering by opinion, sentiment,
sentences, ambiguity, number of positive and negative words,
etc. In addition, two quantity filters (label 4) allow limiting
the number of displayed photos on the map view and in the
control panel.

When one of the filtering options is invoked, the request is
sent via REST protocol to the server along with all relevant
information. The server generates two types of responses that
are sent as one string to the client. The first response is

9http://www.flickr.com/map/

formatted as Keyhole Markup Language (KML), an XML-
based language for the visualization of geographic entities and
the one which is used by Google Earth. In our case it contains
a photo URL and all the relevant information about the photos
(opinion and sentiment scores as well as comments). The
KML file is extracted from the response and delegated to the
underlying Google Earth engine for visualization. The second
response is used by the control panel to show N-top photos
(label 5) filtered by one of the provided options.

If the user clicks on one of the photos, the information about
the selected photo is displayed on the left side including the
coordinate of the photo, comments and scores (label 6). A
double-click on the photo positions the map around that photo
on the map view.

C. Map navigation

Map navigation (Figure 3(b), label 1) allows exploring
the photos using the map view after they were filtered by
one of the available scores. The exploration is similar to
the functionality provided in the stand-alone Google Earth
version or Flickr MapView. However, the difference is that the
thumbnail of the image is directly visible on the map. This can
save time as it does not require clicking on every thumbnail
to see the underlying images. When the image thumbnail is
clicked, the large image is displayed along with its comments
and scores (see Figure 3(b), label 2). Since the data interchange
format is XML-based, information about the whole set of
filtered photos or an individual photo can be saved into the
file and later visualized in any application that supports KML
(label 3).

VI. CONCLUSIONS

This paper introduces a practical unsupervised approach
for improving the user experience during the exploration of
(geotagged) photos on photo sharing web sites by filtering
and sorting photos using opinions and sentiments expressed
in user comments written for uploaded photos.

Our approach is able to identify two types of opinions
from the comments: opinions that are related to the photo
quality and general sentiments or moods expressed towards
the objects shown on the photo. Unlike most of the existing
approaches in which binary (negative or positive) opinion
orientation is used, we model opinion orientation using a
real-valued scale. Using linguistic features, we build a finite
lexicon of adjectives and calculate their opinion strength using
a word importance paradigm borrowed from the information
retrieval field. The opinion orientation (negative or positive
sign) is calculated using a predefined lexicon of positive
and negative opinion-bearing words. The identification and
separation of photo opinions is based on a semi-automatic
method for photo feature extraction and a set of predefined
syntactic opinion reference patterns. The overall opinion and
sentiment scores for a photo is the cumulative sum of all scores
in the comments. This allows a dynamic update of scores if
new comments are written for the photo.
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(a) Control view. Filtering according to opinions, sentiments and other derived textual features. N-top ranked photos according to the filtering parameter selected
are displayed with the relevant information

(b) Google Earth view (label 1). Clickable photo thumbnails are displayed on the map (label 2). The results of visualization can be seen and saved in KML
format (label 3)

Fig. 3. Google Earth-based application for photo search using opinion and sentiments scores
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We implemented a prototype desktop Google Earth-based
system that implements the method described in the paper. It
allows the exploration of geotagged photos using opinion and
sentiment scores combined with the visualization of photos on
the map.

In our future work, we shall concentrate on the improvement
of the score assignment algorithm and work on multi-lingual
solutions.
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Abstract—An experimental research with a goal to automati-
cally detect prominent words in Russian speech is presented in
this paper. The proposed automatic prominent word detection
system could be further used as a module of an automatic
speech recognition system or as a tool to highlight prominent
words within a speech corpus for unit selection text-to-speech
synthesis. The detection procedure is based on the use of prosodic
features such as speech signal intensity, fundamental frequency
and speech segment duration. A large corpus of Russian speech
of over 200 000 running words was used to evaluate the
proposed prosodic features and statistical method of speech data
processing. The proposed system is speaker-independent and
achieves an efficiency of 84.2 %.

I. INTRODUCTION

T
HE SOLUTION of the prominent word detection task is

to be used within the field of speech technologies while

developing automatic speech recognition, unit-selection text-

to-speech synthesis, spoken term detection, video and audio

data indexing. For example, natural speech understanding

systems need to know not only "what" has been said, but also

"how" it has been pronounced. Intonation prominence is very

important linguistic information for speech understanding, i.e.

[1] showed that the use of word prominence degree helped to

disambiguate the meaning of utterances.

The procedures of speech signal processing, prosodic fea-

tures extraction and statistical speech data processing were

developed during a series of investigations. The experiments

used the data of CORPRES speech corpus created at the

Department of Phonetics of Saint Petersburg State University

[6]. The paper contains the experimental results and efficiency

evaluation of the developed automatic prominent word detec-

tion system.

II. PROSODIC FEATURES OF WORD PROMINENCE

A speaker prosodically emphasizes a word in an utterance

to make it stand out of the surrounding words. The most

common cure for doing that is a pitch accent that is acous-

tically expressed by the increase of local pitch maxima and

minima. Intonational prominence reflects different aspects of

pragmatics. It can express attitudes such as doubt, uncertainty

and surprise, demonstrate anaphora references, the location of

This work was supported in part by the "Research Potential Development
of Higher Education Institutions" Federal Program ("Automatic Interpretation
of Prosody" Project)

rheme and theme in the utterance, as well as show whether the

utterance is a question or statement. Recently many research

efforts have been dedicated to prominence detection due to

its importance in such fields as natural speech understanding

and emotion recognition in spontaneous speech. Almost all

researchers assume that relative syllable and sound length,

melody and loudness are highly connected with prominence

[2]. The first research goal was to find the most efficient

acoustic features for automatic prominent word detection.

A. Relative syllables and sounds length

The relative length of syllables and sounds is an obvious

prominence feature. The speaker usually stretches a word if

s/he wants to emphasize it. As there is no reliable algorithm

of syllable detection for Russian and there is no syllable

transcription in CORPRES, the speech corpus of Russian

speech used in the present experiment, relative syllable length

was not used. Two temporal features were used. The first

feature is total word length in milliseconds. The second one is

relative sound length within a current word that is expressed by

the ratio of sound length within a current word and the length

mean for the sound. The means were calculated for sound

samples within the speech corpus. These features are possible

to calculate as there is phonetic transcription with precise

speech sound boundaries and orthographic transcription with

precise word boundaries in CORPRES. Thus, there is no

need to detect speech segment boundaries automatically, but it

should be done by means of the automatic speech recognition

in real-life applications.

B. Melodic features

The majority of researchers support the idea that melodic

features are the most crucial for speech prominence, i.e. see

[8]. In present research, the melodic contour of every word was

examined separately. An original recently developed method

of melody processing [6] was used. This method showed its

efficiency in the system of automatic interpretation of tone

unit prosody.

The melodic features were extracted from a preprocessed

and smoothed melodic contour. The melodic contour is

achieved as a result of automatic pitch detection system that

has been developed earlier at the Department of Phonetics of

Saint-Petersburg State University. The goal of preprocessing
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is to eliminate microprosodic events and to get a smoothed

melodic contour. This allows to get rid of calculation errors

occurring within microprosodic events. Automatic melody

preprocessing consists of the following four steps:

1) detection of voiced parts of the speech signal;

2) pitch detection within voiced parts;

3) microprosody and laryngalization rule-based processing;

4) melodic contour smoothing based on the algorithm of

moving average.

The following melodic features were selected for promi-

nence detection based on the analysis of other research and

solutions as well as a series of experiments: maximum,

minimum, mean and standard deviation of the fundamental

frequency within a word. The rate of fundamental frequency

change is also taken into account to model not only the

fundamental frequency itself but the extent of its change as

well. Thus, maximum, minimum, mean and standard deviation

of the fundamental frequency change within a word were

applied for this purpose. These features are applied based on

the idea that the change of fundamental frequency is higher

within a prominent word.

C. Intensity of speech signal and its spectrum

Speech loudness also correlates with prominence. Speech

loudness corresponds with speech signal intensity or, more

precisely, with its spectrum intensity. Meanwhile there are two

main ways of modeling speech loudness. The first one is a cal-

culation of spectrum intensity within certain, most significant

frequency bands. The second is a calculation of speech signal

intensity. The latter does not require FFT calculation that leads

to much faster feature extraction. It is worth saying that the

efficiency of signal based features is equal to the efficiency

of spectrum based ones. The following features were used

to express word loudness: maximum, minimum, mean and

standard deviation of speech signal intensity within a current

word.

The discrete extraction of signal intensity features is used.

The speech signal within a word is divided into processing

windows. Window length is 10 ms and window step is also

10 ms, that is windows do not overlap. The signal intensity

within a processing window is a mean of signal amplitude

values within the window. Thus, we calculate a single signal

intensity value every 10 ms. This value array is used to obtain

the features listed above.

D. D. General overview of proposed acoustic features

The acoustic features described above express three different

aspects of speech prosody: melodic, dynamic and temporal

description of prosody. They are independent at the first

glance, that is changing one of them does not influence the

others. But that is not really true. Changing one of them will

influence the perception of the others. The perceptual char-

acteristics of speech are more important than its real acoustic

characteristics when one considers speech prominence. That is

why all the features should be taken into account. For example,

an increase in signal intensity leads to an increase in perceived

pitch and an increase in fundamental frequency leads to an

increase in perceived loudness [3]. It is quite obvious how to

extract temporal and dynamic information. The task of key

melodic feature extraction still requires a solution because it

is not obvious what melodic features are the most important

for automatic prosody interpretation. However, to make the

feature extraction process consistent, it was decided to use the

following list of features to model word prominence:

1) total word length, relative sounds length;

2) maximum, minimum, mean and standard deviation of

the fundamental frequency within a word;

3) maximum, minimum, mean and standard deviation of

the fundamental frequency change within a word;

4) maximum, minimum, mean and standard deviation of

the speech signal intensity within a word.

The use of these acoustic features is based on the following

reasons. First of all, it is well known that short words are

rarely prominent, but the melodic contour within them usually

changes greatly and rate of F0 change is a correlate of

prominence. Thus, the use of word length as an acoustic

feature helps to detect such words as non-prominent. The

melodic and dynamic features are designed following the same

principles: maximum, minimum, mean and standard deviation

are calculated. This allows to estimate the range and variance

of prosodic features. On the other hand, it allows to examine

how words differ from each other, especially by statistical

measures such as mean and standard deviation. These prosodic

features are essential and almost all other features are based

on them.

III. STATISTICAL PROCESSING OF PROSODIC DATA

The choice of statistical data processing and acoustic mod-

eling method that allows to achieve the best efficiency of

automatic prominent word detection is no less crucial than

the choice of acoustic features. The main statistical framework

applied in speech technology at the moment is hidden Markov

models (HMM) that would be perfect for the solution of this

task within an automatic speech recognition system. HMM is

the best choice when one needs to reveal a context dependency

of objects or a dependency of certain objects appearing next

to preceding objects. The solution of current task does not

require this; it is possible to make an assumption about context

independence of word prominence from the prominence of

preceding words. Thus it was decided to use another method.

It seems reasonable to use classification and regression trees

(CART) to detect prominent words as it was done in [5]. CART

is an effective classification method when classified objects

are independent from each other. Besides that, CART allows

to define a relative significance of features for a classification

task. It is especially valuable from scientific point of view

and allows us to develop, test and apply acoustic features

that are more and more effective and reliable for a task of

modeling and detecting prominent words. Usually the entropy

is used as a splitting criterion in a CART framework. However,

it has been decided to use probability of prominent words

as a splitting criterion in the current system. There are two
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TABLE I
THE EVALUTION RESULTS WITH DIFFERENT SETUPS

Experiment Efficiency Precision Recall

SpInd 84,2 83.3 79.1

SpDep 77.1 81.2 73.4

Male Voices 89.7 90.4 80.1

Female Voices 87.3 88.2 78.8

reasons for that. The first one is the fact that when entropy is

calculated all classes are supposed to be equally probable, but

the number of prominent words is 4 times smaller than the

number of non-prominent words. In case of using entropy this

could lead to the situation when there are objects of different

classes in all CART leafs: many non-prominent words and

several prominent words. The other reason is that there are

just two classes in this case: prominent and non-prominent

words. Thus, uncertainty degree is unambiguously defined by a

probability of one class. The experimental results showed that

the probability of prominent words is a much more efficient

splitting criterion than entropy.

IV. EXPERIMENTS

A. Experimental Data Description

All the experiments were carried out with the CORPRES

(Corpus of Russian Professionally Read Speech) corpus. It

consists of recordings from 8 speakers, four men and four

women. It contains 25 hours of fully annotated speech [7],

three hours per each speaker. The corpus contains the follow-

ing annotation levels:

1) pitch marks – boundaries of fundamental frequency

periods;

2) phonetic events labeling – boundaries and labels of

phonetic events;

3) phonetic transcription – boundaries and labels of speech

sounds;

4) orthographic transcription – boundaries and labels of

words;

5) prosodic transcription – boundaries and labels of tone

units and pauses.

There are 211 383 running words in the fully annotated

part of the speech corpus and 40 547 of them were labeled by

experts as prominent.

B. Experimental Results

Cross-validation has been applied for efficiency measure-

ment during experiments. This method is widely used in cases

of lack of data and non-uniform data. Prominent words are

non-uniformly distributed over the speech corpus and non-

prominent words would be considered as a more probable

class. The cross-validation allows to avoid that. It has been

decided to use the same efficiency metrics as the ones used

in search tasks for the task of prominent word detection can

be considered a search task. These are error-rate, precision

and recall. A series of experiments was held to estimate the

efficiency of automatic detection of prominent words using the

above mentioned prosodic features and statistical classifier.

A series of experiments was held:

1. Speaker Independent (SpInd): All data were uniformly

devided into 10 parts, i.e. the recordings of every speaker were

divided into 10 parts. Nine parts were used as training data

and one part was used as test data, thus there were about 22.5

hours of training data and 2.5 hours of test data.

2. Speaker Dependent (SpDep): The purpose of the exper-

iment was to evaluate the efficiency of the system when the

recordings of one speaker are used as training data and the

recordings of other speakers are used as test data. The data

were divided in the following way: the data from 7 speakers

(about 22 hours) were used for training and the data from 1

speaker (about 3 hours) were used for evaluation.

3. The last experiment was intended to evaluate the system

with gender dependent data. First of all, data from male

speakers were separated from data from female speakers. Each

part of the data was divided into training data ( 9/10 of data,

about 11.25 hours) and test data (1/10 of data, about 1.25

hours). Thus, four different experiments were held and the

results are presented in Table I. The results in the table show

several interesting tendencies. The results are much better for

the gender dependent system then for gender independent. It

might be caused by the significant differences in pitch between

female and male voices. This proves the concept that pitch

plays a major role in prominence detection.

Another conclusion is that SpInd yields better results then

SpDep. This is probably due to the fact that training and test

data within SpInd experiment included data from all speakers,

while in SpInd experiment training data exluded the data of

the test speaker. This shows that the data from seven speakers

was not enough to train a speaker independent system and to

predict the excluded speaker efficiently.

An overall efficiency of 84.2 % was achieved for speaker

independent task. Table II shows the comparison of this result

against the results achieved by other researchers in speaker

independent systems.

The empty cells in the table mean that the authors did not

present precision and recall results in their papers. As one can

see, the efficiency of the current system is not the best one,

but not the worst. However, it is worth highlighting that an

amount of experimental data is by two orders of magnitude

greater than the amount of data used to test other systems.

Thus, the experimental results can be considered as positive

and efficient enough to be a baseline for further research in

the field of automatic detection of prominent words.
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TABLE II
THE EFFICIENCY OF THE AUTOMATIC PROMINENT WORD DETECTION AS COMPARED TO SIMILAR RESULTS ACHIEVED BY OTHER RESEARCHERS

Research Language Amount of Data Efficiency Precision Recall

Brenier et. al. [2] English 2906 words 87,1

Kroul [4] Czech 2160 words 91.1

Tamburini [9] Italian 4780 syllables 82.5 75.6 77.9

Wang and Narayanan [10] English 3247 words 76.2 82.1 73.4

Current System Russian 211383 words 84.2 83.3 79.1

V. CONCLUSION

The paper presented results of the research dedicated to au-

tomatic detection of prominent words. Algorithms of prosodic

features extraction were developed during this research. Three

types of prosodic features were used: melodic, dynamic and

temporal. CART with modified splitting criterion was used as

a statistical classifier. The efficiency of the developed system

was tested in a series of experiments. The efficiency of 84.2 %

was achieved, that which is comparable to other research in

this field. The undisputable advantage of this system is that it

is the first such system of the kind that has been developed

for the Russian language and it could undoubtedly be used

within automated annotation of speech corpora modules and

automatic speech recognition systems.
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Abstract—In this paper we present RefGen, a reference chain 

identification module for French. RefGen algorithm uses genre 

specific properties of reference chains and an accessibility 

measure to find the mentions of the referred entity. The module 

applies strong and weak constraints (lexical, morpho-syntactic, 

and semantic) to automatically identify coreference relations 

between referential expressions. We evaluate the results 

obtained by RefGen from a public reports corpus and we 

discuss the importance of the genre-dependent parameters to 

improve the reference chain identification. 

I. INTRODUCTION 

N this paper, we present a new reference chain 

identification module RefGen, developed for French. 

Reference chains are linguistic markers indicating a 

topic shift or a topic continuation in the discourse [1]. 

RefGen is the main module of a topic detection system, 

integrated into a topic search engine. The search engine uses 

topic indexing to help users to retrieve relevant documents 

from the archives. The topic detection system takes into 

account the genres of the documents. 

Reference chain identification is a key process for many 

NLP applications as topic detection or text summarization. 

To solve the reference, the systems identify the various 

referential expressions (e.g. pronouns, definite noun phrase, 

possessives) referring the same discourse entity. This is a 

criterion to form a reference chain in the document. A 

reference chain includes at least three referential expressions 

(e.g. Barack Obama… il… lui 'Barack Obama... he...his' / Le 

chat qui a mangé l'escalope...le chat...il' the cat that ate the 

escalope... the cat...it' ) which denote the same referent [2]. 

If this referent is common to several sentences of the same 

paragraph, it represents a potential topic candidate. Several 

paragraphs sharing the same referent indicates also a topic 

candidate. 

 Coreference resolution methods either apply heuristic 

rules manually defined (which select the most suitable 

antecedent for a given anaphora) or rules learned from 

annotated corpora. While supervised learning methods [3], 

[4] are effective in the processing of coreference relations, 

they require large, manually annotated training corpora. 

                                                           
 This work was supported by a French company, RBS (Ready 

Business System), Strasbourg (http://www.rbs.fr). 

However, there is currently no large reference corpus 

annotated with reference chains in French [5] to apply 

machine learning techniques for reference chain detection. 

Coreference task of the SEMEVAL2010 conference 

provides annotated corpora for several languages, but no 

French data is yet available. 

To identify referential expressions we propose a new 

knowledge poor method as adopted for pronoun [6] and 

coreference resolution [7], [8], [9]. We select the reference 

chain elements (mentions of the same entity) using criteria 

about accessibility and information content of various 

categories of referential expressions (Accessibility theory 

[10]), their syntactic function, but also some genre-

dependent properties of the reference chains. The RefGen 

algorithm proceeds in two steps: it first selects the starting 

element of a reference chain and then it selects the next 

elements of the reference chain applying strong and weak 

constraints (lexical, morpho-syntactic, and semantic) [11] 

between antecedent-anaphora potential pairs.  

The paper is organized as follows. In section 2 we 

describe the referential expressions, the coreference relations 

processed by our system, and the genre-specific parameters 

of the reference chains identified by a corpus analysis. In 

section 3, we present the RefGen module: the genre-

dependent parameters used to identify chains, the annotation 

scheme adopted and the algorithm. We then discuss the first 

RefGen results obtained from a comparison with manually 

annotated corpora and we stress the importance of the genre-

dependent parameters to improve the results of the algorithm 

(section 4). In section 5 we conclude and we present future 

developments.  

II. THE REFERENCE CHAINS 

A. Referential expressions 

Following [2], we consider a reference chain as a relation 

between at least three mentions (three referential 

expressions). The reference chains include three types of 

constituents with a referential function: the proper nouns, the 

NPs (definite, indefinite, possessive or demonstrative) and 

the pronouns. The proper nouns have an important role in the 

discourse structure as they often open a reference chain, due 

to their capacity to point a unique, well-identified referent. 
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Indeed, a study of reference chains in the journalistic 

portraits [12] shows their importance in organizing the 

discourse. Apart from cases where there is a referential 

competition (the repetition of the proper noun eliminates 

ambiguity between two referents, e.g. “Paul and Pierre… 
Paul…”), the repetition of a proper noun signals a break in 
the reference chain. When a referring expression is used, it 

triggers a "particular recruitment process" of a referent. 

Thus, the demonstrative (e.g. “ce président”/„this president‟) 
points directly to the nearest referent while the anaphoric 

pronoun "il" recruits a referent that is already in mind and 

there is no concurrent referent [13]. The use of a particular 

mention (referential expression) is an indication for the 

reader to remember a specific referent. This referent 

becomes a local theme of the discourse. However, the use of 

a complete noun phrase instead of a pronoun is an indication 

of a reference change. These informations are useful to 

detect the end of the reference chain or the beginning of a 

new one.  

We decide to first process single referential relations 

(excluding plural anaphora) between co-referent expressions 

within a paragraph. We treat direct coreference cases [14] 

for the coreferential NPs having the same head (eg “le 

changement climatique” 'climate change' / “ce changement” 

'this change') and some indirect coreferences between a 

person name and a function (e.g. “Barack Obama … le 
president américain”). Other indirect coreference cases 

(hyponym/hyperonym) will be treated in the future 

extensions of the system. 

B. Coreference relations 

The elements of the same reference chain are related by 

coreference relations. This means that they are referring to 

the same entity. These coreference relations have various 

linguistic expressions: agreement in gender and number 

between antecedent and anaphor, similar syntactic functions 

or semantic relations (hyponym/hyperonym, or ontological 

relations). These properties might be simultaneously or only 

partially satisfied and they are usually exploited by automatic 

coreference resolution systems. 

Several linguistic theories propose valid interpretations of 

these properties and rules to detect topic transitions and/or 

pronoun antecedents. [10] proposes a hierarchy of accessible 

entities in the discourse. The accessibility is defined in term 

of information content and rigidity. If the entity is accessible 

in mind, then it could be expressed by a low accessibility 

expression as pronoun or possessive. Its antecedent should 

be a previous nearest entity with high accessibility.  

[15] treat the problem of the identification of the main 

discourse entity in term of focus, or center. The Centering 

theory uses an order of the possible centers of the discourse, 

following the syntactic function (the subject of the sentence 

is the most probable preferred center of the next sentence). 

This theory predicts topic changes, by defining four 

categories of focus change or maintenance, but treats only 

consecutive sentences.  

Optimality theory reformulates the rules proposed by the 

Centering theory [15] in terms of constraints. [16] defines 

the specific notion of topic sentence as "the entity referred to 

in both the current and the previous sentence, such as the 

relevant referring expression in the previous sentence was 

minimally oblique". 

To define the topic sentence as a sign of discourse 

coherence, [16] proposes a set of constraints: 

 AGREE: Anaphoric expressions agree with their 

antecedents in gender and number  

 DISJOINT: Co-arguments of the same predicates 

should be disjoint 

 PRO-TOP: The topic is pronominalized 

 FAM-DEF: Each definite NP is familiar, so refers to 

an entity already mentioned. 

 COHERE: The topic of the current sentence is the 

topic of the previous one 

 ALIGN: The topic is in the subject position. 

These constraints, which might be reformulated in term of 

relations between an antecedent and an anaphor, are applied 

in a hierarchically manner. Moreover, the Optimality theory 

proposes criteria to select an antecedent from several 

candidates if it satisfies a maximum of these constraints. As 

[16] proposes, we also adopt an algorithm selecting 

antecedent-anaphor pairs by checking various categories of 

constraints. 

C. Genre-dependent properties 

Other parameters used by our algorithm are genre 

dependent properties. Several studies in textual linguistics 

[17] aim to characterize genres, text types or registers, by a 

set of linguistic parameters (the frequency of lexical 

categories, the preference for some tenses, the frequency of 

the complex syntactic phrases). These linguistic parameters 

have a specific communicative purpose and they are used in 

a particular communicative situation. One category of these 

linguistic parameters is represented by the reference chain. 

Genres or types might influence the type of referential 

expressions used in the text and the choice of the various 

mentions of the same referent. Cohesion markers as 

reference chains are dependent on the genre as [12] identifies 

in newspapers portraits. We assume that reference chains 

have their specific properties, depending on the textual genre 

or on the type. 

To identify the genre specific properties of the reference 

chains and to check this hypothesis on other genres, we study 

the reference chains in a French corpus (about 50,000 

tokens) composed of five various genres [18]: newspapers 

from Le Monde (2004), editorials from Le Monde 

Diplomatique (1980-1988), a novel Les trois Mousquetaires 

(Dumas, 1884), some European legal standards from the 

Acquis Communautaire [19] and public reports from La 

Documentation Française (2001). We manually annotate the 
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chains to determine which reference chain properties were 

relevant for a particular genre.  

The reference chain study is based on [12]. For each 

genre, we examine the chains following five criteria: 

 the average length of chains (the number of referential 

expressions referring the same discourse entity); 

 the average distance between the elements of a chain 

(the number of sentences separating the elements); 

 the frequency of the mentions depending on their 

grammatical class; 

 the grammatical class of the starting element of a 

chain; 

 the identity between the sentence theme and the first 

element of a chain. 

 

The study reveals several differences across genres. For 

example, the average length of reference chains from text 

laws (Acquis Communautaire) is three mentions while the 

length is nine mentions for the novel. The difference between 

the average length of the two genres may be explained in that 

text laws involve many referents (referential competition 

between the referents, so many reference chains are opened) 

while the novel counts lots of descriptions about the main 

character (which maintains the current chain). Concerning 

the frequency of the referential categories, we notice that the 

newspapers contain mostly proper nouns (30.8%) while 

editorials contain 50% of definite noun phrases. Proper 

nouns are very frequent starting elements for newspapers 

reference chains, but indefinite noun phrases are preferred as 

first mention for text laws and for public reports. Indeed, the 

measures adopted by the European Commission have a 

generic scope extended to any state member of the 

community, hence the massive presence of indefinites (eg. 

“un Etat Membre”/ „Member State‟, “une décision”/ „a 

decision‟, “une mesure”/ „a measure‟). In addition, the first 

element of the chain is identical to the sentence theme for 

80% of the occurrences for the newspapers and only for 40% 

for the public reports. For this last criterion, we checked if it 

can be possible to gather the reference chains containing the 

same sentence topic (coreferent reference chains [2]) to 

identify the document topics. 

Thus, the corpus analysis of the reference chains 

highlights their genre-specific properties (Fig 1). We use 

these parameters to configure RefGen according to the genre. 

III. THE REFGEN MODULE 

In the section above, we present the study of reference 

chain properties on a corpus composed of several genres. 

Indeed, the study validates the hypothesis that reference 

chains have specific linguistic properties depending on the 

text genre and type (explanatory, narrative etc.). We exploit 

these properties for reference chain identification. Now, we 

present the RefGen module architecture and we present the 

linguistic annotations required (tagging, chunking and 

Named Entities Recognition). We explain the reference 

chains algorithm (CalcRef) before presenting the results of 

the evaluation. 

A. The Architecture 

RefGen is composed of several modules (Fig.2). The first 

processing module tags, lemmatizes and annotates the raw 

input text at chunk level. Then, we apply an annotation 

module, before proceeding to the reference chain 

identification step. Among the annotated phrases, we identify 

complex noun phrases and Named Entities, which represent 

potential candidates as the first mention of a reference chain. 

We identify the complex noun phrases among noun phrases 

modified by several prepositional phrases and/or modified 

by a relative clause. These phrases are very informative and 

they precisely identify the referred entity. In addition, in 

order to avoid wrong anaphora candidates, we annotate 

impersonal occurrences of the pronoun il. These occurrences 

are not taken into account by the reference computation 

module. 

Then, after the annotation step, the reference computation 

module (CalcRef) associates a global accessibility score to 

each referential expression. Then, the module identifies the 

anaphora and their possible antecedents. To obtain only 

valid antecedent- anaphora pairs, the module checks several 

lexical, syntactic and semantic constraints. 

 

Annotation of 
Complex Noun 
Phrases (CNps)

Named Entity 
Recognition

(type Org /Pers)

Annotation of 
the impersonal 
pronoun « il »

Annotations of the referential expressions

Tagged text
TTL [18]

CalcRef 
algorithm

To be ignored 

by CalcRef

 

Fig 2. The architecture of the RefGen module 

 

corpus

criteria
Newspapers Editorials Laws Novel Public reports

Length of chain 4 3,7 3 9 3,4

Distance between 

mentions

0,8 0,9 0,6 0,4 1,1

Grammatical class 

of the 1st mention

Proper name Complete NP Indefinite NP Indefinite NP Definite NP

Frequence of 

mentions

30%  proper 

names

50% definite NPs 40% 

indefinite NPs

36% pronouns - 33% pronouns

- 33% definite NPs

Identity theme –

1st mention

80% 100% 60% 60% 40%

 

Fig 1. The five genres and their properties 
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B. Annotations 

To identify the referential expressions, we tag, lemmatize 

and chunk the documents using TTL tagger [20]. 

This tagger identifies chunks (simple noun phrases (NP), 

prepositional phrases (PP)) and tags some morpho-syntactic 

properties (tense, mode, person, gender and number). TTL 

uses the MULTEXT tagset [21]. 

Then, we apply a set of rules to identify complex NPs (NP 

modified by at most two PP, NP modified by a relative 

clause), as “l‟élévation du niveau global de la mer”/ 'the 

high of the global sea level' which are more informative than 

simple NPs. These complex NPs are self-explanatory and 

they often introduce a new discourse entity.  

While we search topic entities, we apply some heuristic 

rules to identify person and organization names. Persons and 

organizations are the main actors of the text and they are 

often related to the main theme of the paragraph. As well, 

persons and organizations refer to a unique entity and they 

precisely identify this entity, so they represent good 

candidates to be a first mention of a reference chain.  

In addition, we annotate the French impersonal pronoun il 

(e.g. “il pleut”/„it rains‟) to eliminate non-anaphoric use of 

this pronoun. Fig.3 is an example of annotations including 

lemmas (lemma), chunks (simple Np, Pp; complex CNp), 

morpho-syntactic properties (ana), named entities (ner) 

and impersonal pronouns il (feat=”imp”). We use these 

linguistic annotations to identify the reference chains and the 

anaphora pairs.  

 

 

C. The CalcRef Module 

CalcRef is the main module of RefGen and it proceeds to 

reference chain identification by using genre-specific 

parameters and the linguistic annotations presented in the 

previous sections. Thus, we specify the genre of the indexed 

documents and we configure CalcRef according to the 

properties of the reference chains (average distance between 

the mentions, average chain length, and the preferred 

category of the first element of a chain). For example, for a 

corpus of public reports, the length of the chains is 4, the 

average distance is 2 sentences and the preferred type of the 

first element is a complete definite NP. To select the 

mentions of the reference chain, we define a set of weak and 

strong constraints, explained later in this section.  

The algorithm follows the next steps: 

 
For each p paragraph: 

n=1
st
 phrase of the paragraph;  

d= the average distance between candidates 

(number of phrases) 

A. Select the 1
st
 mention candidates from 

the complex noun phrases and the Named 

Entities (their AG is greater than or equal 

to 190). 

B. Order the list of the first mentions 

(according to global accessibility GA, the 

function and the type), open several chains; 

C. for each phrase, select the list of 

anaphora candidates (GA less than 190). We 

exclude the anaphoric use of the impersonal 

pronouns. 

a. for each anaphoric candidate, select 

the candidate pairs checking the strong 

constraints (without reflexive pronouns) 

and apply weak constraints. 

b. order the pairs according to the 

number of checked constraints and select 

the pair checking the maximum number of 

constraints. 

c. recompose the reference chain from the 

identified pairs 

D. n=n+d and start again at A. 

 

For each paragraph, CalcRef selects candidates for the 

first mention of the reference chains. Then, CalcRef 

identifies the next elements of the reference chains, by 

selecting a set of pairs of antecedent-anaphora candidates. 

Most of the candidates are filtered out by the application of 

several constraints. Then, we apply the transitivity of the 

coreference relation to compose the reference chains. 

 

Ordering the referring expressions 

For each paragraph, CalcRef selects candidates as first 

mention of the reference chains among expressions with a 

high degree of accessibility. [10] defines an accessibility 

hierarchy to classify the referential expressions according to 

their accessibility: less the referent is accessible, the 

referential expression should be longer, self-explanatory and 

rigid. Thus, indefinite NPs, proper nouns or complex NP, 

occupying the thematic position are used to mention a new 

entity (Table I), while short mentions as pronouns might be 

used to refer to entities already specified in the discourse. 

The global accessibility AG is computed by combining three 

elements: informativity (the amount of lexical information), 

rigidity (the possibility to pick up a specific referent) and 

attenuation (phonological size). With respect to the initial 

accessibility hierarchy, we also add indefinite noun phrases 

in the accessibility scale, even if this category of candidates 

generates several errors. We use weights on a scale of 10 to 

110 for each of these elements (e.g. the global weight of the 

complete proper noun “Le président Barack Obama” is 220 
while it is 150 for the pronoun “elle”). 

<w lemma="le" chunk="Np#1" ana="Da-fs">L'</w> 

<w lemma ="union" chunk="Np#1" ana="Ncfs" ner="NER#1, org">Union</w> 

<w lemma ="européen" chunk="Np#1, Ap#1" ana="Af-fs" ner="NER#1, org">européenne</w>

<w lemma ="avoir" chunk="Vp#1" ana="Vaip3s">a</w>

<w lemma ="adopter" chunk="Vp#1" ana="Vmps-s">adopté</w> 

<w lemma ="il" ana="Pp3ms" feat="imp">il</w> 

<w lemma ="y" ana="Pp3">y</w>

<w lemma ="avoir" ana="Vaip3s">a</w> 

<w lemma ="peu" chunk="Ap#2" ana="R">peu</w> 

<w lemma ="de_le" chunk="CNp#5, Pp#1, Np#2" ana="Dg-mp">des</w>

<w lemma ="acte" chunk="CNp#5, Pp#1, Np#2" ana="Ncmp">actes</w> 

<w lemma ="législatif" chunk="CNp#5, Pp#1, Np#2, Ap#3" ana="Af-mp">législatifs</w> 

<w lemma ="relatif" chunk="CNp#5, Pp#1, Np#2, Ap#3" ana="Af-mp">relatifs</w>

<w lemma ="à+le" chunk="CNp#5, Pp#2, Np#3" ana="Dg-ms">au</w> 

<w lemma ="changement" chunk="CNp#5, Pp#2, Np#3" ana="Ncms">changement</w>

<w lemma ="climatique" chunk="CNp#5, Pp#2, Np#3, Ap#4" ana="Af-ms">climatique</w> 
 

Fig 3. Annotations used to detect reference chains 
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CalcRef computes the global weight of the candidates as a 

sum of the global accessibility weight and the syntactic role 

weight. We also define a scale for the syntactic role weights: 

100 for the subject position, 50 for the direct object position, 

30 for the indirect object and 20 for other syntactic 

functions. Then, genre dependent parameters (the preference 

for the first element type or the distance between the 

mentions) are used to increase the weight (+50) of some 

candidates (for example, if we treat law texts, indefinite NPs 

are preferred as starting elements of a chain). We order the 

first element candidates according to the global weight and 

we select the highest weight candidate as a first element of 

the current chain. We open a new chain for each element of 

the candidate list.  

In addition, we use the accessibility scale to propose 

possible antecedent-anaphora pairs. The antecedent should 

have the global accessibility higher than the anaphor. 

 

Searching valid antecedent-anaphora candidates 

CalcRef selects the next elements of the reference chain 

from highly accessible expressions (pronouns, 

demonstratives etc.). We establish a set of possible 

antecedents from low accessible expressions. We combine 

elements from the two sets and we identify potential 

antecedent-anaphora pairs. The distance between the two 

elements of the pair should be less than the average distance 

defined by the genre parameters.  

Then, we adapt the method proposed by [11]. This method 

checks several constraints between antecedent and anaphora 

to filter out impossible pairs. Indeed, [11] present a system 

implementing a constraint-based method for pronoun 

resolution inspired by the Optimality theory [16].  

If the antecedent and the anaphor refer to the same 

discourse entity, they satisfy a set of constraints defined in 

section II (chapter B). These constraints are syntactic 

(similar syntactic function between the antecedent and the 

anaphor), morpho-syntactic (agreement in gender or in 

number) or semantic (hyponyms/hyperonyms). A pair 

antecedent-anaphor satisfying a maximum number of 

constraints is a valid candidate to be included in a reference 

chain. [11] adapts these constraints to several languages and 

proposes an implementation of the algorithm. In addition, the 

order of the constraints might be changed to obtain better 

results. 

The Optimality theory limits the search space of the 

antecedent at the previous sentence. [11] propose the 

algorithm only for pronoun resolution. We extend the set of 

constraints to other anaphora categories (definite 

expressions, reflexive pronouns). 

Following [11], we adapt the constraints for French. For 

each pair, we check some strong and weak constraints.  

Weak constraints mean that they might be violated, even if 

there is a valid antecedent-anaphor pair:  

 MORPHO – agreement in gender or number 

(between the personal pronoun and the candidate); 

 SYN – the antecedent and the anaphora should have 

similar syntactic function; 

 SEM – semantic relations between the antecedent and 

the anaphora (for example, person names might be 

valid antecedents of a NP expressing a function ({B. 

Obama – le président des Etats-Unis}); 

 PROX – the antecedent and the anaphor are near 

neighbours (for possessives and demonstratives). 

Strong constraints must be satisfied: 

 IMB – the imbrications mean that an element must 

not be nested in its antecedent, as [la soeur [de 

Marie]]), or co-arguments of a verb should not be 

coreferent; 

 TETELEX – the identity between NP‟s head and the 

partial repetition of the same proper noun. 

 

TABLE I. 

ACCESSIBILITY TABLE 

Referential expressions Informativity Rigidity Attenuation Global  

Accessibility 

Indefinite noun phrase  110 110 10 230 

Complete proper noun 100 100 20 220 

proper noun 90 90 30 210 

Complex definite noun phrase 80 80 40 200 

Simple definite noun phrase 70 70 50 190 

Last name 60 60 60 180 

First name 50 50 70 170 

Demonstrative 40 40 80 160 

Pronoun 30 30 90 150 

Reflexive pronoun 20 20 100 140 

Possessive 10 10 110 130 
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Moreover, for some specific anaphora, it is necessary to 

define the set of strong constraints to be satisfied. For 

example, for possessives or reflexives, the constraint IMB 

(checking the arguments of the verbs) is not useful. 

If a pair fails to satisfy a strong constraint, then the pair is 

deleted from the candidate list. For each candidate pair 

satisfying all the strong constraints, we check the number of 

the weak constraints that are satisfied. If several pairs satisfy 

the same number of constraints, we keep the valid pairs into 

a large list.  

For the semantic constraints, we apply the method 

proposed by [22]. We use a resource extracted from a 

500,000 tokens corpus from computer science newspapers: 

we extract the occurrences of all the main verbs and their 

subjects. This resource is used to select a valid antecedent 

for the pronoun, when several possible antecedents satisfy 

the same number of constraints. For example, we search the 

antecedent of the pronoun “il” in:  

“Le camion est passé en vitesse. Le chien a eu peur. 

Maintenant il mange son os". „The truck was driven very 

fast. The dog was afraid. Now it eats his bone.‟ 

The two candidates “le camion”/„the truck‟ and “le 
chien”/„the dog‟ satisfy the same number of constraints. To 

decide between the two candidates, we consult the resource. 

The verb “mange”/„to eat‟ has as subject “le chien”/„the 

dog‟ but no occurrences of a subject “camion”/„truck‟ are 

present in the resource. We deduce the preferred antecedent 

for “il” is “chien”/„dog‟, because an animal is able to eat, 

but not an inanimate object. 

 

Building reference chains 

Then, we start from the first element of the chain and we 

search the pairs having this candidate as antecedent in the 

list. To build the reference chain, we apply the transitivity of 

the reference relation: if A is antecedent of B and B is 

antecedent of C, then they are part of the same chain. For 

example if we have three pairs “J. Chirac – il”; “il – il”; “le 

président - il” we can deduce that we have a reference chain 

with four mentions: {J. Chirac, il, le président, il}. We 

continue the process until the length of the current reference 

chain is greater than the average gender-specific length. We 

annotate the candidate pairs identified as part of the current 

reference chain.  

We restart the whole process after selecting the next first 

candidate element from the ordered list of the current 

paragraph. The process is launched for every paragraph of 

the document.  

IV. AN EXAMPLE 

We present a full example processed by RefGen. We note 

the various entities mentioned in the discourse with small 

letters (i, ii, j, k, l, m, o, n, p, q, r, t, s, v, w, z). The example 

is extracted from a white paper of the European Commission 

about the climate change. 

[La lutte contre [le changement climatique]ii]i doit se 

faire [à deux niveaux]j. Il s'agit d'abord et avant tout de 

réduire [les émissions de gaz à effet de serre]k ([au moyen 

[de mesures d'atténuation]l]m), puis de prendre [les mesures 

d'adaptation qui s'imposent]o pour faire [face aux 

conséquences inévitables de [ce changement]p]n. [L'Union 

européenne]q ([UE]r) a adopté il y a peu [des actes 

législatifs relatifs [au changement climatique]t]s, qui 

définissent [les mesures concrètes nécessaires à la réalisation 

de l'objectif fixé par [l'UE]v]w, à savoir réduire [les 

émissions de 20 % par rapport aux niveaux de 1990]z d'ici à 

2020.  

The algorithm first identifies the entities with a high 

global accessibility (Proper Nouns, indefinite descriptions or 

complex definite descriptions). In this genre (public reports), 

complex definite descriptions are very frequent. So RefGen 

identifies as potential first mentions the following 

candidates: 

 [La lutte contre le changement climatique]i,  

 les émissions de gaz à effet de serre]k,  

 [au moyen [de mesures d'atténuation]l]m,  

 les mesures d'adaptation qui s'imposent]o  

 [face aux conséquences inévitables de [ce 

changement]p]n,  

 [L'Union européenne]q, 

 [des actes législatifs relatifs [au changement 

climatique]t]s, 

 [les mesures concrètes nécessaires à la réalisation de 

l'objectif fixé par [l‟UE]v]w 

 [les émissions de 20 % par rapport aux niveaux de 

1990]z. 

The candidates are sorted by their global weight (the sum 

of the global accessibility, the syntactic function and the 

preference for the first mention category).The most probable 

first mention are i, q, s, w. We open 4 reference chains and 

we try to find the next pairs. 

Then, for each first mention candidate, we establish a list 

of anaphor candidates (having the accessibility less or equal 

than 190): definite descriptions (ii, l, m, o, n, p, z), pronouns 

(il, il). Both occurrences of il are impersonal, so we check 

the validity of the constraints for definite descriptions. In this 

case TETELEX is the first constraint to be checked. For 

example, for the entity i, there is no other mention explicitly 

referring to “la lutte”. But we found a reference chain 
starting from the entity ii. 

We notice that several strong constraints TETELEX or 

IMB are violated for “[ce changement]p”(Table II). A 

constraint violated is marked as „*‟, a space means that the 
constraint is checked. We find many direct coreference 

cases, while pronouns are quite few and their use is 

impersonal. 
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TABLE II. 

VALIDATION OF THE CONSTRAINTS FOR THE CANDIDATE P 

 Id MORPHO IMB SYN SEM PROX TETELEX 

p  i       

 ii   *    

 l *     * 

 m   *   * 

 o      * 

 k *  *   * 

 n * *    * 

In contrast, we note an example extracted from the 

newspapers Le Monde diplomatique. 

[M. Pons]i affirme en outre, dans [un entretien publié par 

le Figaro du 21 septembre]j, que " [l'immense majorité [des 

députés RPR]k]l souhaite [le calme et la sérénité]m et qu'[ils] 

se détermineront [le moment venu]n ". Minimisant [la 

fracture ouverte]p entre "balladuriens " et " chiraquiens ", il 

rappelle que [Jacques Chirac]r lui apparaît comme " [le 

candidat légitime]q " de son parti. 

The algorithm first identifies the entities with a high 

global accessibility (Proper Nouns, indefinite descriptions, 

complex definite descriptions). So RefGen identifies as 

potential first mentions the following candidates: 

 [M. Pons]i,  

 [l'immense majorité [des députés RPR]k]l, 

 [le calme et la sérénité]m, 

 [le moment venu]n,  

 [la fracture ouverte]p, 

 [Jacques Chirac]r,  

 [le candidat légitime]q. 

The candidates are sorted by their global weight (global 

accessibility, and the syntactic function).The most probable 

first mention are i, l, r. 

Then, we establish a list of anaphor candidates (having the 

global accessibility less than 190): definite descriptions (l, m, 

n, p, q), pronouns (ils, il, lui), possessives (son). 

 

TABLE III.  

VALIDATION OF THE CONSTRAINTS VALIDATION FOR THE PRONOUNS 

“IL” AND “LUI” 

 id MORPHO IMB SYN SEM PROX TETELEX 

il  i     * - 

 j   *  * - 

 l *    * - 

 k *  *  * - 

 n       

 id MORPHO IMB SYN SEM PROX TETELEX 

lui i   *  * - 

 j   *  * - 

 l *  *  * - 

 k *  *  * - 

 n   *  * - 

 p *  *  * - 

 r    *   

 

We notice that several strong constraints are violated 

between i and the definite descriptions. The pairs (i, il) and 

(i, lui) are the most probable (Table III). 

V. EVALUATION 

We present the first results of the evaluation of RefGen, 

we compare the reference chains extracted automatically 

against the manually annotated corpus. We present the 

results obtained for the CNp annotation module, for the NER 

module and for the chain identification module. The 

evaluation corpus is a small corpus (7,230 tokens) composed 

of public reports of the European Commission about the 

measures adopted by EU to limit the effects of the climate 

changes. We compute the recall, the precision and the f-

measure of the intermediate modules, as well as the results 

for CalcRef. We check the results obtained for independent 

antecedent-anaphora pairs, as well as for reference chains 

(Table IV). 

The NER annotation errors are due to the wrong 

identification of some acronyms or abbreviations (e.g. GES : 

gaz à effet de serre) which were annotated as organization 

names. Some NER annotation errors are due to tagging 

errors. The CNp identification module fails to identify 

several CNps (an NP modified by more than three PP), 

which were not described by the existing set of patterns. 

Indeed, the test corpus is characterized by very frequent, 

complex, informative NP.  

The evaluation corpus contains 118 anaphoric pairs, but 

only 24 reference chains. Several antecedent-anaphora pairs 

are wrongly selected, due to tagging errors or due to the lack 

of external knowledge sources. For example, some of the 

antecedent-anaphora pairs were selected because they satisfy 

the same number of constraints (number, gender, syntactic 

function). An ontology might help to select the right 

antecedent.  

We tested the system for three various configurations of 

the genre parameters. First, we use three genre-specific 

parameters:  

(a) distance=2; length=4; preferred type=definite 

description.  

We also tested the system after changing these parameters:  
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(b) we ignore these parameters and use only a default 

distance of 20 sentences  

(c) we use the newspapers parameters (distance=1; 

length=3; preferred type = proper nouns).  

 

If we ignore the parameters (case (b)), we obtain more 

antecedent-anaphora pairs than in the first case, due to the 

bigger distance between the mentions. Meanwhile, we obtain 

less reference chains because several smaller reference 

chains are grouped together. For all the cases, we obtain 

quite similar results for the pairs, but for the reference chain 

identification we obtain significant performance decreasing 

(b) f_measure: 0,51; (c) f-measure: 0,54 (Table IV).  

 

TABLE IV. 

FIRST EVALUATION RESULTS 

 NER  CNp CalcRef 

(pairs) 

CalcRef 

(reference 

chains) 

Recall 0,85 0,87 0,69 0,58 

precision 0,91 0,91 0,78 0,70 

f-measure (a) 0,88 0,89 0,73 0,63 

f-measure (b) 0,88 0,89 0,71 0,51 

f-measure (c) 0,88 0,89 0,70 0,54 

 

VI. CONCLUSION 

We presented RefGen, a reference chain identification 

method, developed for French. This new knowledge poor 

method uses a set of detailed linguistic annotations and the 

accessibility hierarchy of the referring expressions to select 

possible antecedent-anaphora pairs. Then, a set of lexical, 

syntactic and semantic constraints are used to filter some 

invalid pairs. RefGen also uses some genre-dependent 

properties of the reference chains (average length, preferred 

type of the first element, average distance separating several 

mentions of the same referent). These genre-dependent 

properties were identified from a corpus-based analysis. We 

describe a new algorithm designed to identify the reference 

chains and we present a first evaluation of the module. The 

evaluation is done with several genre-specific parameters. 

The evaluation results show an improvement of the results 

when we use the public reports parameters. The system is 

flexible; it is possible to add extra constraints to improve the 

quality of the output.  

In the future, the module will be integrated into the topic 

detection system to be tested in real-life applications. The 

module will be extended to treat other cases of coreference: 

plural anaphora, hyponym/hyperonym equivalents, by adding 

knowledge sources as ontologies or synonym databases.  

RefGen will be used to annotate large French corpora with 

coreference relations. It will then contribute to the 

development of a reference corpus for French, comparable 

with those provided by SEMEVAL for other languages.  

In addition, future work concerns the adaptation of the 

system for other languages.  
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Abstract—The paper presents a graph-based, shallow semantic
analysis-driven approach for modeling document contents. This
allows to extract additional information about meaning of text
and effects in improved document classification. Its performance
is compared against the "legacy" bag-of-words and Schenker et

al. approaches with k −NN classification based on Polish and
English news articles.

I. INTRODUCTION

R
ESEARCH on computational linguistics has over 50
years of history. It is currently considered as an interdis-

ciplinary field covering topics such as linguistics, psychology,
cognitive science, artificial intelligence and others. While the
research is done for more than a half of a century, there are
still many basic open issues. One of such notable problems is
relatively poor ability of machine text content understanding.
The state-of-the-art in modeling text meaning for document

classification purposes is practically still basing on a statis-
tical bag-of-words approach, developed in early 70’s. In this
method, single words are extracted and represented by a vector
with their frequency.
Although many enhancements have been proposed to this

approach, it has essential drawback: substantially limited
amount of information that can be "captured" by such rep-
resentation. Omission of information about words order is a
striking example.
Numerous solutions leveraging graph-based representation

of text were presented. One of such method was proposed
by Schenker, Last, Bunke and Kandel [23], [22], [21]. The
taken approach built document model as graph, where each
sequentially found word was added as a next node. Also, links
between nodes were tagged with information about section
of the document where they were found (such as title, body
or link). Thus instead of just calculating frequency of word
occurrences, information about their order is also stored.
Other graph-based methods include graph node ranking

method similiar to PageRank [15], analyzing structure of the
document only (ignoring its contents) [8], extracting document
features from previously built tree-like structures [10] and
extracting features from Schenker et al. based graphs [14].
In this paper a new method is presented. Like in the

Schenker et al. approach, document contents is represented
using a graph model. However, the way the graph is built

is different and takes into account part-of-speech information
about each word. Also, semantic dictionary (such as WordNet)
is used in the build process. The reasoning behind it is based
on observations of language acquisition by children [24], [16]
and statistical part-of-speech usage [12], [2].
The new method is compared to well-known Schenker et al.

and bag-of-words approaches in document classification task.
Test results are presented and commented in the final section
of the paper.

II. DOCUMENT MODELING APPROACHES

In this section, baseline text modeling methods are pre-
sented. As a prerequisite, they require processing raw doc-
ument contents into a form that allows to extract relevant
document features. The process might be summarized as an
algorithm consisting of following steps:

1) Reading text from a source. Segmentation into sentences
and words. Converting all letters to common case.

2) Removing stop-words. These are frequently found
words, that do not provide substantial information about
document contents (as they are commonly found in any
kind of text). The stop-words list is arbitrary and might
contain from zero to hundreds of such words. Typical
elements are: "the", "in", "he", "one", "of", "is", etc.

3) Word stemming. In this process, the inflected or derived
words are reduced to their stems (non-changeable parts).
This allows properly treating words of the same base
used in different forms (e.g. "thankfully" → "thank*",
"thanks" → "thank*", etc.).

Vector Space

The most commonly used approach for document represen-
tation is to count each word occurrence, calculate its frequency
and put it into a vector space. This allows to easily find
distance between any two documents (vectors) using a selected
metric, such as Euclidean or Jaccard distance [13].
It is worth noting that while the general idea of vector space

text representation has not changed during the last 40 years,
many methods improving selected vector features quality have
emerged, such as Latent Semantic Analysis.
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Schenker Text-to-Graph Approach

Schenker et al. [23] proposed a method (actually a variant
of more general text-to-graph approach) for building a graph
from hypertext. The process first marks three sections of the
text: title, links and text. Next, the graph is being built using
following rules:
1) If word (stem) A occurs for the first time, then new node

A is created.
2) If word B occurs after word A in section 1, a connection

A → B is created with label 1.
To reduce the graph size, only the n most relevant words

are selected from the document for building the graph. Word
occurrence counters are not incorporated (in the typical vari-
ant).
Definition 1: To calculate distance between any two

graphs, following metrics are proposed:

dist1(G1, G2) = 1− |mcs(G1, G2)|
max(|G1|, |G2|)

(1)

dist2(G1, G2) = 1− |mcs(G1, G2)|
|G1|+ |G2| − |mcs(G1, G2)|

(2)

dist3(G1, G2) = 1− |mcs(G1, G2)|
|MCS(G1, G2)|

(3)

where:
mcs(G1, G2) - maximum common subgraph of graphs G1

and G2

MCS(G1, G2) - minimum common supergraph of graphs
G1 and G2

|G| - size of graph G, defined as a sum of numbers of nodes
(vertices) and edges: |G| = |V |+ |E|

To calculate the distance, maximum common subgraph has
to be found first. Finding such subgraph is, in general, a NP-
complete problem. However, when taken into account that in
the created graphs each node has a unique label, it is possible
to construct an algorithm finding the solution with O(|V |2)
computational complexity [6], [21].
The originally presented approach (standard representation)

was further extended. One of the interesting variants was
incorporating information about word counts into the graph
model and discarding information about document section
(such as link, body and title). Each node and edge was la-
beled with additional information about number of times each
associated term appeared in the document (in case of nodes)
and number of times two nodes were connected together (in
case of edges). These numbers were stored as absolute values
(absolute frequency representation) or as normalized values
- divided by the maximum number of node occurrences in
document (relative frequency representation).
Definition 2: Graph size used for models using frequency

information is defined as:

|G|′ =
|V |∑

i=1

v(i) +

|E|∑

j=1

e(i)

Fig. 1. Example of Schenker graph modeling for sentence "The only true

wisdom is in knowing you know nothing". Note: know* is a stem of both know

and knowing.

where:
|V | - number of nodes in graph G,
|E| - number of edges in graph G,
v(i) - frequency associated to node i
e(j) - frequency associated to edge j

According to the results obtained by Schenker, the standard
representation provided generally better results for hypertext
(HTML) documents in comparison to other text-to-graph al-
gorithm variants. When information about links and title was
not incorporated (such as when using simple representation)
the performance slightly decreased. It might be expected that
for documents with low number of hyperlinks (or without any
of them) the frequency-type representation will provide the
best results.

III. MOTIVATION

Almost any linguistics-related problem is still solved drasti-
cally better by humans than by machines. A human language
is considered as one of the greatest achievements of evolution,
practically unique for mankind. Even after so many years of
research, we still possess relatively not too much knowledge
about the way it really works. Basically, we do not even
understand the mechanism in which the language is acquired
(learned).
Our lack of knowledge in this area does not allow creating

a general tool that would render a text understanding perfor-
mance comparable to humans. However, while we do not (yet)
see the "whole picture", a lot of observations about language
development were collected during the years. This knowledge
may help to improve computational linguistics mechanisms.

Verbs Absence During Language Acquisition

An important observation is that children learn primarily
nouns, even if they can observe other parts of speech with
similar frequency [24]. There is a huge disproportion: when
child dictionary contains between 20-50 words, as much as
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45% of them are nouns, and only 3% of them are verbs. While
these numbers were observed for English language, in case of
other languages the situation is very similar [3].
This finding might be linked as a consequence of the

fact, that nouns are basically used for object labeling (such
as "mom", "dad", "bed", "cat") and thanks to this they are
relatively firm. The child usually knows elements (classes)
which are named by nouns. On the other hand, the verbs might
describe an action, state or occurrence and might have different
meaning depending on the arguments and context used. Also,
they might be often found in sentences describing abstract
ideas. In effect, an advance of child development is required
for possessing skills necessary for understanding and using
verbs.

Polysemy and Parts of Speech Distribution

The WordNet 3.0 [7] database contains more than 155,000
unique strings, which are categorized either as nouns (117798
unique strings), verbs (11529), adjectives (21479) or adverbs
(4481). Each string is assigned to one or more synsets (groups
of words with similar meaning).
As it might be observed, there’s notable difference in ratios

of polysemous to monosemous words for different parts of
speech (see table I). It is noticeably higher for verbs in
comparison to other parts of speech.
It is reversed in case of nouns. Even if the absolute number

of them is much higher than any other part of speech, the
ratio is very low. Similar findings might be also found when
analyzing large text corpora for other languages [12], [2].

TABLE I
WORDNET POLYSEMY STATISTICS [7]

POS AVERAGE POLYSEMY
(INCLUDING MONOSEMOUS WORDS)

NOUN 1.24
VERB 2.17
ADJECTIVE 1.40
ADVERB 1.25

Summary of Observations

An analogy can be observed: capabilities of machine text
processing (classification, information retrieval, etc.) might be
compared to skills of a young child, which does not yet posses
general knowledge about the surrounding world.
Based on the presented observation, a following hypoth-

esis might be suggested: the sub-optimal methodology for
unstructured text processing is similar to the one observed for
children language capabilities. That is, an emphasis should be
put on information that are not troubled by ambiguity (such
as nouns). Also, because there are many ways an action can
be represented with different verbs, a method for generalizing
their meaning (for example using synonyms from semantic
dictionary) could improve machine text representation.

IV. SHALLOW SEMANTIC ANALYSIS FOR BUILDING A

GRAPH MODEL

The method presented in this section is a special case of
a more general solution, which is a member of family of
methods based on the shallow semantic analysis approach for
building a graph model. The algorithm presented in this paper
is a variant, that was experimentally found to be sub-optimal
for a document classification task. It is based on observa-
tions presented in the previous section and simplifications in
predicate-argument sentence decomposition.
As a prerequisite, a number of steps must be performed on

the input text. The complete process of transformation contains
following phases:

1) Reading raw text from a source.
2) Text segmentation and removal of non-characters.
3) Tagging parts of speech; Stanford POS Tagger1 [27],

[26] is used for English and TAKIPI2 [17] for Polish
documents. The cited accuracy is approx. 97% for
Stanford POS Tagger and 93.4% for TAKIPI (in the
latter case, including gender and case resolution).

4) Finding synsets using semantic dictionary; WordNet3 [7]
and plWordNet4 [18] are used for this purpose.

5) Word stemming. In case of English documents Snowball
Stemmer5 was used. For Polish,Morfologik6 was chosen.

Fig. 2. Example of sentence decomposition

The processed document contents is sequentially analyzed,
word after word. Graph representing the text is built using the
following set of rules:

1) If a word A is a noun or adjective, and a node with
label A does not yet exist, it is created. In case the
word occurs rarely in the whole data set (e.g. less than

1http://nlp.stanford.edu/software/tagger.shtml
2http://nlp.ipipan.waw.pl/TaKIPI/
3
http://wordnet.princeton.edu

4
http://plwordnet.pwr.wroc.pl/

5http://snowball.tartarus.org/
6http://morfologik.blogspot.com
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Fig. 3. Example of shallow semantic analysis based text-to-graph transfor-
mation result

predefined number of times), it is being replaced by its
synsets.

2) If a noun or adjective B is found after another noun
or adjective A, then a connection with empty label is
created between nodes labeled with A and B.

3) If a verb C was found between nouns or adjectives
A and B, then all synsets (sets of words with similar
meaning and the same part-of-speech) of C are being
added as connection between nodes A and B, labeled
with synset identifier.

4) If adjective E is found between two nouns D and F , an
additional direct connection betweenD and F is created.

New distance measures are proposed. They take into account
not only the single maximum common subgraph, but all nodes
and edges that were found to be common:
Definition 3: To calculate distance between any two shal-

low semantic analysis created graphs following measures will
be used:

dist4(G1, G2) = 1− |G1 ∩G2|
|G1|+ |G2| − |G1 ∩G2|

(4)

dist5(G1, G2) = 1− |V1 ∩ V2|
|V1|+ |V2| − |V1 ∩ V2|

(5)

where:
|Va| - number of nodes in graph Ga.

The second of the new metrics (dist5) takes into account
number of nodes rather than the size of graph. It might
be considered that such approach allows to find how many
common subjects are raised in any two compared documents,
especially giving the way the graph is being build, as the nodes
are mostly constituted by nouns.

V. TESTS

The analysed methods are tested using typical automated
document classification scenario. It is based on assumption
that having examples of documents from different classes it
should be possible to automatically assign correct classes to
previously unseen documents, as the distance between similar
documents (that is from similar classes) should be generally
minimal.

In presented scenario, k − NN (k-Nearest Neighbors)
classification algorithm is used. Each of the tested document
collections is randomly split into two subsets: training and test.
Next, for each document in test set, k nearest documents from
training set are found. After that, a voting is performed among
them. The most common occurring category is assigned to the
test document.
To test usefulness of the new method for document clas-

sification problem, the following document collections (both
English and Polish) have been chosen:

• wiadomosci24.pl - containing 1500 short articles from
one of the leading internet news services in Poland. Each
document is tagged with 1 to 5 out of 50 tags, such as:
Gdansk, Festival, Politics, Warsaw, Money, Culture, . . . .

• Rzeczpospolita7 - a 800 documents subset of randomly
chosen articles published in 2002 in one of major Pol-
ish newspapers. They are tagged with one of eight
tags: World, Culture, Law, Publicism-Commentary, Sport,
Poland, Economy, Plus Minus.

• Reuters8 - a subset of 1800 articles randomly chosen from
the famous Reuters-21578 "Lewis Split" data set. Each
document is tagged with at least one out of 32 categories,
such as: wheat, trade, acq, ship, money-fx, etc.

• PDDP K-series9 [1] - a subset of 800 randomly cho-
sen (out of 2340) Yahoo! articles originally extracted
by Daniel Boley and used by various researchers for
testing document classification performance (including
Schenker). Each of them is tagged with 1 of 20 classes
such as: politics, tech, entertainment, business, etc.

Benchmarks

Quality of results is typically measured using precision and
recall. Instead of presenting both of these numbers, it is a
common practice (used also in this paper) to present their
harmonic mean also known as F-measure:

F1 = 2 · precision · recall
precision+ recall

(6)

As typically there are more than two classes in total being
categorized, two approaches might be used for calculating the
average results. The first one is calculating the precision and
recall for each category and taking an average. It’s called
macro-averaging. The second one (micro-averaging) gives
equal weight to every document (rather than category). In
such case, precision and recall numbers are calculated for each
document and averaged.

Results

For each document collection, considered here as a separate
test case, documents are randomly split into training and test
sets. Only documents from the ten most frequently occurring
tags are selected.

7
http://www.cs.put.poznan.pl/dweiss/rzeczpospolita

8http://kdd.ics.uci.edu/databases/reuters21578/reuters21578.html
9http://www-users.cs.umn.edu/~boley/ftp/PDDPdata/
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The method parameters (such as maximum number of nodes
in a graph, maximum number of features in bag-of-words
approach, minimum word count to be selected as a feature, k-
number, etc.) were optimized to achieve best results for each
of the methods. In other words - multiple tests with varying
parameters were run and the best case results are presented.
The tables and figures presented below show results for

test/training set ratio of 0.5, so there is equal number of test
and training documents. Tests were performed also for other
ratios (in 0.1 − 0.9 range) and relative results were similar
(i.e. shallow semantic analysis based approach provided better
results than other tested methods).
For bag-of-wordsmethod both Jaccard and cosine similarity

(with tf-idf ) were tested. Results for the better performing
measure are presented. This is also the case for both graph
methods - only the best performing metrics are presented in
the results, even if all were tested.
The Schenker approach was implemented according to the

description found in [23], [22], [21].

TABLE II
RESULTS - RZECZPOSPOLITA

MICRO MACRO

AVG. F1 AVG. F1

BAG-OF-WORDS JACCARD 0.68 0.65
SCHENKER dist3 0.73 0.70

dist4 0.70 0.66
RANDOM 0.30 0.16

SHALLOW SE- dist4 0.74 0.69
MANTIC ANALYSIS dist5 0.72 0.69

Polish Texts - Rzeczpospolita: Documents in this collection
were tagged with the lowest number of tags in comparison to
other sets. In effect, the categories assigned were more general.
The only geographic tags were world and Poland.

TABLE III
RESULTS - WIADOMOSCI24.PL

MICRO MACRO

AVG. F1 AVG. F1

BAG-OF-WORDS JACCARD 0.46 0.47
SCHENKER dist3 0.47 0.47

dist4 0.46 0.49
RANDOM 0.17 0.17

SHALLOW SE- dist4 0.50 0.51
MANTIC ANALYSIS dist5 0.52 0.50

Polish Texts - wiadomosci24.pl: Lower (in comparison to
other test cases) absolute results for wiadomosci24.pl articles
might be related to the way the tags were assigned, as there
were many disambiguations found. For example - document
was tagged as Sport while in fact it was more related to other
tags available for the set, such as: Lodz, Football.
English Texts - Reuters-21578: Reuters results provide

highest absolute values. There are many reasons for this. One

TABLE IV
RESULTS - REUTERS 21578

MICRO MACRO

AVG. F1 AVG. F1

BAG-OF-WORDS JACCARD 0.87 0.73
SCHENKER dist3 0.87 0.71

dist4 0.87 0.72
RANDOM 0.46 0.13

SHALLOW SE- dist4 0.89 0.78
MANTIC ANALYSIS dist5 0.88 0.75

of them is the fact that the original collection was analyzed and
"cleaned up" - so it might be expected that many incorrectly
assigned tags were removed and some of the disambiguations
fixed. Also, it was used as a training set for Stanford part-of-
speech tagger, thus it should be most correctly tagged.

TABLE V
RESULTS - PDDP K-SERIES

MICRO MACRO

AVG. F1 AVG. F1

BAG-OF-WORDS JACCARD 0.81 0.78
SCHENKER dist3 0.83 0.79

dist4 0.84 0.80
RANDOM 0.22 0.15

SHALLOW SE- dist4 0.85 0.81
MANTIC ANALYSIS dist5 0.84 0.81

English Texts - PDDP K-series: PDDP collection was a
subject of tests by Schenker et al. Thus it was interesting to
see how the shallow semantic analysis approach will compare
to it. It is worth noting that size of the document collection
used here is about twice as large as the collection size used
by Schenker [22].

Analysis

For each of the test cases and benchmarks, except one
(macro averaged F1 measure for Rzeczpospolita articles), shal-
low semantic analysis method presents results better than both
the vector space and Schenker approaches. The improvement
is most notable for wiadomosci24.pl and Reuters articles. The
probable cause of this is the fact that Rzeczpospolita and
PDDP K-series collections have too general tags assigned.
For example - in case of PDDP K-series there is a single tag
related to business, while for Reuters document collections
there are: acq, trade, money-fx and others. It is similar for
Rzeczpospolita vs. wiadomosci24.pl collections. The first one
has only 8 possible tags, while the latter has 50 classes.

VI. CONCLUSIONS

A new method for building graph representation of text is
presented. With a help of the part-of-speech tagger and seman-
tic dictionary it is performing a shallow semantic analysis of
input document producing a model reminiscent of semantic
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net. Preliminary experiments have been performed for both
Polish and English documents to check its practical usability.
The obtained results show that the proposed approach has

a slight edge over Schenker and bag-of-words approaches.
This suggests that the new method is able to produce graphs
better representing the latent meaning of document, even if it
effectively uses only some of the terms from the original text
representation.
It is important to note that the proposed algorithm, presented

in section IV, is a current variant rather than a final version.
Depending on the features of target documents and regimes,
it might be accordingly modified and extended.
As for the metrics, it has been found that dist3 produces

the best results for Schenker method (with a close call for
dist4). For shallow semantic analysis approach, dist4 gives the
strongest performance. While the new proposed metrics work
generally well for both graph methods, the dist1, dist2 and
dist3 produce poor results for the shallow semantic analysis.
The presented method is a subject of intensive research.

The current focus is directed on two aspects. The first one
is leveraging the Anaphora Resolution in the method, which
should effect in even better classification results. The second is
extracting weighted features from the graph (e.g. as presented
by Markov et al. [14]) and using them with more sophisticated
classifier (such as SVM).
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[18] Maciej Piasecki, StanisÅĆaw Szpakowicz, and Bartosz Broda. A

Wordnet from the ground up. Oficyna wydawnicza Politechniki
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Abstract—In this paper, we discuss an HPSG grammar of
Persian (PerGram) that is implemented in the TRALE system.
We describe some of the phenomena which are currently covered.
While working on the grammar, we developed a test suite with
positive and negative examples from the linguistic literature. To
be able to test the coverage of the grammar with respect to
naturally occurring sentences, we use a subcorpus of a big corpus
of Persian.

I. INTRODUCTION

IN THE past two decades, Head-driven Phrase Structure

Grammar (HPSG, [1], [2]) was used successfully to for-

malize the phonology, morphology, syntax, semantics, and

information structure of various languages. Apart from the

role HPSG plays in theoretical linguistics, there is also an

active community developing large scale implemented gram-

mar fragments that can be used for parsing and generation.

While there are large scale grammar fragments available for

major languages like English [3] and German [4], [5], [6], [7],

other languages such as Persian are understudied.

In this paper, we describe a fraction of the phenomena that

are covered in an implemented fragment of Persian (PerGram).

The focus is on the implementation of the grammar.

The structure of the paper is as follows: we will say a

few words about Persian in general and also briefly describe

some of its specific syntactic properties in Section II. Since

the grammar is implemented in the TRALE system, we will

introduce the general features of TRALE in Section III. In

Section IV, some of the phenomena implemented in PerGram

are discussed. Section V describes the test suites we are using.

In Section VI, we summarize the paper.

II. PERSIAN

Persian is a member of the Indo-European language family

and it has many features in common with the other languages

of this family in terms of phonology, morphology, syntax,

and lexicon. Persian uses a modified version of the Arabic

script and is written right to left. However, the two languages

differ from one another in many respects. Persian belongs to

the subject-drop languages with an SOV constituent order in

unmarked structures. The constituent order is relatively free.

Verbs are inflected for tense and aspect, and they agree with

the subject in person and number. The particle /rā/ is used as

an object marker. The language does not make use of gender

[8]. Persian has simple and compound prepositions [9], [10].

There exists a closed list of simplex verbs and an open list of

compound verbs.

III. TRALE

The TRALE system [11], [12], [13] is an extension of the

Attribute Logic Engine (ALE) [14], [15]. TRALE has a parser

and a generator and can be used to implement theoretical

HPSG proposals rather directly. The only specification that

is needed in addition to the constraints that are known from

theoretical papers is a phrase structure backbone that has to

be defined to guide the parsing process. The system is run

with a graphical user interface called Grale that can be used

to visualize lexical items, lexical rules, types, and macros as an

Attribute Value Matrix (AVM) including relational constraints

that might be attached to the respective objects. The GUI

does unfilling, that is, features and types that are not more

specific than the types in the type definition (the signature, see

below) are not displayed. This is a very important feature for

debugging large scale grammars. The most recent extension

of TRALE features a Java-based graphical debugger, which

makes it possible to debug the unification operations stepwise

and to debug relational constraints during parsing [16].

To declare a grammar in TRALE, a signature file is required

which defines the types and the features that are appropriate

for them. In addition, a TRALE grammar has one or several

files containing the definitions of lexical items, lexical rules,

phrase structure rules, relational constraints, principles, etc.

To make the development of large scale grammars feasible,

macros can be used in the definition of linguistic objects. Like

types, macros can be organized in hierarchies. While the type

hierarchy is stated explicitly in the signature file, the macro

hierarchy is defined rather implicitly by calling macros in the

definition of other macros. In contrast to types, macros can be

parametrized. (1) shows an example of a parametrized macro

in the lexical entry for /man/ (‘I’):

(1) man ∼∼> @pers pronoun(first, sg, human).

The macro for personal pronouns takes three parameters: one

for person, one for number, and one for the semantic type

of the pronoun. Macros are very useful for the development
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of the lexicon since they hide the complexity of the grammar

and therefore make it possible for inexperienced users to write

lexical entries.

While HPSG in general deals with linguistic phenomena

belonging to all main dimensions of grammar (phonology,

morphology, syntax, semantics, pragmatics), the implementa-

tion currently considers morphology, syntax, and semantics.

The syntactic analysis uses the feature geometry and makes

the basic assumptions that were worked out in [7] for German.

See [17] for the details on Persian. The semantic analysis is

based on Minimal Recursion Semantics (MRS) introduced by

Copestake et al. [18]. MRSes can be displayed using ‘utool’

[19]. ‘utool’ also provides a scope resolver for MRS.

The TRALE system supports Unicode and it is therefore

possible to parse Persian text that is written in the Arabic

script. However, since in written Persian short vowels are

omitted, a lot of information such as Ezafe, which we will

describe in the following section, is left implicit. In order to be

able to formalize and test constraints regarding the distribution

of linguistically important short vowels, we transcribe Persian

words with Latin characters. We already have a version of

the lexicon in Arabic script and plan to extend the grammar

in a way that makes it possible to use it with or without the

transcription.

The implemented fragment of Persian shares a common core

with fragments of German, Mandarin Chinese [20], Danish

[21], and Maltese [22]. For more information on this core

and for downloading the grammars see http://hpsg.fu-berlin.

de/Projects/core.html.

IV. THE COVERED LINGUISTIC PHENOMENA

A. Principles and Schemata

The grammar uses several immediate dominance schemata

and principles that are similar to the ones that were origi-

nally suggested by P&S94 [2]. The Persian grammar uses a

Head-Adjunct-Schema, a Head-Complement-Schema, a Head-

Specifier-Schema, and a Head-Filler-Schema. In addition to

these schemata, a Head-Cluster-Schema is used for the forma-

tion of complex predicates (see [23], [24], [17] for analyses

of predicate complexes in German and Persian). In addition to

these more general ID schemata, the grammar uses language

specific schemata for the combination of nominal elements

with their possessor and for noun compounding.

Principles that hold for all of the mentioned ID schemata are

factored out of the schemata and are represented as constraints

on an appropriate type, for instance phrase or headed-phrase.

Examples of such principles are the ‘head feature principle’,

the ‘semantics principle’, the ‘specifier principle’, and the

‘nonlocal feature principle’.

B. Morphological Rules

The grammar contains morphological rules both for deriva-

tion and inflection. The morphological rules are modeled as

lexical rules. For instance, for inflectional morphology, we use

lexical rules that map roots or stems to fully inflected words.

The following lexical rule (LR) is responsible for noun

inflection. It maps a nominal stem onto a word with exactly

the same syntactic and semantic properties.



PHON 1

SS 2
[
LOC | CAT | HEAD noun

]

AFFIX




PHON 3

NUM 4

SORT 5

noun-i-affix




stem




7→




PHON 1 ⊕ 3

SS 2

[
LOC | CONT | IND

[
NUM 4

SORT 5

]]

word




The input of the rule has a special feature the value of

which contains the information about the affix. For nominal

inflection, the affix has to have the type noun-i-affix. There

is a constraint on this type that disjunctively specifies the

inflectional paradigm.

noun-i-affix ⇒
[
PHON 〈〉
NUM sg

]
∨



PHON

〈
ān

〉

NUM pl

SORT human


∨

[
PHON

〈
hā

〉

NUM pl

]

The respective PHON values provide information about the

phonological contribution of the stem and the affix. These

values are lists of phonemes and they are concatenated in the

output of the lexical rule. ⊕ stands for the append relation. In

addition to the concatenation of the PHON values, the values

of NUM and SORT of the output of the rule are instantiated

with the features provided by the affix. SORT is a feature

that is used to enforce selectional restrictions. The values are

based on a semantic ontology which will be described in the

subsection IV-E.

In the lexical rule given above, the SYNSEM value of the

input is identified with the SYNSEM value of the output. This

is different in LRs for derivational morphology. For instance,

in the LR that derives adjectives from verbs by appending

the suffix -i (‘-able’), the part-of-speech and the valence

specification changes. In addition to these syntactic changes,

the semantic contribution of the verb is embedded under a

modal operator.

Apart from this derivational LR, we have lexical rules for

participle to adjective conversion and for agentive nominaliza-

tions. All these morphological rules interact properly with the

formation of complex predicates. See [17] for details.

C. Ezafe

The so-called Ezafe is a short vowel /e/ which functions

to link the elements of a noun phrase (see for instance [25]).

Ezafe appears on: a noun before another noun (attributive);

a noun before an adjective; a noun before a possessor (noun

or pronoun); an adjective before another adjective; a pronoun

before an adjective; the first names before the last names; a

combination of the above [26]. Ezafe is realized as /e/ after

consonants and /i/ and as /ye/ after vowels other than /i/.

Ezafe does not appear on a bare noun or adjective and its

appearance indicates that the end of the syntactic phrase is

not reached.

We defined an LR which adds the Ezafe at the end of a word.

To distinguish Ezafe-marked words from unmarked ones, we

employ a binary valued feature EZAFE. The lexical rule applies
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to words that have the value ‘−’ and licenses words with the

value ‘+’.

EZAFE is an edge feature, that is, a complex phrase is Ezafe-

marked if an Ezafe is present at its right periphery. (This is

similar to the possessive ’s in English.) The Ezafe marking of

phrases is taken care of by the following constraint on phrases:

phrase⇒
[
SS | EZAFE 1

DTRS 2

]
∧ last( 2 ,

[
SS | EZAFE 1

]
)

The relational constraint last succeeds if the second argument

(
[
SS | EZAFE 1

]
in the example above) is the last element of the

list that is provided as the first argument. The DTRS list is

a list of daughters that is ordered according to the surface

order of constituents, so last returns the rightmost daughter.

The EZAFE value of this daughter is shared with the EZAFE

value of the mother. Since there is no reference to the number

of daughters in the constraint above, it applies to unary and

binary branching phrases alike. Currently we only have unary

and binary branching rules in the grammar, but of course

the constraint would apply to structures with three or more

daughters as well.

The distribution of the Ezafe is constrained by implicational

statements like the following:
[
HEAD-DTR | SS | LOC | CAT | HEAD noun

head-argument-phrase

]
⇒
[
HEAD-DTR | SS | EZAFE −]

This constraint applies to combinations of nouns with their

arguments. Since prepositional arguments have to be realized

outside of the Ezafe domain, the head daughter is required to

have the EZAFE value ‘−’. The schema that is used for the

combination of a noun with a possessor requires the nominal

constituent to have the EZAFE value ‘+’.

D. Negation

A verb or an auxiliary can be negated by attaching the

prefix /na-/. This is implemented by a lexical rule that adds

the phonological material and embeds the content of the verb

under the negation relation. The syntactic properties of the

verb are not affected by the negation and are carried over

from the input of the rule to the output. Persian differs from

languages like German in that it is impossible to negate a non-

finite verb that is embedded under a modal. This is captured

by a constraint that requires that the input to the lexical rule

is a finite verb.

The LR applies to auxiliaries, simplex verbs, and the verbal

element of complex predicates. In the latter case, the negation

scopes over the whole complex predicate even though the

negation attaches to the verb before the other part of complex

predicate is combined with the negated verb. For details

see [17].

E. Nouns

Several kinds of nouns are modeled. We implemented

common nouns with and without arguments. The arguments

are always optional and we have subclasses for nouns that take

CPs and for nouns that take PPs as complement. In addition to

common nouns, the grammar contains lexical items for proper

nouns. Apart from common nouns and proper nouns, we have

lexical entries for nouns that play a special role in complex

predicate formation (process nouns and verbal nouns). See [17]

for details on these nouns.

All non-expletive linguistic objects are classified with re-

spect to an ontology. The ontology contains types like hu-

man, agentive, substance, and geo-location. This ontology is

an extended version of the ontology that was developed in

Verbmobil [27]. It can be used to specify sortal restrictions of

governing verbs with respect to their arguments. Apart from

this, it can be used to enforce certain syntactic constraints. For

instance, one allomorph of the plural affix /-ān/ is only used

with nouns that refer to humans.

F. Verbs

In Persian, there are two classes of verbs: a closed list of

simplex verbs; and an open list of compound verbs. The latter

group is composed of a preverbal and a verbal element. The

verbal elements which belong to a subclass of the simplex

verbs are called ‘light verbs’ and the whole predicate formation

process is called ‘light verb construction’. The implementation

of this phenomenon in our grammar is based on [17] and is

not discussed here.

Currently, the grammar has lexical entries for the following

kinds of verbs: mono-valent verbs with one NP argument, bi-

valent verbs with two NP arguments, bi-valent verbs with an

NP and a PP argument, ditransitive verbs with two NPs and

a PP, verbs with an NP and a clausal argument, copula verbs,

modal verbs, mono-valent unaccusative verbs, and several

types of light verbs.

As said, Persian is a language with a relatively free con-

stituent order. This is captured by allowing the combination

of an arbitrary element of the SUBCAT list with a head. For

instance the head may be combined with the subject and then

with the object or the other way round. Languages with strict

constituent order like English do not allow this but require

the combination of heads with the arguments in order of their

obliqueness. See [28] for further discussion of this difference.

We follow [2] in assuming that there is a special repre-

sentation of valence information, nowadays called Argument

Structure (ARG-ST). For all heads there is a mapping from

the ARG-ST list to other valence features like COMPS and

SPR. For SVO languages like English and Danish the least

oblique argument of a verb is mapped to SPR and all the

other arguments are mapped to COMPS1 [29]. The verb forms

a VP together with the arguments that are selected via COMPS.

This VP is combined with the subject to form a sentence. In

contrast, in languages like German and Persian, all arguments

of finite verbs are mapped to COMPS. This makes it possible

to account for orders like OSV, in which the object and the

verb are not adjacent.

While the arguments can be realized in any order with

respect to each other, the order with respect to their head

1For historical reasons COMPS is still called SUBCAT in the implementation.
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is rather fixed: Persian is an SOV language, that is, the

verb follows its arguments.2 On the other hand, Persian has

prepositions, that is, the adposition precedes its complement.

To capture this, we assume two phrase structure rules that are

instances of the general Head-Argument-Schema: one head

initial and another one head final. We use a head feature

INITIAL, which has the value ‘+’ for heads that are serialized

initially and ‘−’ for heads that follow their arguments.

All tense and aspect forms of the verbal paradigm are

covered. The progressive and subjunctive marking is done

by inflectional lexical rules. The auxiliaries that are used for

periphrastic forms are described in [17] and the description

will not be repeated here. Three types of complex predicate

formation are also discussed in [17] and covered in the

grammar.

G. Agreement

Subject verb agreement is handled by the lexical rule that

licenses finite verbs. The rule requires that the least oblique NP

in the ARG-ST list that bears structural case shares its person

and number values with the person and number features of the

inflectional affix. This treatment of subject verb agreement is

also used for the grammars of German, Maltese, and Hindi.

For a similar analysis of agreement in Spanish see [30]. In

comparison to the other languages, Persian allows for an

additional case: Plural NPs referring to non-agentive entities

may also occur with verbs inflected for third person singular.

H. Prepositions

As mentioned above, prepositions differ from verbs in gov-

erning their complement to the right.3 This is enforced by their

INITIAL value, which is ‘+’. The fragment currently contains

prepositions that form PPs that can be used as arguments,

prepositions that can be used as modifiers, and a preposition

similar to the English preposition by that can be used in passive

constructions.

I. Clitics

Pronominal clitics can be used as possessives (2). As in

noun phrases with a full NP as possessor phrase, the clitic

is the rightmost element in the NP. Therefore there are two

possible hosts for clitic attachment: a noun as in (2a) or an

adjective as in (2b):

(2) a. ketāb=aš b. ketāb-e jadid=aš

book=3SG book-EZ new=3SG

‘his/her book’ his/her new book

Clitics can also fill the slot of the direct object of a verb.

In this case, the clitic attaches to the verb as in (3a) or to the

2We are aware of the fact that arguments may be realized postverbally.
Currently, only the postverbal realization of clausal arguments is implemented.
We leave the other serialization options to further research.

3This shows that the assumption of a headedness parameter that has the
same value for verbs and prepositions makes the wrong predictions for
Persian. Therefore such a parameter should not be part of an innately specified
UG, if there is such a thing at all. See [31] on a detailed discussion of language
acquisition including a discussion of Principle & Parameter approaches.

preverbal element in a complex predicate construction (3b,c),

or to the future auxiliary (3d):

(3) a. did-am=aš. c. dust=aš dār-am.

saw-1SG=3SG friend=3SG have-1SG

‘I saw him/her.’ ‘I love him/her.’
b. bāz=aš kard-am. d. dust xāh-am=aš dāšt.

open=3SG did-1SG friend FUT-1SG=3SG have.SG

‘I opened it.’ ‘I will love him/her.’

Currently these clitics are treated as postlexical clitics, that

is, clitics are treated in the syntactic component. For clitics that

fill the object slot of verbs, there is a special grammar rule in

the phrase structure backbone used by TRALE. This rule is

necessary since the order of clitic and verb is different from the

usual order. Apart from these order differences, this grammar

rule is an instance of the general Head-Argument-Schema.

The noun possessor construction has the same structure for

possessors that are realized as clitics and for possessors

realized as full NPs. The only difference is the impossibility

of the Ezafe when the possessor is realized as a clitic.

However, Samvelian argued for a treatment of clitics as

phrasal affixes [25], and the grammar will be adapted in order

to cover lexical and morphological idiosyncrasies.

J. Determiners

Persian makes use of prenominal and postnominal deter-

miners: demonstratives like /in/ (‘this’) and /ān/ (‘that’) and

the indefinite element /yek/ (‘a/an’) are realized prenominally

and the indefinite marker /-i/ occurs postnominally.

The prenominal determiners are treated as dependents of

the noun and are selected via the SPR feature as suggested by

[2]. To establish the semantic relation between the quantifier

and the noun, the determiner is able to access the variable of

the nominal projection via the SPEC feature.

The indefinite marker /-i/ is currently not covered but the

implementation of a lexical rule that has the desired phono-

logical, syntactic, and semantic effects is straight forward.

K. Direct Object Marker

The particle /rā/ is used as a marker of a noun in object

position. Since object marking is optional, we treat /rā/ as an

adjunct. The following is the lexical entry of the particle /rā/:



PHON
〈
rā
〉

SS | L




CAT | HEAD | MOD | L




CAT


HEAD

[
CASE | MORPH-CASE acc

noun

]

SPR 〈〉




CONT 1

[
LTOP 2

IND 3

]




CONT 1




RELS

〈

LTOP 2

ARG1 3

specific



〉




The modified linguistic object is required to have accusative

case. This ensures that /rā/ attaches to an object. In addition,

it is required to have an empty SPR list, i.e. it has to be an NP.

We assume that the list of relations that is contributed by signs

is not part of CONT, but rather represented at the top level of
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the feature description. This yields a more restrictive theory

as far as the locality of selection is concerned [32]. Since

RELS is not part of CONT, the CONT values of the modifier

and the modified element can be shared. /rā/ is treated as

an intersective modifier, and hence the LTOP of the modified

noun is identified with the LTOP of the specificity relation

contributed by /rā/. Of course, the argument of the specificity

relation is identical to the referential index of the NP ( 3 ).

L. Complementizers for Subordinated Clauses and Relative

Clauses

Embedded clauses are introduced by the complementizer

/ke/ (‘that’). We treat the complementizer as a head that

selects a finite clause. In addition to this complementizer,

we have another lexical entry for /ke/ which is used in

relative clauses [33]. The grammar covers relative clauses

with and without resumptive pronouns. Free relatives will be

implemented in the near future. The analysis is described in

detail in Taghvaipour’s thesis about relative clauses.

M. Pro Drop

Initially pro drop was handled by a unary branching rule

that discharges the subject from a valence representation after

all other arguments of a finite verb have been saturated.

While this rule works correctly, it is inefficient since it

contributes edges to the bottom up chart parser even if an

overt subject is present in a clause. We, therefore, implemented

an underspecification analysis that originally was used for

imperatives in BerliGram, an implementation of a grammar

of German [7]. The grammars use a valence representation

that comes with an additional feature REALIZED [34], [35].

Arguments that are not realized have the value ‘−’ and once

they are realized, the value is changed to ‘+’ in the valence

representation at the mother node. This representation can be

used to represent optional arguments by underspecification

(see [36] for a different solution using a binary feature): For

the subject of finite verbs, the REALIZED value can remain

unspecified. The unspecified value is compatible with ‘+’ in

the pro drop case and ‘−’ in the case when a verbal projection

is combined with an overt subject. During a parse of the 165

test sentences from the PerGram Test Suite (see Section V), the

grammar version with unspecified REALIZED value licensed

12.7% less passive edges in comparison to the one that uses

the unary branching rule. This resulted in a reduction of parse

times of 30.6% in average.

N. Coordination

The grammar handles symmetric coordinations. The coor-

dination of two or more NPs with /va/ (‘and’) results in a

plural NP, so that the agreement facts are captured correctly.

The analysis of coordination is basically the one suggested by

[2], that is, the CAT and NONLOCAL values of the conjuncts

are shared. However, there is a slight complication: since we

use a non-cancellation approach to valence, examples like the

one in (4) are problematic.

(4) Ali

Ali

[[mard

man

rā

RA

did]

saw.3SG

va

and

[xandid]].

laughed.3SG

‘Ali saw the man and laughed.’

In (4), a VP with a transitive verb and one with an intran-

sitive verb is coordinated. The valence representations of the

respective VPs is shown in (5):

(5) a. mard rā did: SUBCAT 〈 NP, NP 〉
b. xandid: SUBCAT 〈 NP 〉

The valence representation of the VP with a transitive verb

contains an NP that is marked as realized. Meurers [34] called

realized arguments spirit. In comparison, the VP with the in-

transitive verb does not contain such an NP. The consequence

is that the SUBCAT values of the conjuncts cannot be unified

since the lengths of the lists are different. This problem is

solved in the implemented grammar by using a relational

constraint that returns all unrealized elements in a valence list.

This constraint is applied to both conjuncts and the respective

result lists are unified and represented at the mother node.

As a result, the valence representation of [[mard rā did] va

[xandid]] is 〈 NP 〉. The spirit NP (NP) is not represented

at the mother node. The subject NPs of /didan/ (‘see’) and

/xandan/ (‘laugh’) are unified and hence it is explained why

Ali fills the respective slots of both verbs.

This analysis captures a lot of complicated coordination

phenomena like Across the Board Extraction in unbounded

dependencies (questions and relative clauses) and also interacts

nicely with resumptive pronouns in relative clauses. However,

there is one problem left: the analysis does not extend to

German fronting data and case assignment for which it was

introduced originally. Meurers [34] and Przepiórkowski [35]

suggested representing the saturated complements at the VP

level. Auxiliary verbs attract the arguments of the verb they

embed. Case is assigned to arguments that are not raised

by higher verbs. In the analysis of the sentences in (6), the

auxiliary attracts the arguments of gelesen (‘read’) and assigns

nominative to the subject and accusative to the object.

(6) a. [Einen

an

Aufsatz

essay.ACC

gelesen]

read

hat

has

er

he.NOM

nicht.

not
‘He did not read an essay.’

b. [Ein

an

Aufsatz

essay.NOM

gelesen]

read

wurde

was

nicht.

not
‘An essay was not read.’

The important point is that the case is not determined locally

in the fronted VP, but assigned by the finite verb. In order to

assign case, the finite verb has to raise the realized argument

(the spirit) and hence it has to be accessible at the VP node.

With this background, the problem of the coordination

analysis is obvious: We can coordinate two VPs and front

them. According to the coordination analysis sketched above,

realized arguments are not contained in the valence lists of

the mother nodes of coordinated structures. Since these spirits

are needed for case assignment, we have conflicting demands:

coordination requires VPs with verbs of different arity to
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be syntactically parallel and case assignment (in German)

requires all arguments to be present at the VP node.

(7) a. [[Einen

an

Aufsatz

essay.ACC

gelesen]

read

und

and

[einen

a

Report

report.ACC

geschrieben]]

written

hat

has

er

he.NOM

nicht.

not
‘He neither read an essay nor did he write a report.’

b. [[Ein

an

Aufsatz

essay.NOM

gelesen]

read

und

and

[ein

a

Report

report.NOM

geschrieben]]

written

wurde

was

nicht.

not
‘An essay was not read and a report was not written

either.’

It remains to be seen if it is possible to develop a consistent

analysis of coordination and non-cancellation approaches to

valence.

O. Empty Elements

Currently, two types of analyses of unbounded dependency

phenomena are entertained in the HPSG framework: one

assumes an empty element for the introduction of a nonlocal

dependency [2] and the other one introduces nonlocal depen-

dencies lexically [37]. See [38] for an extended discussion. In

our implementation we adopt a trace-based approach.

In addition to the empty element that is used in nonlocal

dependencies, we also use an empty determiner for the anal-

ysis of NPs that do not have an overt determiner. The empty

determiner introduces the quantifier relation that is needed for

the interpretation of the NP. The alternative to this treatment

would be a unary branching ID schema that discharges the

valence requirement represented under SPR and introduces the

appropriate semantics. By adopting this solution, one would

miss the generalization about determiners. In our approach,

the type definitions for overt determiners can be used for the

covert determiner as well. No idiosyncratic ID rule is needed.

There is just one place in the grammar where it is said that

the phonology of a determiner may be empty.

We agree that empty elements should be avoided wherever

possible and that they should not be stipulated on a cross-

linguistic basis but rather be motivated by evidence from

within the language under consideration. That is, a topic

morpheme in Japanese should not be seen as evidence for an

empty topic head in German, English, and Danish. If empty

elements are assumed based on the evidence from the language

under consideration, the language acquisition model does not

have to assume a rich UG, but is compatible with data-driven

approaches like the one that is entertained by Tomasello [39].

As is known from research on formal grammars [40], phrase

structure grammars with empty elements can be converted

into grammars without empty elements. This result does not

transfer directly to grammars with typed feature structures, but

most of the grammars that are currently suggested can be con-

verted into grammars without empty elements by applying the

techniques developed for PSGs (See [24], [31] for examples).

TRALE does this kind of grammar conversion for the relevant

cases automatically and transparently for the user and hence

the grammars can be specified in a more compact way. For

example, in the case of the empty determiner, a special variant

of the Head-Specifier-Schema is created that has no daughter

for the determiner. That is, TRALE compiles the grammar

into one that has the unary branching rule that was mentioned

above. See [41] for further discussion.

V. THE TEST SUITES

During the development of the Persian grammar, we put

together two test suites that are used for systematic testing

and grammar profiling [42]. The first one contains exam-

ples from the linguistic literature that are relevant for the

phenomena that are covered by the grammar. In addition, it

contains ungrammatical examples that were constructed in the

development process in order to rule out overgeneration of the

grammar which was detected by systematic testing. This test

suite consists of 165 sentences including both positive (132

sentences) and negative (33 sentences) examples.

To be able to test the coverage of the grammar, we randomly

selected 130 sentences from a Persian corpus called ‘Peykare’.

Peykare [44] is a big Persian corpus provided by the University

of Tehran and the Higher Council for Informatics of Iran.

It contains texts from various data sources, both written

and spoken.The part-of-speech of each word is annotated

according to the EAGLES guidelines. The sentences were

selected randomly in such a way that the balancedness of the

original corpus is kept in the subcorpus; as a result, the 130

sentences have the variability of the existing registers in the

Peykare corpus. Currently, most of the sentences do not parse

because of missing lexical entries. We added lexical items for

proper nouns, common nouns, and adjectives to the lexicon,

but there are other missing lexical items (verbs, clitic forms of

the copula, numerals, adverbs, adjectives derived from nouns)

that affect 98 of the 130 sentences.

VI. SUMMARY AND CONCLUSION

In this paper, we briefly described some of the phenomena

that are part of an implemented HPSG grammar of Persian.

A full description of the phenomena and the analyses will

be provided in [43]. The grammar covers the core aspects

of Persian syntax and morphology and provides semantic

representations in the form of MRS. The grammar is evaluated

with respect to the example sentences that were collected

from the linguistic literature and ungrammatical examples that

were constructed during the development process. In addition,

we started experiments with naturally occurring data that was

selected from the Peykare corpus.
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Abstract—The paper presents WordnetLoom – a new version
of an application supporting the development of the Polish
wordnet called plWordNet. The primary user interface of Word-
netLoom is a graph-based, graphical, active presentation of
wordnet structure. Linguist can directly work on the structure
of synsets linked by relation links. The new version is compared
with the previous one in order to show the lines of development
and to illustrate the introduced difference. A new version of
WordnetWeaver – a tool supporting semi-automated expansion
of wordnet is also presented. The new version is based on the
same user interface as WordnetLoom, utilises all types of wordnet
relations and is tightly integrated with the rest of the wordnet
editor. The role of the system in the wordnet development process,
as well as experience from its application, are discussed. A set
of WWW-based tools supporting coordination of team work and
verification is also presented.

I. AN EDITOR FOR WORDNET

A LARGE wordnet1 is a very complex graph of many
thousands vertices and arcs, where vertices represent

lexical units and sets of lexical units, and arcs represent
lexico-semantic relations of several types. A wordnet can be
expressed in a simple formal language, cf the language defined
for the needs of Princeton WordNet [3] and used in “lexical
source files”. However, the size and the complexity of a large
wordnet makes manual encoding of the wordnet structure error
prone. Error probability can be reduced by the introduction of
specialised wordnet editors that free linguists from learning
a formal language of description and provide some forms of
error checking. Several wordnet editors have been proposed.

Two applications were constructed for the EuroWordNet
project [4]: Polaris — an editing tool, and Periscope — a
graphical database viewer. However, Polaris is a commercial
tool, its development has been closed, and it is not commonly
available for research. Moreover, it is a modification of a
previous ontology editor, is tightly associated with the Eu-
roWordNet structure and was constructed for a limited number
of platforms.

Because of the Polaris limitations, a new tool called VisDic
was created for the Czech WordNet [5]. In VisDic the relation
definitions are still written in text windows, but an XML based
format is used and some immediate browsing is possible in
the tool, e.g. bi-directional browsing of graphs of semantic

1A wordnet is a large electronic thesaurus following the basic construction
features of Princeton WordNet [1], [2]. In WordNet, one and multi-word
lexical units are grouped into synsets – “sets of near synonyms”, that are
linked by semantic relations derived from lexico-semantic relations.

relations. VisDic was used in the Slovene Wordnet [6] and
was available for research. VisDic was a monolithic appli-
cation directly working on XML files, contrary to its direct
descendant DEBVisDic [7] – a client-server, lexical database
editor. DEBVisDic reimplements and extends the functionality
of VisDic and is based on the client-server architecture and an
XML database server. DEBVisDic has become a popular tool
used in several projects.

Both tools are oriented on editing a wordnet synchronized
with wordnets for other languages by the Interlingua Index
[4], that complicates their basic structure and user interface.

For the needs of the GermaNet2 development a dedicated
wordnet editor called GernEdiT was constructed [8]. GernEdiT
stores data in a relational database and provides concurrent
access for many users at the same time. GernEdiT offers
graph-based, graphical presentation of the wordnet structure,
but limited to the hypernymic links only. Other types of
relations, including relations between synsets (called concep-
tual relations in GermaNet) are not shown. Moreover, direct
editing of the relation graph is not possible. Data must be
first changed or added via dialogue forms. This makes the
association between an action and the effect more remote from
the user point of view. Direct editing of the graph is more
compatible with the idea of GUI (Graphical User Interface).

The majority of existing tools for visualising a wordnet
focus only on the hypernymy structure, e.g. [9], [10], and only
some of the graph-based tools offer possibilities of editing, e.g.
[11].

When the project on the construction of plWordNet3 started
in 2005, DEBVisDic [7] was not available and VisDic [5]
was not an alternative, as it is a single machine tool. We
needed a tool supporting a group of linguists working in a
distributed environment. A dedicated wordnet editor called
plWordNetApp was built. It was not as universal and flexible
as DEBVisDic, but it implemented the assumed procedure of
linguistic work. Its interface was designed according to the
estimated ways of performing linguistic tasks. plWordNetApp
enabled cooperation of a linguist team on the basis of a central
database accessed via Internet. A brief characteristic of the
editor is given in Sec. II.

plWordNetApp has been used by the Polish wordnet de-
velopment team since the year 2006. During this period we

2GermaNet is a wordnet for German, the second largest wordnet in the
world.

3The first publicly available wordnet for Polish – Polish name: Słowosieć
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collected rich experience concerning usability drawbacks of
the editor. Editing and browsing complex graphs of hyper-
nymy appeared to be the biggest problem. The problem was
gradually rising with the increasing complexity of the plWord-
Net hypernymy structure4. Linguists requested visualisation
of the hypernymy graphs which would be improved in the
comparison to simple tree-based, static visualisation offered
by plWordNetApp. Thus an improved version of the editor
was constructed with the graphical presentation of the wordnet
structure as a basis for all kinds of interaction.

The goal of this paper is to present a new wordnet editor
called WordnetLoom, which is built around the idea of visual,
direct editing of the wordnet graph structure. The editor is
integrated with a tool called Wordnet Weaver, which delivers
automatic support for extending the wordnet.

In the rest of the paper we will first briefly describe plWord-
NetApp – the basis for the present version of the application.
Next the core graph-based view will be introduced. Full
integration of WordnetWeaver with the rest of the application
is discussed. The paper is concluded with the presentation of
a set of web pages enabling browsing of data important for
the coordinators of a linguistic group and plans for further
development.

II. PLWORDNET 1.0 DEVELOPMENT TOOLS

From the very beginning of designing plWordNetApp we
were trying to find a solution for the necessity of presenting
and editing complex wordnet structures and, at the same time,
fitting the resulting complex structures of user interface onto
one screen. In order to avoid cluttering the main screen, we
decided to divide the user interface of the application into two
main screens, presenting two main perspectives:

• the perspective of lexical units5

• and the perspective of synsets.
plWordNetApp GUI lets the lexicographers avoid the use of

an artificial language for the description of semantic relations,
starting with introduction of a new lexical unit (LU) and its
description; this improves on the practice in WordNet and Ger-
maNet [1], [15]. Both browsing and making decisions (during
editing) are done via GUI screen controls and transparently
recorded in the server database.

4The hypernymy is a lexico-semantic relation between a lexical unit of a
more general meaning and a semantically subordinated lexical unit of a more
specific meaning – a relation similar to the superclass-subclass relation – e.g.
‘plane figure’ is a hypernym of ‘tree diagram’.

5Informally, lexical unit is a semantically disambiguated word in a broad
sense. Technically, a lexical unit is a pair: lemma and one of the meanings
represented across different occurrences of this lemma in language utterances,
cf [12], [13], e.g. a pair: the lemma kolejka, [polysemous] ‘narrow-gauge rail-
way’, ‘train’, ‘round’ or ‘queue’, and its meaning represented in plWordNet 1.0
[14] by the symbol kolejka 3 – a kind of railway, means of transport.
A lemma is a morphological word form selected as an exponent of the whole
set of word forms of the same Part of Speech, such that all word forms from
the set are described by the same shared grammatical categories and the word
forms differ only in the values of the subsequent categories, e.g. program
‘program’ as an exponent of a set: programu, programie, programach, . . . or
maszyna parowa ‘steam engine’ (multiword lemma) as an exponent of the set:
maszyny parowej, maszynie parowej, maszyn parowych . . . ; we assume that
the choice of a particular word form as a lemma is arbitrary and constrained
only by some tradition.

The perspective of lexical units, cf [13, pp. 39], was
intended to support grouping lexical units into synsets. The
lexical unit list, present in the system, can be filtered according
to several criteria, e.g. a selected domain. To facilitate search-
ing, each synset is also automatically assigned to the domain
of its first lexical unit. Domains are the main tool in organising
the work of the linguist team: linguists are assigned complete
domains to process by the coordinator. Once a lexical unit has
been selected, its properties are presented and can be edited.
A new lexical unit can be added in the lexical unit perspective
(but in some other parts of plWNApp GUI, too).

All synsets including a given lexical unit are shown in the
tabbed panel below the lexical unit property panel, cf [13, pp.
41]. Editing of the selected synset is possible in the tabbed
panel to the right of it — the second, hidden tab pane contains
the synset properties. We assumed that first a selected lexical
unit is assigned to an existing synset or freshly created one,
and then the synset is edited.

In the hidden tab pane of the synset list panel, one can
browse and edit a list of lexical relations6 of the selected
lexical unit, i.e. between pairs of lexical units, e.g. antonymy or
derivational relations. Derivational relations play an important
role in the structure of plWordNet [16].

In order to support the consistency among the linguists’
decisions a substitution test defined for the given relation is
presented to the user, prior to adding any new instance of a
semantic relation. The test templates are defined and can be
edited by coordinators in a dedicated window. On the basis of
a template, a test instance is generated from the template by
filling it with the inflection forms of the tested lexical units
— the morphological analyser Morfeusz [17] was applied.
The inflection form properties are specified in templates by
IPIC codes. The mechanism of the tests makes plWordNetApp
different from other wordnet editing tools, e.g. DEBVisDIC.

From the property panel of the selected synset, the user can
switch to the synset perspective set to this synset as the source
synset.

The five panels of this synset perspective, cf [13, pp. 41],
can be divided into the following groups:

• selection and editing of a source synset – the synset for
which we are going to define a relation or whose relations
we are going to browse and edit,

• selection and editing of a target synset of a relation to be
defined.

• browsing of existing relations.
There are two possible views of synset relations: a tabular

one, cf [13, pp. 41] and a tree one (the hidden tab pane).
According to the linguists’ demands, the initial browsing
facility was extended with editing synset relations directly
in this view. The browsing panel also enables the navigation
along the graph of relations. The possibility of editing synsets
directly in this perspective was introduced in order to facilitate

6By lexical relation we mean a lexico-semantic relation described by pair
of lexical units, in contrary to synset relations that link synsets and originate
from the lexical relations defined for the lexical units belonging to them.

470 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



Fig. 1. Screenshot of the active graph-based presentation of the wordnet structure (Glosses for synsets: rzecz ‘thing’, urządzenie ‘device’, urządzenie biurowe
‘office device’, komputer ‘computer’, karta ‘card’, karta dźwiękowa/graficzna ‘audio/graphic card’, klawiatura ‘keyboard’ modem ‘modem’, monitor ‘monitor’,
mysz ‘mouse’, pamięć ‘memory’, procesor ‘processor’, stacja dysków ‘disk drive’, twardy dysk ‘hard disk’).

the correction of the initial synsets, e.g. it is possible to extract
some lexical units from the source synset and to create a new
hypernym synset.

Whenever a user wants to introduce an instance of a
synset relation, the appropriate substitution test is presented.
According to the definition of the synset relation introduced in
plWN, it must be valid for any pair of lexical units from both
synsets: the source and the target one. Thus, lexical semantic
relations are extrapolated from relations on lexical units to
relations on synsets. The substitution test window facilitates
selecting all possible pairs of lexical units (from both synsets)
and generating instances of the test.

Besides the main screen of the synset perspective, cf [13,
pp. 41], an additional screen of synset editing was introduced
during the plWordNetApp development. This screen is used
for browsing synsets and have a layout similar to the lexical
unit perspective: a large list of synsets on the left (rich
filtering possibilities), and the tabular view of the selected
synset relations, plus all synset editing panels on the right.
The screen and the lexical unit perspective are synchronised,
i.e. the filter setting and the selected synset and/or lexical unit
are transferred to and from the lexical unit perspective during
switching. It facilitates browsing the lexical unit relations of
the lexical units belonging to the given synset.

III. GRAPH-BASED WORDNET EDITOR

The construction of plWordNetApp was focused on its use
on slower computers as were used in 2005 and effectiveness of
the primarily keyboard-based interaction. A new version of the
application, called WordnetLoom7, is built around the active,
graphical presentation of the wordnet structure as a central
element of the user interface. The presentation is described as
‘active’, as it enables not only browsing but also full editing
of the structure. An example screenshot is presented in Fig. 1.

The organisation of the presentation is a mixture of the often
used radial layout and a vertical tree-like scheme. The latter
is often used for presenting large graphs and also wordnets,
e.g. [9]–[11]. In the radial layout one synset (node of a graph)
is selected as the central one (the present location of the user
focus) and other synsets are presented around it in circular
layers defined by the number of links from the centre.

According to our analysis, the radial layout expresses sev-
eral drawbacks from the point of view of the active wordnet
presentation. There is only one central element and simultane-
ous presentation of several sub-graphs sharing some nodes on
one screen is difficult. A situation in which there are several

7The name refers to a static role played by the wordnet editor – it is a tool,
which enables manual construction of a wordnet, while WordnetWeaver is a
semi-automatic tool, which is a kind of ‘active participant’ of the wordnet
development process.
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paths from the central node to a node shared by the sub-graphs
causes deformation of the layout. This is a problem for any
layout, but the radial one is especially prone to this issue.

We modified this scheme in order to preserve presentation
of the hypernymy in the form of a tree-like scheme. Thus,
a synset which is selected by the user becomes the synset in
focus. Along the vertical dimensions its hypernyms (direct and
indirect) and hyponyms are presented, respectively above and
below the central synset.

Fig. 2. Layout of the presentation of relation links (Glosses for synsets:
oświetlenie ‘lighting’, knot ‘wick’, świeca ‘candle’, kandelabr ‘candelabra’,
stearyna ‘stearin’, znicz ‘candle’, świecznik ‘candlestick’).

Meronymy and holonymy are shown along the horizon-
tal dimensions: meronyms to the left and holonyms to the
right, respectively. An example of the layout of relation
presentation is shown in Fig. 2. Lines dividing the space
and the relation names written in a blue bold face font are
not a part of the screen, but they have been added for the
presentation purpose only. Other types of synset relations, like
near-synonymy8, dweller (e.g. mieszczanin ‘burgher’ – miasto
‘city’), markedness9 are presented below the central synset, as
they are close in their character to the hyponymy. Relations are
visually differentiated by line style, line colour and labels. The
definition of labels follows symbols used in the source files
of Princeton WordNet. Optionally, shorten names of relations
can be used instead, as it is shown in Fig.2.

Interaction starts with searching for lexical units in the
left panel. Next, after a lexical unit has been selected the
corresponding synset is shown as the central synset. Initially
only synsets linked by the direct links to the central one
are presented. However, the user can navigate by pressing
triangular buttons on the sides of the octagonal synset symbols.
The colour of the triangular buttons signals whether none,
some or all links of the given type have been opened for the
given synset.

A synset can contain several lexical units10, each lexical unit
can participate in several lexical relations, a synset can have
several dozen relation links and there can be many synsets –
it is impossible to show legibly all this information on one

8Near-synonymy is different than synonymy expressed by synsets, and is
used to link lexical units of the very close meaning but belonging to the
different language registers, e.g. chłopiec ‘boy’ – gówniarz ‘squirt’.

9Markedness is relation originating from the regular derivational associ-
ations and encompasses several sub-types like dimunitives, augmentative,
expressive forms etc.

10There are a few synsets which include about 20 LUs each.

computer screen at the same time. Thus we had to remove a
lot of data from the main panel and leave only the minimum
of information required for the general understanding of the
structure on it. We left only one lexical unit presented per
synset, this is compatible with a linguistic practice of assigning
the lexical unit which is the most representative for the given
synset to first position. Moreover, in the case of a large
wordnet the vast majority of synsets include only one lexical
unit.

The whole set of lexical units of the central synset can be
browsed and edited on the Synset panel – the pane in the
middle of the right most column in Fig. 1.

Lexical relations have been moved to the separate pane in
the bottom-right corner – Lexical relations in Fig. 1.
Only relations for a lexical unit which is selected in the
Synset panel are presented. Keeping the detailed information
concerning synsets and lexical units in the separate panels
defers access to this information and increases the load of
the user’s short-term memory, but it is a compromise with
the possibility of having a more broad view on the wordnet
structure.

Synsets are assigned a minimal representation in the graph,
but still a wordnet structure of relations can be quite dense
in some parts, and many synsets located in the upper parts
of the hypernymy structure can have several dozens or even
hundreds11 of outgoing hyponymic links. Thus, by default,
WordnetLoom presents only up to k = 5 (a parameter) links
of the given synset relation (presently only hyponymy). If
the number of links is greater, than only the first k − 1 are
automatically presented and the rest is folded and hidden under
the symbol of a circle with the number of hidden synsets
shown on it. After clicking the circle a small list-window is
shown, the user can browse across hidden links and unfold
any sub-group of them – this situation is presented near the
bottom of the main panel in Fig. 1. In any moment a link can
be folded back into the group of the hidden links.

In large graphs the user can quickly get lost seeing only
a small portion of a graph. As a support for navigating
in the space of a large graph we introduced a mini-map
overview panel in the top-right corner in Fig. 1. Synsets are
presented only as point-size circles, but colours are used to
distinguish the central synset and selected synsets. Moreover,
synset descriptions are given in tooltips shown in response to
holding the mouse pointer over some circle.

Visual, graph presentation gives an opportunity to perform
editing directly on the relation structure. The context and
potential consequences of an action to the presented part of the
wordnet structure are clearly visible on the screen. However,
only a subgraph can be presented and the biggest problem
was to find a way for adding new relation links from synsets
presented on the screen to those not. A gradual enlargement of
the subgraph being unfolded by clicking triangular buttons is
always possible, but only to some space limits. Unfolding of
huge graphs is not an option if one has to look for the target

11E.g. czynność ‘activity’ has 376 hyponyms, mostly gerunds.
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synset of a link in some different part of the wordnet. In order
to facilitate simultaneous browsing of different parts of the
wordnet the central panel was implemented as a multi-panel
window enabling opening each sub-graph in a new sub-panel
of the central panel. However, switching between sub-panels
complicates the way in which selection of a target synset is
performed. The user has to remember the state of the user
interface as “in selecting a target”. In order to make both
the source and the target of the action accessible without
switching between sub-panels, we introduced a clipboard –
and additional panel – in which the user can keep references
to the synsets that he is working on, are interesting to him,
etc. Clipboard is located below the main panel, see Fig. 1.
When adding a new relation link the user first selects the
source synset by right clicking it, and then selects the target
synset from the active sub-panel or from the clipboard. Only
synset symbols are shown in the clipboard but one can activate
a sub-panel, which is already open, or open a new sub-panel
for a synset in the clipboard with mouse double clicking on
its symbol.

The functionality of simultaneous opening several graphs in
separate sub-panels supports comparing different parts of the
wordnet structure – a challenging task but very important in
the case of a large wordnet developed by a team of several
linguists. Erroneously separated parts of the hypernymy struc-
ture can be immediately linked, and other corrections can be
introduced, too.

It is worth to emphasise here that the graph-based editing
and presentation is a significant advantage offered by Word-
netLoom in comparison to plWordnetApp, at least according
to the opinions of the linguist team members. The most
important improvement is that a linguist can work on all
relations (linking synsets and lexical units) using one set of
panels without the necessity of switching to other screens.
Moreover, he can still follow the general wordnet structure as
it is defined by the synset relations and can be perceived only
from the perspective of groups of inter-linked synsets not only
singular synsets.

IV. INTEGRATED SEMI-AUTOMATED SUPPORT

WordnetLoom includes a new version of WordnetWeaver
as its integrated part [13]. WordnetWeaver is a tool supporting
semi-automated expansion of plWordNet. It consists of the two
parts:

• the algorithm of Activation-Area Attachment (henceforth,
AAA) which for a new lemma from the outside of
plWordNet generates a set of suggested new lexical units
on the basis of several knowledge sources,

• and an user interface based on the active presentation of
hypernymy subgraphs as descriptions of the suggested
relations.

The latest version of the AAA algorithm was described
in details in [18], here only a brief characteristics is given
below. AAA utilises several knowledge sources describing
semantic association of lemma pairs. The used set of five
knowledge sources includes: Measure of Semantic Relatedness

(1), which has been constructed automatically on the basis of
a large corpus, lemma pairs – possibly hypernymic – extracted
from the corpus by hand-written patterns (2) and also patterns
learned automatically (3). Moreover, lemma pairs for which
the measure returns high values are filtered by a classifier (4),
which has been trained for the recognition of wordnet relations
and finally lemma pairs in which both lemmas are mutually
high on the their lists of the mutually close semantically related
according to the measure (5), cf [13].

AAA works in three steps, described below in the perspec-
tive of adding one new lemma to plWordNet.

1) Semantic fit between a new lemma and each lemma in
the wordnet is calculated on the basis of weighted voting
applied to information concerning the new lemma from
the knowledge sources.

2) Semantic fit between the new lemma and each synset is
calculated:

a) on the basis of cumulated fit between the new
lemma and the synset lemmas,

b) and also on the basis of the fit between the new
lemma and synsets that are located in the close
distance to the given synset.

3) Connected hypernymic sub-graphs of synsets expressing
higher semantic fit to the new lemma are identified and
presented as descriptions of potential new lexical units
for the new lemma.

Connected sub-graphs identified by AAA are presented
graphically to the user, e.g. in Fig. 3 for the new lemma
flinta (‘shotgun’, ‘flint-lock gun’) one lexical unit is suggested
and presented as a graph with the highest fit for the synset
including strzelba ‘shotgun’. On the screen, the purple oval
represents the new lemma, synsets of the colours from yellow
to red are elements of the identified sub-graph and green
synsets do not belong to the suggestion but have been unfolded
manually by the user. Synset colour expresses the strength of
semantic fit between it and the new lemma: light yellow means
weak strength of fit, darker yellow and red represents increas-
ing strength. In the case of synsets presented as rectangles the
fit was calculated on the basis of the Measure of Semantic
Relatedness only (“weak fit” in [13], [18]), while octagons
signal stronger fit supported by data from several knowledge
sources (“strong fit” in [13], [18]).

The main change in the WordnetWeaver user interface is
its full integration with WordnetLoom. Thus, suggestions are
shown as hypernymic sub-graphs, but the user can browse
relations of any type and add a new lexical unit for the new
lemma with the help of any relation. In the previous version of
WordnetWeaver [13] only hypernymic links could be browsed.
A new lemma could be added to an existing synset member or
as a new hypo/hypernym, but any other relation could not be
directly used. WordnetWeaver was initially focused on expand-
ing a wordnet along synonymy and hypernymy dimensions.
That is why its effective use was limited to nouns, and the first
attempts to apply it to verbs failed, as the verbal hypernymy
structure is very limited. However knowledge sources assign
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high values of semantic association to lemma pairs that are
linked not only by synonymy/hypernymy, but also by other
lexico-semantic relations, e.g. meronymy/holonymy. Thus new
LUs suggested for a lemma can be also motivated by relations
other than synonymy/hypernymy.

In contrast to plWordnetApp, the user interface of new
version of WordnetWeaver, presented here, has been changed
to the new one developed for WordnetLoom. As a results, see
e.g. Fig. 3, the user now has access to any relation defined
in the wordnet and new lexical units can be attached by any
relation. A new algorithm of the layout generation prevents
overlapping presentation of synsets on the screen.

WordnetWeaver was intended to be a tool for a team of
linguists working simultaneously, rather than for an individual
linguist. Thus the work procedure is based on assigning dis-
joint sets of lemmas, called ‘packages’, to particular linguists.
Packages are numbered and a package can be selected using
the text edit called Package number. Instead of dividing
lemmas into packages on the basis of their alphabetic order,
lemmas are semantically grouped by the clustering algorithm
implemented in CLUTO system [19] applied to the results
of the Measure of Semantic Relatedness, cf [13]. We did not
expect perfect clustering, e.g. in terms of cluster purity, we
only wanted to achieve a practical effect of groups generally
semantically coherent. Created lemma groups appeared to be
quite coherent, on average 2–3 semantic domains (e.g. names
of professions, food, plants, minerals, etc.) can be noticed.
During two years of intensive practical use this method based
on the off-the-shelf clustering tool proved its value. In the
new version of the WordnetWeaver we added a mechanism of
temporal blocking a package for the linguist editing it. The
mechanism is transparent to the users and blocking starts with
the first editing actions and is automatically removed after the
linguist has closed the client application or switched to editing
of another package.

Quality of suggestions generated by the AAA depends on
the local quality of the wordnet structure, e.g. if for there are
no appropriate hypernyms for the new lemmas in the wordnet
structure, the generated suggestion can be accidental. Thus,
WordnetWeaver is equipped with mechanism of re-computing
suggestions, which is activated on the user request (the button
Re-compute). This facility can be especially helpful in case
of constructing a new hypernymy sub-graph for some domain
which was scarcely populated at the beginning. In the older
version of WordnetWeaver the re-computation was run for all
packages, in the present version the process is limited to one
package only and can serve simultaneously several requests
putting them into an internal queue.

V. MANAGEMENT TOOLS

The linguistic team is organised into two subgroups: word-
net editors and coordinators. The task of coordinators is to
take care of the consistency of decisions made by different
editors and to check the quality of changes introduced. In
order to support the work of coordinators and facilitate the
team cooperation a set of tools was developed. The tools are

accessible via web pages in order to make usable even in the
case of low bandwidth network connections.

First, browsing all changes is possible, e.g. adding a new
wordnet element (like lexical unit, synset, relation link, etc.),
deleting and modifying. Each change is registered together
with information concerning the exact time and person who
made it. An example screenshot is presented in Fig. 4. The
filtering functionality – the top-right part of the screen –
enables limiting the data to particular period, linguist or
domain. Moreover, each team member can search for the
source of the observed wordnet element, e.g. in order to get
explanations concerning the reason of the introduction of some
specific lexical unit (word sense).

On the additional web page, coordinators can observe the
pace of work in relation to particular linguists, and on the basis
of the collected data they are able also to plan the distribution
of work among linguists.

Some diagnostic reports have been introduced, as well.
Coordinators can obtain data concerning synsets without hy-
pernyms and/or any other relation link12. These reports are
the basis for correcting the structure and joining separated
hypernymic sub-graphs into larger structures in those cases
where it is supported by the linguistic data. The whole
hypernymy graph is being constructed in plWordNet in the
bottom-up direction, i.e. starting with more specific lexical
units and their relations.

The set of management tools is being continuously extended
but even its present version is frequently used by the coordi-
nators and the linguistic team.

VI. FURTHER RESEARCH

The vast majority of WordnetLoom is now implemented.
Its new version described in this paper has been used for
the last three months and about 9000 LUs and almost 20000
relation links have been added into plWordNet with its help.
The idea of the primarily graph-based user interface in a
wordnet editing tool seems to work well in practice, especially
in the case of group work on expanding larger wordnet in the
process driven by data extracted from large corpora. In such
a process different parts of the wordnet are being developed
simultaneously, and the linguists must follow the changes in
an appropriate way.

Concerning the application development, we concentrate
now on fixing problems which appeared during the work
of linguists, as well, as minor improvements introduced in
response to requests of linguists.

We work now on a significant extension of the AAA
algorithm which is the basis for WordnetWeaver. We aim for
the use of all types of relation links as a basis for expansion
(now, only the hypernymy structure is used) and generating
suggestions targeted at particular relations as description of the

12The presence of a synset which is not linked to any hypernym does not
necessarily mean an error in the wordnet. In plWordNet every relation link
must be supported by the linguistic analysis. Thus it is only required that
there must be at least one relation link for a synset, and each lexical unit (but
not lemma) must belong to exactly one synset.
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Fig. 3. Screenshot of Wordnet Weaver tool supporting semi-automated wordnet expansion (Glosses for synsets: flinta ‘shotgun’, celownik ‘sight’, cyngiel
‘trigger’, język spustowy ‘trigger’, panewka ‘pan’, tłumik ‘silencer’, broń palna ‘firearm’, działo ‘gun’, karabin ‘rifle’, muszkiet ‘musket’), strzelba ‘shotgun’,
dubeltówka ‘double-barrelled gun’, sztucer ‘rifle’)

attachment place, i.e. a synset selected as a point of attachment
will be described by the type of relation by which a new lexical
unit should be linked to it.

WordnetLoom can be used for editing other wordnets than
plWordNet. The application uses UTF encoding for characters,
relation types are defined in the XML-based format of wordnet
data and the list of domains can be easily extended (now
we use the Princeton WordNet list of domains). Lists of
synset relations that are presented in vertical and horizontal
directions are defined in the set-up file. Import and export
to the Princeton WordNet file format has been implemented
(but the use of WordnetWeaver requires preparation of the
appropriate data knowledge sources). The suggestion presen-
tation mechanism can work on the basis of any list of triples:
word, synset, fit value. However, the AAA algorithm needs
tuning to knowledge sources other than those used by us.
WordnetLoom can be used for editing any network of lexical
semantic relations or even an ontology. However, in the latter
case, the limited, fixed set of the LU properties can be a strong
limitation: concepts in an ontology are mostly described by an
expandable attribute-value structures while lexical units are
attached a limited, fixed set of properties in a wordnet.
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S. Szpakowicz, and M. Zawisławska, “plWordNet 1.0 — The
Polish Wordnet,” April 2009, online access to the database of
plWordNet 1.0: www.plwordnet.pwr.wroc.pl. [Online]. Available: http:
//plwordnet.pwr.wroc.pl/browser/?lang=en

[15] B. Hamp and H. Feldweg, “GermaNet — a lexical-semantic net for
German,” in Proceedings of ACL workshop Automatic Information
Extraction and Building of Lexical Semantic Resources for NLP Ap-
plications, Madrid. ACL, 1997.

[16] M. Derwojedowa, M. Piasecki, S. Szpakowicz, and M. Zawisławska,
“Polish WordNet on a shoestring,” in Proceedings of Biannual
Conference of the Society for Computational Linguistics and Language
Technology, Tübingen, April 11-13 2007. Universität Tübingen, 2007,
pp. 169–178. [Online]. Available: http://www.plwordnet.pwr.wroc.pl/
main/content/files/publications/piasecki-gldv07-final.pdf
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Abstract—There are numerous formats for writing spell-
checkers for open-source systems and there are many descriptions
for languages written in these formats. Similarly, for word hy-
phenation by computer there are TEX rules for many languages.
In this paper we demonstrate a method for converting these
spell-checking lexicons and hyphenation rule sets into finite-state
automata, and present a new finite-state based system for writer’s
tools used in current open-source software such as Firefox,
OpenOffice.org and enchant via the spell-checking library voikko.

I. INTRODUCTION

C
URRENTLY there is a wide range of different free open-
source solutions for spell-checking and hyphenation by

computer. For hyphenation the ubiquitous solution is the
original TEX algorithm described in [1]. The most popular
of the spelling dictionaries are the various instances of *spell
software, i.e. ispell1, aspell2, myspell and hunspell3 and other
*spell derivatives. The TEX hyphenation patterns are readily
available on the Internet to cover some 49 languages. The
hunspell dictionaries provided with the OpenOffice.org suite
cover 98 languages.
The program-based spell-checking methods have their lim-

itations because they are based on specific program code that
is extensible only by coding new features into the system
and getting all users to upgrade. E.g. hunspell has limitations
on what affix morphemes you can attach to word roots with
the consequence that not all languages with rich inflectional
morphologies can be conveniently implemented in hunspell.
This has already resulted in multiple new pieces of software
for a few languages with implementations to work around the
limitations, e.g. emberek (Turkish), hspell (Hebrew), uspell
(Yiddish) and voikko (Finnish). What we propose is to use
a generic framework of finite-state automata for these tasks.
With finite-state automata it is possible to implement the spell-
checking functionality as a one-tape weighted automaton con-
taining the language model and a two-tape weighted automa-
ton containing the error model. This also allows simple use of
unigram training for optimizing spelling suggestion results [2].
With this model, extensions to context-based n-gram models
for real-word spelling error problems [3] are also possible.

1http://www.lasr.cs.ucla.edu/geoff/ispell.html
2http://aspell.net
3http://hunspell.sf.net

We also provide a method for integrating the finite-state
spell-checking and hyphenation into applications using an
open-source spell-checking library voikko4, which provides a
connection to typical open-source software, such as Mozilla
Firefox, OpenOffice.org and the Gnome desktop via enchant.

II. DEFINITIONS

In this article we use weighted two-tape finite-state
automata—or weighted finite-state transducers—for all pro-
cessing. We use the following symbol conventions to denote
the parts of a weighted finite-state automaton: a transducer
T = (Σ,Γ, Q, q0, Qf , δ, ρ) with a semi-ring (S,⊕,⊗, 0, 1) for
weights. Here Σ is a set with the input tape alphabet, Γ is a
set with the output tape alphabet, Q a finite set of states in the
transducer, q0 ∈ Q is an initial state of the transducer,Qf ⊂ Q
is a set of finite states, δ : Q×Σ×Γ×S → Q is a transition
relation, ρ : Qf → S is a final weight function. A successful
path is a list of transitions from an initial state to a final state
with a weight different from 0 collected from the transition
function and the final state function in the semi-ring S by
the operation ⊗. We typically denote a successful path as a
concatenation of input symbols, a colon and a concatenation of
output symbols. The weight of the successful path is indicated
as a subscript in angle brackets, input:output<w>. A path
transducer is denoted by subscripting a transducer with the
path. If the input and output symbols are the same, the colon
and the output part can be omitted.
The finite-state formulation we use in this article is based

on Xerox formalisms for finite-state methods in natural lan-
guage processing [4], in practice lexc is a formalism for
writing right linear grammars using morpheme sets called
lexicons. Each morpheme in a lexc grammar can define their
right follower lexicon, creating a finite-state network called
a lexical transducer. In formulae, we denote a lexc style
lexicon named X as LexX and use the shorthand notation
LexX ∪ input:output Y to denote the addition of a lexc string
or morpheme, input:output Y ; to the LEXICON X. In
the same framework, the twolc formalism is used to describe
context restrictions for symbols and their realizations in the
form of parallel rules as defined in the appendix of [4]. We
use TwolZ to denote the rule set Z and use the shorthand

4http://voikko.sf.net
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notation TwolZ∩a:b↔ l e f t_r i g h t to denote the addition
of a rule string a:b <=> l e f t _ r i g h t ; to
the rule set Z , effectively saying that a:b only applies in the
specified context.
A spell-checking dictionary is essentially a single-tape

finite-state automaton or a language model TL, where the
alphabet ΣL = ΓL are characters of a natural language. The
successful paths define the correctly spelled word-forms of
the language [2]. If the spell-checking automaton is weighted,
the weights may provide additional information on a word’s
correctness, e.g. the likelihood of the word being correctly
spelled or the probability of the word in some reference
corpus. The spell-checking of a word s is performed by
creating a path automaton Ts and composing it with the
language model, Ts ◦ TL. A result with the successful path
s<W>, where W is greater than some threshold value, means
that the word is correctly spelled. As the result is not needed
for further processing as an automaton and as the language
model automaton is free of epsilon cycles, the spell-checking
can be optimized by performing a simple traversal (lookup)
instead, which gives a significant speed-advantage over full
composition [5].
A spelling correction model or an error model TE is a

two-tape automaton mapping the input text strings of the text
to be spell-checked into strings that may be in the language
model. The input alphabet ΣE is the alphabet of the text to
be spell-checked and the output alphabet is ΓE = ΣL. For
practical applications, the input alphabet needs to be extended
by a special any symbol with the semantics of a character
not belonging to the alphabet of the language model in order
to account for input text containing typos outside the target
natural language alphabet. The error model can be composed
with the language model, TL ◦ TE , to obtain an error model
that only produces strings of the target language. For space
efficiency, the composition may be carried out during run-
time using the input string to limit the search space. The
weights of an error model may be used as an estimate for
the likelihood of the combination of errors. The error model
is applied as a filter between the path automaton Ts compiled
from the erroneous string, s /∈ TL, and the language model,
TL, using two compositions, Ts ◦ TE ◦ TL. The resulting
transducer consists of a potentially infinite set of paths relating
an incorrect string with correct strings from L. The paths,
s : si<wi>, are weighted by the error model and language
model using the semi-ring multiplication operation, ⊗. If
the error model and the language model generate an infinite
number of suggestions, the best suggestions may be efficiently
enumerated with some variant of the n-best-paths algorithm
[6]. For automatic spelling corrections, the best path may
be used. If either the error model or the language model is
known to generate only a finite set of results, the suggestion
generation algorithm may be further optimized.
A hyphenation model TH is a two-tape automaton mapping

input text strings of the text to be hyphenated to possibly
hyphenated strings of the text, where the input alphabet, ΣE ,
is the alphabet of the text to be hyphenated and the output

alphabet, ΓE , is ΣE∪H , where H is the set of symbols mark-
ing hyphenation points. For simple applications, this equals
hyphens or discretionary (soft) hyphens H = −. For more
fine-grained control over hyphenation, it is possible to use
several different hyphens or weighted hyphens. Hyphenation
of the word s is performed with the path automaton Ts by
composing, Ts◦TH , which results in an acyclic path automaton
containing a set of strings mapped to the hyphenated strings
with weights s : sh<wh>. Several alternative hyphenations may
be correct according to the hyphenation rules. A conservative
hyphenation algorithm should only suggest the hyphenation
points agreed on by all the alternatives.

III. MATERIAL

In this article we present methods for converting the hun-
spell and TEX dictionaries and rule sets for use with open-
source finite-state writer’s tools. As concrete dictionaries we
use the repositories of free implementations of these dictio-
naries and rule sets found on the internet, e.g. for the hunspell
dictionary files found on the OpenOffice.org spell-checking
site5. For hyphenation, we use the TEX hyphenation patterns
found on the TEXhyphen page6.
In this section we describe the parts of the file formats

we are working with. All of the information of the hunspell
format specifics is derived from the hunspell(4)7 man
page, as that is the only normative documentation of hunspell
we have been able to locate. For TEX hyphenation patterns,
the reference documentation is Frank Liang’s doctoral thesis
[1] and the TEXbook [7].

A. Hunspell File Format

A hunspell spell-checking dictionary consists of two files:
a dictionary file and an affix file. The dictionary file contains
only root forms of words with information about morpholog-
ical affix classes to combine with the roots. The affix file
contains lists of affixes along with their context restrictions
and effects, but the affix file also serves as a settings file for
the dictionary, containing all meta-data and settings as well.
The dictionary file starts with a number that is intended

to be the number of lines of root forms in the dictionary
file, but in practice many of the files have numbers different
from the actual line count, so it is safer to just treat it as a
rough estimate. Following the initial line is a list of strings
containing the root forms of the words in the morphology.
Each word may be associated with an arbitrary number of
classes separated by a slash. The classes are encoded in one
of the three formats shown in the examples of Figure 1: a list
of binary octets specifying classes from 1–255 (minus octets
for CR, LF etc.), as in the Swedish example on lines 2–4, a
list of binary words, specifying classes from 1–65,535 (again
ignoring octets with CR and LF) or a comma separated list
of numbers written in digits specifying classes 1–65,535 as
in the North Sámi examples on lines 6–8. We refer to all of

5http://wiki.services.openoffice.org/wiki/Dictionaries
6http://www.tug.org/tex-hyphen/
7http://manpages.ubuntu.com/manpages/dapper/man4/hunspell.4.html
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1 # Swedish
abakus /HDY

3 a b a l i e n a t i o n /AHDvY
a b a l i e n e r a /MY

5 # No r t h e r n Sámi
ok t a / 1

7 guok te / 1 , 3
golbma / 1 , 3

9 # Hunga r i an
üzé r / 1 1

11 ü z l e t ág / 2 2
ü z l e t v e z e t ö / 3 1

13 ü z l e t s z e r z ö / 4 1

Fig. 1. Excerpts of Swedish, Northern S|-á-|mi and Hungarian dictionaries

these as continuation classes encoded by their numeric decimal
values, e.g. ’abakus’ on line 2 would have continuation classes
72, 68 and 89 (the decimal values of the ASCII code points
for H, D and Y respectively). In the Hungarian example,
you can see the affix compression scheme, which refers to
the line numbers in the affix file containing the continuation
class listings, i.e. the part following the slash character in the
previous two examples. The lines of the Hungarian dictionary
also contain some extra numeric values separated by a tab
which refer to the morphology compression scheme that is
also mentioned in the affix definition file; this is used in the
hunmorph morphological analyzer functionality which is not
implemented nor described in this paper.
The second file in the hunspell dictionaries is the affix file,

containing all the settings for the dictionary, and all non-root
morphemes. The Figure 2 shows parts of the Hungarian affix
file that we use for describing different setting types. The
settings are typically given on a single line composed of the
setting name in capitals, a space and the setting values, like
the NAME setting on line 6. The hunspell files have some
values encoded in UTF-8, some in the ISO 8859 encoding,
and some using both binary and ASCII data at the same time.
Note that in the examples in this article, we have transcribed
everything into UTF-8 format or the nearest relevant encoded
character with a displayable code point.
The settings we have used for building the spell-checking

automata can be roughly divided into the following four
categories: meta-data, error correction models, special contin-
uation classes, and the actual affixes. An excerpt of the parts
that we use in the Hungarian affix file is given in Figure 2.
The meta-data section contains, e.g., the name of the dic-

tionary on line 6, the character set encoding on line 8, and the
type of parsing used for continuation classes, which is omitted
from the Hungarian lexicon indicating 8-bit binary parsing.
The error model settings each contain a small part of the

actual error model, such as the characters to be used for edit
distance, their weights, confusion sets and phonetic confusion
sets. The list of word characters in order of popularity, as seen

on line 12 of Figure 2, is used for the edit distance model. The
keyboard layout, i.e. neighboring key sets, is specified for the
substitution error model on line 10. Each set of the characters,
separated by vertical bars, is regarded as a possible slip-of-
the-finger typing error. The ordered confusion set of possible
spelling error pairs is given on lines 19–27, where each line
is a pair of a ‘mistyped’ and a ‘corrected’ word separated by
whitespace.
The compounding model is defined by special continuation

classes, i.e. some of the continuation classes in the dictionary
or affix file may not lead to affixes, but are defined in
the compounding section of the settings in the affix file. In
Figure 2, the compounding rules are specified on lines 14–
16. The flags in these settings are the same as in the affix
definitions, so the words in class 118 (corresponding to lower
case v) would be eligible as compound initial words, the words
with class 120 (lower case x) occur at the end of a compound,
and words with 117 only occur within a compound. Similarly,
special flags are given to word forms needing affixes that
are used only for spell checking but not for the suggestion
mechanism, etc.
The actual affixes are defined in three different parts of the

file: the compression scheme part on the lines 1–4, the suffix
definitions on the lines 30–33, and the prefix definitions on
the lines 35–37.
The compression scheme is a grouping of frequently co-

occurring continuation classes. This is done by having the first
AF line list a set of continuation classes which are referred
to as the continuation class 1 in the dictionary, the second
line is referred to the continuation class 2, and so forth. This
means that for example continuation class 1 in the Hungarian
dictionary refers to the classes on line 2 starting from 86 (V)
and ending with 108 (l).
The prefix and suffix definitions use the same structure. The

prefixes define the left-hand side context and deletions of a
dictionary entry whereas the suffixes deal with the right-hand
side. The first line of an affix set contains the class name,
a boolean value defining whether the affix participates in the
prefix-suffix combinatorics and the count of the number of
morphemes in the continuation class, e.g. the line 35 defines
the prefix continuation class attaching to morphemes of class
114 (r) and it combines with other affixes as defined by the Y
instead of N in the third field. The following lines describe the
prefix morphemes as triplets of removal, addition and context
descriptions, e.g., the line 31 defines removal of ’ö’, addition
of ’ős’ with continuation classes from AF line 1108, in case
the previous morpheme ends in ’ö’. The context description
may also contain bracketed expressions for character classes
or a fullstop indicating any character (i.e. a wild-card) as in
the POSIX regular expressions, e.g. the context description on
line 33 matches any Hungarian vowel except a, e or ö, and
the 37 matches any context. The deletion and addition parts
may also consist of a sole ‘0’ meaning a zero-length string.
As can be seen in the Hungarian example, the lines may also
contain an additional number at the end which is used for the
morphological analyzer functionalities.
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1 AF 1263
AF VË−jxLnÓéè3ÄäTtYc , 4 l # 1

3 AF UmÖyiYcÇ # 2
AF ÖCWRÍ− j þÓíyÉÁÿYc2 # 3

5
NAME Magyar I s p e l l h e l y e s í r á s i szó t á r

7 LANG hu_HU
SET UTF−8

9 KEY öüó | qwe r t zu i op őú | # wrap
a s d f g h j k l éáűíyxcvbnm

11 TRY íóú t a e s l z áno r hgk ié # wrap
dmyőpvö b u c f j üyxwq−.á

13
COMPOUNDBEGIN v

15 COMPOUNDEND x
ONLYINCOMPOUND |

17 NEEDAFFIX u

19 REP 125
REP í i

21 REP i í
REP ó o

23 REP o l i e r e o l i é r e
REP cc gysz

25 REP cs t s
REP cs ds

27 REP cc s t s
# 116 more REP l i n e s

29
SFX ? Y 3

31 SFX ? ö ős /1108 ö 20973
SFX ? 0 ös /1108 [ ^ aáeé i íoóöőuüű ] 20973

33 SFX ? 0 s /1108 [áé i íoóúőuúüű−] 20973

35 PFX r Y 195
PFX r 0 l e gú j r a /1262 . 22551

37 PFX r 0 l e gú j j á /1262 . 22552
# 193 more PFX r l i n e s

Fig. 2. Excerpts from Hungarian affix file

B. TEX Hyphenation Files

The TEX hyphenation scheme is described in Frank Liang’s
dissertation [1], which provides a packed suffix tree structure
for storing the hyphenation patterns, which is a special opti-
mized finite-state automaton. This paper merely reformulates
the finite-state form of the patterns, for the purpose of ob-
taining a general finite-state transducer version of the rules
to be combined with other pieces of the finite-state writer’s
tools. In principle, the TEX hyphenation files are like any TEX
source files, they may contain arbitrary TEX code, and the only
requirement is that they have the ‘patterns’ command and/or
the ‘hyphenation’ command. In practice, it is a convention that
they do not contain anything else than these two commands, as

\ p a t t e r n s {
2 . ach4

. ad4de r
4 . a f 1 t

. a l 3 t
6 . am5at

f 5 f i n .
8 f 2 f 5 i s

f 4 f l y
10 f 2 f y

}
12 \ hyphena t i o n {

as−so−c i a t e
14

p r o j e c t
16 ta−b l e

}

Fig. 3. Excerpts from English TEX hyphenation patterns

well as a comment section describing the licensing and these
conventions. The patterns section is a whitespace separated
list of hyphenation pattern strings. The pattern strings are
simple strings containing characters of the language as well as
numbers marking hyphenation points, as shown in Figure 3.
The odd numbers add a potential hyphenation point in the
context specified by non-numeric characters, and the even
numbers remove one, e.g. on line 8, the hyphen with left
context ‘f’ and right context ‘fis’ would be removed, and a
hyphen with left context ‘ff’ and right context ‘is’ is added.
The numbers are applied in ascending order. The full-stop
character is used to signify a word boundary so the rule
on line 2 will apply to ‘ache’ but not to ‘headache’. The
hyphenation command on lines 13–16 is just a list of words
with all hyphenation points marked by hyphens. It has higher
precedence than the rules and it is used for fixing mistakes
made by the rule set.

IV. METHODS

This article presents methods for converting the existing
spell-checking dictionaries with error models, as well as
hyphenators to finite-state automata. As our toolkit we use the
free open-source HFST toolkit8, which is a general purpose
API for finite-state automata, and a set of tools for using legacy
data, such as Xerox finite-state morphologies. For this reason
this paper presents the algorithms as formulae such that they
can be readily implemented using finite-state algebra and the
basic HFST tools.
The lexc lexicon model is used by the tools for describing

parts of the morphotactics. It is a simple right-linear grammar
for specifying finite-state automata described in [4], [8]. The
twolc rule formalism is used for defining context-based rules
with two-level automata and they are described in [9], [8].

8http://HFST.sf.net
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This section presents both a pseudo-code presentation for
the conversion algorithms, as well as excerpts of the final
converted files from the material given in Figures 1, 2 and
3 of Section III. The converter code is available in the HFST
SVN repository9 , for those who wish to see the specifics of
the implementation in lex, yacc, c and python.

A. Hunspell Dictionaries

The hunspell dictionaries are transformed into a finite-
state transducer language model by a finite-state formulation
consisting of two parts: a lexicon and one or more rule sets.
The root and affix dictionaries are turned into finite-state
lexicons in the lexc formalism. The Lexc formalism models
the part of the morphotax concerning the root dictionary and
the adjacent suffixes. The rest is encoded by injecting special
symbols, called flag diacritics, into the morphemes restricting
the morpheme co-occurrences by implicit rules that have been
outlined in [10]; the flag diacritics are denoted in lexc by at-
sign delimited substrings. The affix definitions in hunspell also
define deletions and context restrictions which are turned into
explicit two-level rules.
The pseudo-code for the conversion of hunspell files is

provided in Algorithm 1 and excerpts from the conversion
of the examples in Figures 1 and 2 can be found in Figure 4.
The dictionary file of hunspell is almost identical to the lexc
root lexicon, and the conversion is straightforward. This is
expressed on lines 1–1 as simply going through all entries
and adding them to the root lexicon, as in lines 6—10 of the
example result. The handling of affixes is similar, with the ex-
ception of adding flag diacritics for co-occurrence restrictions
along with the morphemes. This is shown on lines 1—1 of
the pseudo-code, and applying it will create the lines 17—
21 of the Swedish example, which does not contain further
restrictions on suffixes.
To finalize the morpheme and compounding restrictions, the

final lexicon in the lexc description must be a lexicon checking
that all prefixes with forward requirements have their requiring
flags turned off.

B. Hunspell Error Models

The hunspell dictionary configuration file, i.e. the affix file,
contains several parts that need to be combined to achieve a
similar error correction model as in the hunspell lexicon.
The error model part defined in the KEY section allows

for one slip of the finger in any of the keyboard neighboring
classes. This is implemented by creating a simple homoge-
neously weighted crossproduct of each class, as given on
lines 2–2 of Algorithm 2. For the first part of the example
on line 10 of Figure 2, this results in the lexc lexicon on
lines 11–18 in Figure 5.
The error model part defined in the REP section is an

arbitrarily long ordered confusion set. This is implemented
by simply encoding them as increasingly weighted paths, as
shown in lines 2–2 of the pseudo-code in Algorithm 2.

9http://hfst.svn.sourceforge.net/viewvc/hfst/trunk/conversion-scripts/

Algorithm 1 Extracting morphemes from hunspell dictionaries
finalf lags← ǫ

2: for all lines morpheme/Conts in dic do

flags← ǫ
4: for all cont in Conts do

flags← flags+@C.cont@

6: LexConts ← LexConts ∪ 0:[<cont] cont

end for

8: LexRoot ← LexRoot ∪ flags + morpheme Conts

end for

10: for all suffixes lex, deletions,morpheme/Conts, context
in aff do

flags← ǫ
12: for all cont in Conts do

flags← flags+@C.cont@

14: LexConts ← LexConts ∪ 0 cont

end for

16: Lexlex ← Lexlex ∪ flags+ [< lex] +morpheme Conts

for all del in deletions do

18: lc← context+ deletions before del
rc← deletions after del+ [< lex] +morpheme

20: Twold ← Twold ∩ del:0⇔ lc _ rc

end for

22: Twolm ← Twolm∩[< lex] : 0⇔ context _ morpheme

end for

24: for all prefixes lex, deletions,morpheme/conts, context
in aff do
flags← @P.lex@

26: finalf lags← finalf lags+@D.lex@

lex → prefixes {othewise as with suffixes, swapping
left and right}

28: end for

Lexend ← Lexend ∪ finalflags #

The TRY section such as the one on line 12 of Figure 2,
defines characters to be tried as the edit distance grows
in descending order. For a more detailed formulation of a
weighted edit distance transducer, see e.g. [2]). We created
an edit distance model with the sum of the positions of the
characters in the TRY string as the weight, which is defined
on lines 2–2 of the pseudo-code in Algorithm 2. The initial
part of the converted example is displayed on lines 20–27 of
Figure 5.

Finally to attribute different likelihood to different parts
of the error models we use different weight magnitudes on
different types of errors, and to allow only correctly written
substrings, we restrict the result by the root lexicon and morfo-
tax lexicon, as given on lines 1–9 of Figure 5. With the weights
on lines 1–5, we ensure that KEY errors are always suggested
before REP errors and REP errors before TRY errors. Even
though the error model allows only one error of any type, sim-
ulating the original hunspell, the resulting transducer can be
transformed into an error model accepting multiple errors by
a simple FST algebraic concatenative n-closure, i.e. repetition.
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1 LEXICON Root
HUNSPELL_pfx ;

3 HUNPELL_dic ;

5 ! swed i sh l e x c
LEXICON HUNSPELL_dic

7 @C.H@@C.D@@C. Y@abakus HDY ;
@C.A@@C.H@@C.D@@C.v@@C. Y@aba l i ena t ion

9 HUNSPELL_AHDvY ;
@C.M@@C. Y@abal ienera MY ;

11
LEXICON HDY

13 0 : [ <H] H ;
0 : [ <D] D ;

15 0 : [ <Y] Y ;

17 LEXICON H
e r HUNSPELL_end ;

19 e r s HUNSPELL_end ;
e r HUNSPELL_end ;

21 e r s HUNSPELL_end ;

23 LEXICON HUNSPELL_end
@D.H@@D.D@@D.Y@@D.A@@D.v@@D.m@ # ;

25
! swed i sh two l c f i l e

27 Ru le s
" S u f f i x H a l l owed c o n t e x t s "

29 %[%<H%]: 0 <=> \ a _ e r ;
\ a _ e r s ;

31 a : 0 _ e r ;
a : 0 _ e r s ;

33
" a d e l e t i o n c o n t e x t s "

35 a : 0 <=> _ %[%<H%]:0 e r ;
_ %[%<H%]: e r s ;

Fig. 4. Converted dic and aff lexicons and rules governing the deletions

C. TEX Hyphenation

The formulation of hyphenation as finite-state transducers is
simple. We use the hyphenation alphabet ΣH = −. To model
the context-based deletions and additions of hyphenation pat-
terns, we use twol rules with centers of ǫ : − for addition and
− : ǫ for deletion. The algorithm for creating the rule sets
described in Algorithm 3 simply goes through the patterns,
and for each hyphenation point of each pattern extracts left
and right context strings and adds them to the contexts of a
rule. The result is exemplified in Figure 6. There is one rule
for each of the hyphenation point numbers. The rules may
be composed into one single transducer at compile time or
applied as cascade at runtime.
The TEX hyphenation pattern also contains explicit excep-

tions to the hyphenation patterns, which are simply specific

Algorithm 2 Extracting patterns for hunspell error models
for all neighborsets ns in KEY do

2: for all character c in ns do

for all character d in ns such that c! = d do

4: LexKEY ← LexKEY ∪ c : d<0>#
end for

6: end for

end for

8: w ← 0
for all pairs wrong, right in REP do

10: w ← w + 1
LEXREP ← LEXREP ∪ wrong : right<w>#

12: end for

w ← 0
14: for all character c in TRY do

w ← w + 1
16: LexTRY ← LexTRY ∪ c : 0<w>#

LexTRY ← LexTRY ∪ 0 : c<w>#
18: for all character d in TRY such that c! = d do

LexTRY ← LexTRY ∪c : d<w># {for swap: replace
# with cd and add Lexcd ∪ d : c<0>#}

20: end for

end for

Algorithm 3 Extracting hyphenation patterns from TEX
for all patterns p do

2: for all digits d in p do

l, r← split p on d
4: if d odd then

l, r← l, r << 0 : ǫ
6: Twold ← Twold ∩ 0 : ǫ↔ l_r;

else

8: l, r← l, r << ǫ : 0
Twold ← Twold ∩ ǫ : 0↔ l_r;

10: end if

end for

12: end for

for all hyphenations h do

14: word← h− hyphens
Lexexceptions ← Lexexceptions ∪ word:h #

16: end for

word forms with hyphenations, and can be compiled as
simple paths: e.g. for the pattern{as-so-ciate} we create a path
asǫsoǫciate : as− so− ciate

V. IMPLEMENTATION AND TESTS

We have implemented the spell-checkers and hyphenators as
finite-state transducers using program code and scripts with a
Makefile. To test the code, we have converted 49 hyphenation
pattern files and more than 42 hunspell dictionaries from
various language families. They consist of the dictionaries that
were accessible from the aforementioned web sites at the time
of writing. The Tables I and II gives an overview of the sizes
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LEXICON HUNSPELL_error_root
2 < ? > HUNSPELL_error_root ;

HUNSPELL_KEY " weigh t : 0" ;
4 HUNSPELL_REP " we igh t : 100" ;

HUNSPELL_TRY " weigh t : 1000" ;
6

LEXICON HUNSPELL_errret
8 < ? > HUNSPELL_errret ;

# ;
10

LEXICON HUNSPELL_KEY
12 ö : ü HUNSPELL_errret " we igh t : 0" ;

ö : ó HUNSPELL_errret " we igh t : 0" ;
14 ü : ö HUNSPELL_errret " we igh t : 0" ;

ü : ó HUNSPELL_errret " we igh t : 0" ;
16 ó : ö HUNSPELL_errret " we igh t : 0" ;

ó : ü HUNSPELL_errret " we igh t : 0" ;
18 ! same f o r o t h e r p a r t s

20 LEXICON HUNSPELL_TRY
í : 0 HUNSPELL_errret " we igh t : 1" ;

22 0 : í HUNSPELL_errret " we igh t : 1" ;
í : ó HUNSPELL_errret " we igh t : 2" ;

24 ó : í HUNSPELL_errret " we igh t : 2" ;
ó : 0 HUNSPELL_errret " we igh t : 2" ;

26 0 :ó HUNSPELL_errret " we igh t : 2" ;
! same f o r r e s t o f t h e a l p h a b e t

28
LEXICON HUNSPELL_REP

30 í : i HUNSPELL_errret " we igh t : 1" ;
i : í HUNSPELL_errret " we igh t : 2" ;

32 ó : o HUNSPELL_errret " we igh t : 3" ;
o l i e r e : o l i è r e HUNSPELL_errret " we igh t : 4" ;

34 cc : gysz HUNSPELL_errret " we igh t : 5" ;
c s : t s HUNSPELL_errret " we igh t : 6" ;

36 cs : ds HUNSPELL_errret " we igh t : 7" ;
c c s : t s HUNSPELL_errret " we igh t : 8" ;

38 ! same f o r r e s t o f REP p a i r s . . .

Fig. 5. Converted error models from aff file

"Hyphen i n s e r t i o n 1"
2 0:%− <=> # (0:%−) a (0:%−) f _ t ;

. . .

Fig. 6. Converted hyphenation models from TEXexamples

of the compiled automata. The size is given in binary multiples
of bytes as reported by ls -hl.
In the hyphenation table, the second column gives the

number of patterns in the rules. The total size is a result
of composing all hyphenation rules into one transducer; it
may be noted that both separate rules and a single composed
transducer are equally usable at runtime. The separated version
requires less memory whereas the single composed version
is faster. For large results, such as the Norwegian10 one, it
may still be beneficial to keep the rules separated. In the
Norwegian case, the four separately compiled rules are each
of sizes between 1.2 MiB and 9.7 MiB.
For the hunspell automata in Table II, we also give the

number of roots in the dictionary file and the affixes in affix
file. These numbers should also help with identifying the
version of the dictionary, since there are multiple different
versions available in the downloads.
The resulting transducers were tested by hand using the

results of the corresponding TEX hyphenate command and
hunspell -d as well as the authors’ language skills to
judge errors. As testing material, a wikipedia article on the
Finnish language11 were used for most languages, and some
arbitrary articles where this particular article was not found.
In both tests, the majority of differences come from the
lack of normalization or case folding. E.g. this resulted in
our converted transducers failing to hyphenate words where
uppercase letters would have been equal to their lowercase
variants.
The hunspell model was built incrementally starting from

the basic set of affixes and dictionary, and either adding
or skipping all directive types of the file format as found
in the wild. Some of the omissions show up e.g. in the
English results, where omitting of the PHONE directive for
the suggestion mechanism results in some of the differing
suggestions in English tests, e.g. first suggestion for calqued
in hunspell is catafalqued. Without implementing the phonetic
folding, we get no results within 1 hunspell error, and get word
forms like chalked, caulked, and so forth, within 2 hunspell
errors. No other language has .aff files with PHONE rules,
e.g. in French comitatif gets the suggestions commutatif and
limitatif as the first ones in both systems.

VI. CONCLUSION

We have demonstrated a method and created the software to
convert legacy spell-checker and hyphenation data to a more
general framework of finite-state automata and used it in a
real-life application. We have also referred to methods for
extending the system to more advanced error models and the
inclusion of other more complex models in the same system.
We are currently developing a platform for finite-state based
spell-checkers for open-source systems in order to improve the
front-end internationalization.
The next obvious development for the finite-state spell

checkers is to apply the unigram training [2] to the automata,

10both Nynorsk and bokmøal input the same patterns
11http://en.wikipedia.org/wiki/Finnish+language and its international links
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TABLE I
COMPILED HYPHENATION AUTOMATA SIZES

Language Hyphenator total Number of patterns

Norwegian 978 MiB 27,166
German (Germany, 1996) 72 MiB 14,528
German (Germany, 1901) 66 MiB 14,323

Dutch 58 MiB 12,742
English (Great Britain) 38 MiB 8,536

Irish 20 MiB 6,046
English (U.S.) 19 MiB 4,948
Hungarian 15 MiB 13,469
Swedish 12 MiB 4,717
Icelandic 12 MiB 4,199
Estonian 8.8 MiB 3,701
Russian 4.2 MiB 4,820
Czech 3.1 MiB 3,646

Ancient Greek 2.4 MiB 2,005
Ukrainian 1.5 MiB 1,269
Danish 1.4 MiB 1,153
Slovak 1.1 MiB 2,483

Slovenian 939 KiB 1,086
Spanish 546 KiB 971
French 521 KiB 1,184

Interlingua 382 KiB 650
Greek (Polyton) 325 KiB 798
Upper Sorbian 208 KiB 1,524

Galician 160 KiB 607
Romanian 151 KiB 665
Mongolian 135 KiB 532
Finnish 111 KiB 280
Catalan 95 KiB 231

Greek (Monoton) 91 KiB 429
Serbian 76 KiB 2,681

Serbocroatian 56 KiB 2,681
Sanskrit 32 KiB 550
Croatian 32 KiB 1,483
Coptic 30 KiB 128
Latin 26 KiB 87

Bulgarian 24 KiB 1,518
Portuguese 19 KiB 320
Basque 15 KiB 49

Indonesian 14 KiB 46
Turkish 8 KiB 602

Chinese (Pinyin) 868 202

and extend the unigram training to cover longer n-grams and
real word error correction.
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Abstract—In this paper we discuss the problem of building the
Polish lexicon for the Cyc ontology. As the ontology is very large
and complex we describe semi-automatic translation of part of
it, which might be useful for tasks lying on the border between
the fields of Semantic Web and Natural Language Processing.

We concentrate on precise identification of lexemes, which is
crucial for tasks such as natural language generation in massively
inflected languages like Polish, and we also concentrate on multi-
word entries, since in Cyc for every 10 concepts, 9 of them is
mapped to expressions containing more than one word.

I. INTRODUCTION

T
HE FACT that linguistic resources play a key role in

any Natural Language Processing undertaking is well

established. Abstract theoretical problems such as word sense

disambiguation and parsing as well as practical, such as ma-

chine translation, information extraction and question answer-

ing, are insolvable without large set of fine grained rules, large

semantic dictionaries or huge collections of hand-annotated

texts.

When a researcher works on a language having much less

available resources than English, she always has to decide,

whether to create them from scratch employing the best

available techniques or to adopt some of the already available

lexicons, ontologies, etc. As the adoption of the WordNet

lexical database in the GlobalWordNet project shows, there

is no obvious answer for this question.

Considering Polish, which is a language with a constantly

growing set of linguistic resources (there are at least several

complete or semi-complete Polish inflectional dictionaries, two

growing WordNets and one large national corpus containing

hand annotated samples of syntactic structures) one has to

decide, whether it makes sense to wait for other researchers

to complete their undertakings or to start the construction or

adaptation of other resources.

Considering semantics, which is our primary field of in-

terest, we have to agree, that the most advanced Polish

resource is the Polish WordNet [1]1. Since it is available

for the Polish research community without restrictions and is

created according to the state-of-the-art techniques of building

WordNets, it doesn’t make sense to spend time and money, on

the creation of another, similar resource.

1Available at http://plwordnet.pwr.wroc.pl/browser/
?lang=en.

The Polish lexicon for Cyc [2], is a mapping between Cyc

concepts and their Polish lexical representations. Since the

mapping does not have to be isomorphic and each concept

might have many mappings, the set of mappings for a give

concept might be considered as a synset. What is more, the

taxonomy of concepts in Cyc, in its structure, is quite similar

to the taxonomy of WordNet synsets. At the first glance it

seems, that the Polish lexicon is much similar to the Polish

WordNet and, as a result, it seems to be a fruitless effort. Thus

the question arises: what are the special properties of Cyc and

what are the design goals of the Polish lexicon, which make

the decision of creating it valuable?

II. MOTIVATION

Our primary concern is to build algorithms and tools which

bridge the gap between Polish language and the Semantic

Web, thus bringing the benefits of the technology to the Polish

speaking community.

Even though the fields of the Semantic Web and Natural

Language Processing have much in common, there are certain

problems, which have to be solved, before the data available

in the Semantic Web and the data made available by NLP

techniques is fully translatable. This stems from the fact, that

the reference resources for the Semantic Web are ontologies,

while the PrincetonWordNet and its incarnations for languages

other than English, serve as the de facto standard for NLP.

Yet, there exist mappings between concepts of ontologies

and WordNets (e.g. there is a mapping between Cyc and

Princeton WordNet 2.0), but these mappings have certain

limitation, stemming from the fact, that the logical structures

of ontologies and WordNets is different.

The most problematic difference, in our opinion, is the huge

discrepancy between the number and semantics of the types2

of relations employed in both types of resources. In ontologies,

the number of relations is not restricted a priori – it is only

limited by the complexity of the domain of the ontology and

by the desired level of detail. For instance, the old version

of Dublin Core3 defined 15 relations4, while the latest defines

2From here, by relation we mean both type of a relation and instance of
a relation. We hope this inadequacy will not introduce ambiguities, since in
most cases the types of relations are discussed.

3http://dublincore.org/documents/dcmi-terms/
4In RDF/OWL oriented ontologies the relations are always binary and are

called properties.
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approx. 50; the Music Ontology5 defines approx. 120 relations,

DBpedia6 approx. 1200 and Cyc approx. 17000 relations7.

On the other hand, most of the WordNets is created in ac-

cordance with the original Princeton WordNet idea refraining

from using cross-part-of-speech relations. What is more, the

set of relations was primarily limited to these, which were

well accepted by the linguistic researchers community. Even

though there are exceptions to these rules (e.g. there are cross-

part-of-speech relations in the Polish WordNet), and there are

plans and proposals to extend the set of relations (see [3]), it

is unimaginable that the set of relations will grow to the size

observed in moderately complicated ontologies.

To explain why we have to bother with that difference,

let us consider a prototypical scenario, in which a music

information extraction application utilizes data available both

in the Semantic Web and made available by WordNet-based

NLP algorithms. Let us assume, that the NLP module is

able to fully disambiguate the common concepts (common

nouns, verbs, adjectives, etc.) which appear in a certain text

and the Semantic Web module is connected with an ontology

containing massive amount of information about music8. The

system should be able to answer questions such as „Have

Tool already released the Ten thousand days album?”, by

parsing the question and consulting the database or recent

press releases. However, it is unlikely, that the NLP module

would recognize Tool as a name of a music group, and it is

even less likely, that the phrase „Ten thousand days” would

be recognized as a title of a music product, since the NLP

dictionaries should capture general linguistic knowledge. But

the biggest problem lies in the fact that the information is

intransferable from the NLP module to the Semantic Web

module – the former doesn’t capture the relations between

the release event (in which a music entity makes some music

product available to the audience), the music entity and the

music product. It might capture a notion of an event’s actor and

object, but such an information is too vague for the ontology.

We argue, that in such an application the NLP module

should be designed in such a way, that the ontology contents

is directly available in it. This is why we think, that building

the Polish lexicon for Cyc, is worth its effort. The other

advantages of using Cyc as the primary resource for NLP-

enabled Semantic Web applications are as follows: there exists

a Semantic Web endpoint which is linked to other Linked Open

Data resources9, it has probably the largest number of relations

employed to describe the stored and processed knowledge,

CycL – the language of Cyc is very expressive (e.g. allows

for expressing relations between relations) and the ontology

is shipped with an efficient inference engine, allowing for not

only accessing, but also processing the knowledge in a consis-

tent manner. And the last, but not the least, the relations in Cyc

(and other ontologies) have formal definitions, which means,

5http://musicontology.com/
6http://wiki.dbpedia.org/Ontology?v=zj4
7ResearchCyc, system: 10.126767, KB: 7141, http://research.cyc.com
8e.g. http://dbtune.org/musicbrainz/
9http://sw.opencyc.org

among others, that their arguments are restricted to concepts

defined in the ontology (e.g. the first argument of the relation

#$weaponTypeCanDestroyTargetType is restricted to

#$Weapon and the second to #$SolidTangibleThing).

As it was stated, our primary concern is to bridge the gap

between Polish language and the Semantic Web. Our final goal

is to create a system, which is able to recognize ontological

relations with their arguments in Polish texts, as well as, being

able to produce well-formed Polish sentences, on the basis of

the contents of the ontology. So, besides the adoption of a large

number of relations provided by Cyc, we have to embrace the

second important phenomenon – multi-word expressions. The

reason why they are so common in ontologies stems from the

fact, that the ontologies contain two types of entities, which are

mostly represented by multi-word expressions: proper names

and „artificial” concepts.

Proper names are the primary means for describing particu-

lar things, and we think that they are quite valuable, since they

might be used to automatically pick training examples for the

relations, we have to embrace them. The „artificial” concepts,

are concepts which are used to properly structure the contents

of the ontology – e.g. in Cyc there are concepts such as

#$Agent-Generic, #$Agent-PartiallyTangible

and #$Agent-Underspecified, which are used to cap-

ture certain properties of various types of agents. They shall

not be mapped to the same word – agens – since that would

introduce false ambiguity. It is better to provide descriptive,

distinct mappings for these concepts (e.g. agens, agens ma-

terialny, uogólniony agens), but multi-word expressions are

indispensable here. This is why we pay special attention to

the multi-word expressions.

III. RELATED WORK

In our work we use the transfer approach to translate the

compound expressions. On the other hand there has been much

research in the field of statistical machine translation of these

expressions (see [4]) and there are commercial machine trans-

lation systems available, like Google Translate10. The problem

we encountered, refraining us from using this approach, was

the lack of resources – we didn’t find any publicly available

aligned English-Polish corpus, while using resources such as

Wikipedia seemed to be too demanding for this task. What

is more – direct application of Google Translate (which is

discussed later) was too erroneous.

IV. METHODOLOGY

A. Goals

As it was stated in the Motivation section, our primary goal

is to bridge the gap between Polish language, and the Semantic

Web, using the Cyc ontology as the primary resource, by

providing a tool which is capable of recognizing its relations

in Polish texts, and by generating Polish paraphrases for them.

The first step to achieve this goal is to build the Polish lexicon

for the ontology. At the first glance, it seems that we should

10http://translate.google.com
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build a full lexicon, that is a lexicon covering all symbols

available in Cyc, but we think that this is not needed. The

proposed algorithm would utilize the definitions of relations,

the argument constraints in particular. It appears, that only

approx. 4 thousands of concepts are used as the argument

constraints and we propose to translate only these symbols

(it might appear in the future, that translating more symbols,

would bring better extraction results).

This assumption seems to be an oversimplification – even

though we would be able to train the algorithm to recognize

these relations with these concepts as their arguments on

the basis of that mapping, we won’t be able to recognize

other concepts. E.g. we would be able to recognize the

#$releases-Underspecified relation, in a sentence

„Zespół wydał nową płytę” („A music group released a new

album”), assuming that „music group” and „album” are the

argument constrains of that relation, but we won’t be able

to recognize it in a sentence like „Tool wydał wczoraj CD

Ten thousand days” („Tool released the Ten thousand days

CD yesterday”), since „Tool”, „Ten thousand days” and „CD”

won’t be recognized as the proper specializations of „music

group”, „album title”, etc.

We agree, that this is a problem, but we won’t resolve it

by translating the full Cyc taxonomy. Instead, we are going

to use the results of a project aiming at the extraction of the

hyperonymy relation from the Polish Wikipedia, which was

carried out in our research group [5]. In short, the results cover

several hundreds of thousands of concepts, grouped within

several thousands of semantic categories.

The particular goals we are going to achieve are as follows:

1) create translation for all the concepts which are used as

the argument constraints in the Cyc relations (approx. 4

thousands)

2) map these concepts to the semantic categories extracted

from the Polish Wikipedia

Achieving these two goals would allow us to:

1) automatically pick training examples for the Cyc rela-

tions

2) build linguistic models of these relations

3) build algorithms extracting these relations from Polish

texts

The text generation feature of the designed system is

not covered in this document, but the prototype applications

utilize it.

B. The algorithm

The general algorithm for building the Polish lexicon is as

follows – for each Cyc concept which is used as an argument

constraint:

1) translate the English mapping of the concept into Polish

(many results might be produced)

2) map the words of each translation to the entries of Polish

inflectional dictionary

3) transform the translations to match syntax constraints

4) rank the translations

5) present the results to the human operator

6) store the selected result in the database

7) search for semantic categories extracted from the Polish

Wikipedia, corresponding to the translation

8) merge or link the selected categories with the Cyc

concept

C. Translation

The first necessary step in the creation of the Polish lexicon,

is the translation or pairing of lexical units. This might be

done by utilization of (in a transfer approach) a machine

readable English-Polish dictionary or (in a statistical approach)

a bilingual corpus. The latter approach is quite popular in the

on-line translation systems, such as Google Translate and it

has certain advantages – namely the translation algorithm is

generic and the bilingual dictionary is not needed. Still, it

seems that this approach is not well suited for the taxonomy

translation task. It is due to the fact, that in most cases,

the available training bilingual corpuses cover only texts

containing regular sentences, having at least the SVO structure,

while in most cases the Cyc concepts are described as a mere

nominal expressions. What is more, the obtained translation

should be canonical, that is, the head phrase should be in

singular11 and nominal case.

This prediction was verified on the Google Translate system.

Out of 118 Cyc concepts, only 22 were translated exactly the

same as by the human translator. 20 of them had certain syntax

errors (e.g. „tangible agent” – „rzeczowe agent” where the

adjective does not agree with the noun on case and gender),

40 of them had certain translation errors (e.g. „acquiring” –

„przejmującej” where the concept denotes an event, while the

translation is an adjective, thus a property), 64 of them were

not in a canonical form (e.g. „animal” – „zwierząt” where

the translation is in plural and in dative case, while it should

be in singular and in nominal case), and 62 were translated

differently, due to the general design principles of the lexicon

(avoidance of ambiguities, among the others)12.

This is why we choose the transfer approach, based on

a large machine readable English-Polish dictionary „Wielki

Słownik Multimedialny Polsko-Angielski/ Angielsko-Polski

Oxford-PWN”. Although the information which is available in

such a dictionary is lexically rich – it signals the grammatical

category of the entries, includes limited syntactical, semantical

and pragmatical information – these features are not provided

consequently and it is really hard to obtain precise mapping

between Cyc concepts and the dictionary entries on the one

hand, and translated entries and Polish inflectional dictionary

entries on the other hand.

The translation strategy is as follows – when we translate

some Cyc concept, which is represented by Sen
i character

string, there might be the following general cases:

1) The character string is a single word, which is not

present in the dictionary – we try to apply some trans-

11or plural for plurale tantum nouns
12The number of errors does not sum to 118, since one translation could

be marked as invalid more than once.
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formation to it, such as stemming, but if the result is

not present as well, we have to ignore it. If it is present,

this situation is reduced to the next one.

2) The character string is a single word, which is present

in the dictionary – we pass the list of translations

(Spl
i,1, S

pl
i,2, S

pl
i,3, . . .) to the next step of the algorithm.

3) The character string is a multi-word expression, which

has direct representation in the dictionary – since

it seems to be a compound expression, we process

it if it was a single word – pass the whole list

(Spl
i,1, S

pl
i,2, S

pl
i,3, . . .) to the next step.

4) The character string is a multi-word expression,

which doesn’t have direct representation in the dic-

tionary – we divide the Sen
i string into single words:

W en
i,1 ,W

en
i,2 ,W

en
i,3 , . . ., which might be represented by

the following character strings Sen
k , Sen

l , Sen
m , . . . in

the dictionary. Then we remove stop words (such as

determiners or prepositions) form the list. For each

element of the resulting list we take the corresponding

Polish strings and create a vector of lists, where each

position is occupied by the corresponding translations,

and order of the list reflects the order of the source

words:
[
(Spl

k,1, S
pl
k,2, . . .)1, (S

pl
l,1, . . .)2, (S

pl
m,1, . . .)3, . . .

]
.

The lower index attached to parentheses indicates the

position of the source word in the source expression.

This vector is passed to the next step of the algorithm.

To sum-up – the translation of a Cyc concept produces a

vector of Polish words or lists of Polish words, and since a

single word might be considered as a single-entry list, we

might simplify the description, by assuming, that always a

vector of lists containing Polish words is produced, where

each element of the vector corresponds to one word in the

English mapping of the concept, and each element of the list

corresponds to one possible translation of the word.

For instance: if we translate #$AddictiveSubstance,

which is mapped to the addictive substance

expression in English, we might receive the following result:

[(uzależniający, wciągający)1,(substancja,

istota, ciężar, waga, podstawa, treść,

realność, majątek)2]

D. Mapping to inflectional dictionary

Since the next step of the algorithm will transform the ob-

tained translations to match the syntax constrains of the Polish

language, the result of the previous step has to be mapped to

Polish inflectional dictionary, such as one described in [6] or

[7]. This dictionary should have at least two functionalities:

1) lemmatization – recognition of the lemma based on any

of the inflected forms of a lexeme

2) inflection – production of an inflected form based on a

provided set of tags

Since the first functionality might introduce ambiguity (e.g.

the character string goli is an inflected form of lexemes having

the following lemmas: gol (goal), golić (to shave), golić się

(to shave oneself), goły (naked), Gola (a Polish surname) and

Goły (a Polish surname)), for each character string Spl
i,j we

might receive many lemmas:

Spl
i,j →

[
Lpl
a , Lpl

b , . . .
]
i,j

(1)

where Lpl
a stands for the lexeme with an index a. The i, j

indices indicate, that given vector corresponds to the Spl
i,j

Polish character string.

The indexing of the lexemes in the dictionary needs some

special attention – in general we would like to avoid the sit-

uation in which human interpretation of each lexeme requires

looking it up in the index, so the lexeme should be at least

represented by its lemma.

As it is discussed in detail in [8], there are no better

means of differentiating the lexemes with the same lemma

and different inflection, than by introducing some arbitrary

marking of the homonymuous lemmas. [8] proposes num-

bering of the lemmas, while we think that the approach

proposed in [7], namely to attach an inflectional label to each

lemma, is better, since, provided that the person who looks

at the mapping, knows the labeling system, doesn’t have to

check the ordering of these lemmas to determine, what is

the inflectional paradigm of the lexeme, represented by the

< lemma, inflectional label > pair13.

In the system described in [7] the inflectional label consist

of capital letters and is constructed in such a way, that the

most significant morphological distinctions are placed at the

beginning of the label, thus the first letter determines the

grammatical category of the lexeme (A – noun, B – verb,

etc.) the second letter (in the case of nouns) determines their

gender and so on. This idea has another advantage, that only

the lemma, the inflectional label and the inflectional scheme is

necessary to produce all the forms of a given lexeme, without

the direct intervention of the dictionary, so it’s easier to port

across operating systems and versions of the dictionary.

In fact, the label could be replaced by a number, but the most

important difference between theses systems is that, in the first

case, the index indicates the position of the lexeme among

other lexemes with the same lemma, while in the second case,

it indicates position of its inflectional paradigm among other

inflectional paradigms. This means that in the second case, the

index is much less likely to change.

Since we assumed that the output produced by the previous

step is always a vector, the result of this step is a vector

of mappings obtained by merging the vectors produced for

a given position in given single or multi-word entry:
[
(Spl

k,1, S
pl
k,2, . . .)1, (S

pl
l,1, . . .)2, (S

pl
m,1, . . .)3, . . .

]
→ (2)

[(
[Lpl

a , L
pl
b , . . .]k,1, [L

pl
c , . . .]k,2, . . .

)
1
,

(
[Lpl

d , . . .]l,1, . . .
)
2
,
(
[Lpl

e , . . .]m,1, . . .
)
3
, . . .

]
→ (3)

13We have to mention, that in our formalization of lexemes Lt
a, L

t
b, . . .

we keep abstract indices a, b, which should be interpreted as distinct <
lemma, inflectional label > pairs.
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[
(Lpl

a , L
pl
b , L

pl
c , . . .)1, (L

pl
d , . . .)2, (L

pl
e , . . .)3, . . .

]
(4)

where the vector [Lpl
a , L

pl
b , . . .]k,1 is merged with the vector

[Lpl
c , . . .]k,2 producing the list present at the first position of

the equation 4.

We have to mention that, some of the elements of the

character string lists might be removed completely, when

they are not recognized by the inflectional dictionary. Due

to the productive character of languages, there are always

some words, which are missing in such dictionaries. For

example, the latest version of the dictionary described in

[7] doesn’t recognize forms such as konfigurować (configure)

or opcjonalny (optional), which are recognized by modern

general purpose Polish dictionaries such as the online version

of the most popular Polish dictionary accessible on the web-

site http://sjp.pwn.pl14.

We also have to say that there are character strings, which

are not recognized by the dictionary due to the fact, that they

are multi-word expressions. It’s because some English words

might be translated as Polish multi-word expressions. In such

a case we have two options: to ignore theme or to split them

into single words. In our case we took the first approach in

cases, when given Polish translation corresponded to one word

in an English multi-word expression and the second approach

in the opposite cases.

Considering the example from the previous step, the

vector would be translated into the following result:

[(<uzależniać,BDA>, <uzależniać się,BDA>,

<uzależniający,CAA>, <uzależniający

się,CAA>, <wciągać,BDA>, <wciągać się,BDA>

<wciągający,CAA>, <wciągający się,CAA>)1,

(<substancja,ADACBAA>, <istota,ADAAA>,

<ciężar,ACAAAAA>, <Ciężar,AAAAD>,

<waga,ADAB>, <Waga,AABACC>,

<podstawa,ADAAA>, <treść,ADCCA>,

<realność,ADCCA>, <majątek,ACABA>)2]

E. Transformation

The mapping step might produce tens or even hundreds of

interpretations for a single Cyc concept, thus some transfor-

mations have to be applied, to reduce these numbers. There is

also another problem, which stems from the fact, that for the

translation to be consistent, certain features of the lexemes

(such as gender of a noun and an adjective) have to be

accommodated.

The general idea of the transformation step, is to look at

the grammatical categories of the lexemes corresponding to

the Polish character strings. It is observed, that for resources

such as Cyc, many of the source entities were two-word

expressions or three-word expressions containing a preposition

or a determiner. Because determiners are not present in Polish,

and preposition often disappear in the translation (e.g. „of”

is replaced by the genitive case of the dependent nominal

phrase), we had to deal with restricted number of grammatical

14Checked on the 7th of March 2010.

category combinations and it was quite easy to order them in

an effective, yet not much restricting manner:

1) noun + adjective

2) noun + noun

3) noun + verb

4) noun + other

5) other

Having such an ordering, the lexeme tuples taken from the

Cartesian product of the vector from the equation 4, were

partitioned into five sets and only the non-empty partition with

the highest rank was selected. All the other lexeme pairs were

dismissed. We haven’t defined rules for triples of lexemes,

since it turned out, that such complex expressions were rarely

translated correctly, and they were processed rather slowly.

After this reduction, the inflectional forms of the lexemes

were adjusted to fulfil Polish syntactic rules. For the first 3

cases the schema was as follows:

1) noun + adjective: the base form tagging for the noun was

determined, which could be a nominal case of a singular

or a plural form (the latter for plurale tantum nouns),

then the form of the adjective was selected accordingly

(its number, case and gender being taken directly from

the noun form and its gender).

2) noun + noun: for each of the nouns the number was

determined as in the previous rule. Then two pairs of

forms where added: in the first, a nominal case for the

first and genitive case for the second noun was selected,

in the second – a genitive case for the first and nominal

for the second lexeme15.

3) noun + verb: the infinitive form of the verb and the

accusative case16 for the noun were selected.

In the other cases only the base forms were selected.

When these transformations had been completed the number

of lexemes’ pairs were significantly reduced. But what is even

more important, for most of the cases, the obtained expressions

were grammatically correct.

This step would transform example from the previous

step as follows: [uzależniająca substancja,

uzależniająca się substancja, wciągająca

substancja, wciągająca się substancja,

uzależniająca istota, uzależniająca się

istota, wciągająca istota, wciągająca

się istota, uzależniający ciężar,

uzależniający się ciężar, wciągający

ciężar, wciągający się ciężar, ...]

F. Ranking

When the transformation step is finished, the translations

are ranked according to the number of their occurrences in a

large corpus.

15This idea was supported by the fact, that in nominal phrases consisting
of two nouns, the subordinate noun, always has the genitive case, e.g. wąsy
kota (whisker of a cat) – plural:nominal singular:genitive. In
other words: noun governs genitive case.

16Since the syntactic features of Polish verbs are not yet fully described in
a form of an electronic dictionary, we’ve taken this assumption, although it
could produced many incorrect translations.
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In general three different cases might appear as the result

of the previous step:

1) there are only single words in the vector

2) there are pairs of lexemes produced by the transforma-

tion step

3) there is the original vector from the equation 4, if it

contained more than two positions

In the first case, the results are ranked simply according

to the number of their occurrences in the corpus. It is quite

important, that there is one big lemmatized corpus of Polish

available for free – the IPI PAN corpus described in [9].

In the second case, the results are ranked according to the

number of occurrences of bigrams in the corpus. Even though

the IPI PAN corpus is not well balanced, the mere fact that

given pair of words occurs in it, is sufficient to properly order

them and reject uncommon multi-word translations. In general

case, if ngrams were employed in the transformation step, any

kind of smoothing or backoff algorithm could be employed

(see [10, pages 83–122] for details).

In the last case, when the complex transformation was not

applied to the original vector, the translations should be ranked

as in the first case, but separately for each position. It is

not practical to check the number of occurrences of each

combination of the character strings, as it might be really huge,

and would significantly slow down the translation process

(while the whole methodology is devised for its speed-up).

Nevertheless, the ordering of translations for each position

is still important, since it provides the human operator with

translation hints and also signifies, which translation might be

the most natural.

It might seem that the IPI PAN corpus is too small for such

a task, and tools such as search engine should be consulted. In

practice, this is not the best idea, since the number of queries

which would have to be send to the server is quite large (at

least tens for single concept), and as the tool is designed for

interactive usage, this would slow down the process – simple

looking through the list of results would be more efficient17.

For the example provided above, only the „substancja

uzależniająca” is recorded in the corpus and only this proper

translation is presented to the user.

G. Selection

When the translations are ranked they might be presented

to the human operator. If the number of translations is too

large, they might be cut at some level (e.g. only 15 top ranked

translations appear), since it doesn’t make sense to go through

all of theme (this might be more time consuming than figuring

out the translation from scratch).

The selection should be as easy as clicking a button next

to the correct translation. We think that the user should

not be disrupted by the precise lexical information at the

moment, so simple character strings should be displayed. This

17On the other hand, if the results were cached, the search-engine approach
would be much better and it is considered for the further development of the
system.

might introduce some ambiguity, but since the user always

should have the option to enter the translation manually18 the

interpretation step is necessary anyway.

H. Interpretation

The last necessary step in creating the accurate translation

is the correct interpretation of the character string selected by

the user. Although if he selects one of the translations that

was suggested by the system, the necessary information is

available at hand. But when he enters the translation manually,

the correct lexemes and taggings should be selected.

This is done with a support of a simple parsing algorithm.

There is not enough space to discuss it in detail, that’s why we

give just its simple characteristic. In general the algorithm is

based on the concept of unification, with features attached to

the grammatical categories [10, pages 489–528]. Each gram-

matical category defines what values of features are required

from the other grammatical categories if their instances are

subordinate elements of the instances of the former category in

the abstract syntax tree (e.g. genitive case for the noun which is

a subordinate of some other noun). Some of the categories are

supplemented with the information, that their instances require

obligatory subordinate elements (like reflexive pronoun się

for reflexive verbs). For given interpretation of the expression

– if there exist tree of nodes constructed according to the

optional requirements, and for each node all of its obligatory

requirements are met, the interpretation is marked as valid.

Still, although for simple expressions, this algorithm pro-

duces many unambiguous results, there are cases19, for which

even the most clever algorithm would produce more than one

interpretation. So in such cases, the human operator should be

able to select the correct lexemes and taggings by hand.

As a final result, the Cyc concept is mapped to the list (in

the simplest case – single entry list) of Polish lexemes with

taggings20 attached:

Ls
i →

[
(Lt

a, Ta,k)1, (L
t
b, Tb,l), . . .

]
(5)

I. Searching for semantic categories

Since we have the proper mapping of the Cyc concept, we

might search for the semantic categories extracted from the

Polish Wikipedia, which are most similar to the translation.

So far this algorithm is not much complicated – all the entires

which contain the lexemes which appear in the translation are

selected, and then they are ranked according to the following

equation:

Ri =
cmi,j

cli
∗ cmi,j

clj
∗ childreni (6)

where

18The rationale is that there are many cases, like compound metaphoric
expressions not recorded in the bilingual dictionary, or entries containing many
words (in our case, more than two) that will never appear as the result of the
complex processing.

19E.g. the lexemes with lemma zamek differentiated by the
singular:genitive zamka:zamku or the expression akt własności,
where the second lexeme might be in singular or in plural.

20Indicating the selected forms.

490 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



1) Ri – is the rank of semantic category i
2) cmi,j – is the number of common lexemes in the se-

mantic category i and the translation of the Cyc concept

j
3) cli – is the number of lexemes in the name of the

semantic category i
4) clj – is the number of lexemes in the translation of Cyc

concept j
5) childreni – is the number of instances in the semantic

category i

This equation favors categories with many instances on the

one hand, and also the categories, whose names are similar to

the translation of the concept on the other.

J. Merging and linking the categories

As the last step of the algorithm the user might make the

following decisions:

1) She might merge zero or more semantic categories with

the Cyc concept. The result of the operation will be a

direct attachment of all the instances of the category

to the Cyc concept – the instances of the category will

become the instances of the concept. E.g. the „miasto”

(city) category might be merged with the #$City

concept.

2) She might link zero or more semantic categories with

the Cyc concept. In this case the category will become

a specialization of the concepts, and its instances will

be treated as indirect instances of the concept. E.g. the

„miasto wojewódzkie” (provincial city) might be linked

with the #$City concept.

The user is not restricted to merging one category, due to the

fact, that the semantic category extraction algorithm produces

many over specified categories (e.g. „miasto położone” (city

situated), „miasto znajdujące” (city situated), which should be

merged with the #$City concept).

Even though the previous step might produce many results,

it is not needed to merge or link all of them – the less

instances given semantic category contains, the less time

should be spend for its analysis and some of them might be

simply skipped.

V. APPLICATION

As a part of the research we constructed an application21,

along the lines of the described methodology. In our earlier

research we found out, that although rough automatic

translation of single-word entries produces promising results,

the syntactic information, which is indispensable for the

natural language production capability, has to be entered

by the human operator. What is even more important, most

of the entries which represent concepts of the ontology are

multi-word expressions, which are mistakenly translated by

the leading statistics based machine translation systems, like

the above mentioned Google Translate.

21The demo of the application is available under the URL
http://klon.wzks.uj.edu.pl/cycdemo.

Fig. 1. Main window of the application.

Fig. 2. Translations suggested by the application.

The main window of the system is presented in Fig. 1

and it shows part of the list of concepts which are mapped

to Polish expressions (the concept is on the left, while the

translation is on the right). The user might get familiar with the

meaning of the concept, by studying its hypernyms, hyponyms

and directed instances (icons on the left) and by reading its

comment (the left icon in the middle between the concept and

its translation).

When he clicks the right icon in the middle of the table,

he sees the translations suggested by the system (Fig. 2). The

English mappings of the concept are present at the top of the

translation box. The manual entry box and the suggested trans-

lations are below. The user might accept given suggestion by

clicking the plus icon next to it or enter some other translation

in the manual entry box. He might also consult statistics of

given expression by clicking the bigramy link next to it.

In the rare case, that given expressions is morphosyntacticly

ambiguous, the user is consulted once again (Fig. 3). The full

tagging of each lexeme is presented, as well as the morpholog-

ical information in a form of an inflectional label. If the user

is not familiar with the inflectional scheme, he might click the

lemma of the lexeme, and its full inflectional paradigm will

be presented. The user accepts given interpretation by clicking

the tick icon, which is below.

The user might validate his selection by clicking the icon

which is on the left of the translation (Fig. 1). It will show

Polish paraphrasing of sample of the taxonomical knowledge

taken from Cyc (Fig. 4), which utilizes the morphosyntactic

information attached to the translation.

Then the user might search among the semantic categories

extracted from the Polish Wikipedia, to find these which could
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Fig. 3. Morphosyntactic ambiguity.

Fig. 4. Polish paraphrases of sample of the Cyc knowledge.

be merged or linked with the concept (Fig. 5). This is done

by clicking the icon on the right of the translation.

The user might merge the category with the concept, by

dragging the splitted arrow and dropping it on the name of

the concept. The user might also link the category with the

concept, by dragging the straight arrow and dropping it on the

name of the concept.

VI. RESULTS

So far 56022 of Cyc concepts out of 3600 selected for

translations were mapped to the Polish expressions. The

translations were carried out by two independent translators,

reaching the inter-translator agreement of 56%. This means

that the translation task is not easy. This is due to the fact,

that the concepts selected for translations are quite general,

and have to be translated carefully. The general precision23 of

the translations suggested by the system was 37% and recall24

was 88%, while precision for two-word compounds was 27%.

On the other hand 193 of the translated concepts were linked

and merged with Wikipedia semantic categories, covering

more than 20000 Wikipedia instances (articles), which seems

22It took two weeks to translate these concepts. The translation of the rest
of them will be started in September 2010, since the funds for the task are
paid in tranches.

23Measured as the number of concepts for which the system suggested the
translation selected by the translator.

24Measured as the number of concepts for which translations were sug-
gested.

Fig. 5. The semantic categories which are proposed for merging and linking.

to be a good result for the very limited resources available for

the project.

VII. CONCLUSIONS

Although the precision of the translation algorithm is quite

low, the application speeds-up the creation of the Polish

lexicon for Cyc. This is due to the fact, that it integrates several

resources, namely the Cyc ontology, Polish inflectional dictio-

nary, English-Polish dictionary as well as semantic categories

and concepts extracted fromWikipedia, while presenting to the

user only these pieces of information, which are relevant for

the task. As a result, after few months (approx. 3) of work the

created resource will cover thousands of Polish linguistic units

incorporated into the formal framework of the Cyc ontology.

The usefulness of this resource is verified in experiments

covering the extraction of semantic relations from Polish texts

as well in demo application allowing for Polish paraphrasing

of the knowledge available as Open Data and the preliminary

results are promising.
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Abstract—Concordancers are tools that display the immediate
context for the occurrences of a given word in a corpus. Also
called KWIC – Key Word in Context tools, they are essential
in the work of lexicographers, corpus linguists, and translators
alike. We present an enhanced type of concordancer, which relies
on a syntactic parser and on statistical association measures in
order to detect those words in the context that are syntactically
related to the sought word and are the most relevant for it,
because together they may participate in multi-word expressions
(MWEs). Our syntax-based concordancer highlights the MWEs
in a corpus, groups them into syntactically-homogeneous classes
(e.g., verb-object, adjective-noun), ranks MWEs according to the
strength of association with the given word, and for each MWE
occurrence displays the whole source sentence as a context. In
addition, parallel sentence alignment and MWE translation tech-
niques are used to display the translation of the source sentence in
another language, and to automatically find a translation for the
identified MWEs. The tool also offers functionalities for building
a MWE database, and is available both off-line and online for
a number languages (among which English, French, Spanish,
Italian, German, Greek and Romanian).

I. INTRODUCTION

Knowledge of a word means knowledge of the relations
that this word establishes with other words: “You shall know
a word by the company it keeps!” [1, p. 179]. Hence, the
study of words in context—in order to analyse how words
are actually used and what their typical contexts are—is a
major concern in any field dealing with language from diverse
perspectives, no matter whether it is theoretically or practically
motivated.

The advent of the computer era and the ever-increasing
availability of texts in digital format allow for virtually un-
limited exploration. Yet, this is at the same time one of the
biggest issues that users presented with automatically detected
contexts inevitably have to face. The information comes to
them as huge amounts of unstructured data, characterised by
a high degree of redundancy.

To help them overcome the problem of information over-
load, a new generation of concordancers have been developed
that are able to pre-process textual data such that the most re-
levant contextual information comes first [2]. This is achieved
using lexical association measures that quantify the degree
of interdependence between words, by relying on statistical
hypothesis tests, on concepts from information theory, on data
mining techniques, or by making use of various other methods
([3], [4]).

A representative example of such a concordancer is the
Sketch Engine [5]. It analyses a preexisting corpus of text

in order to produce, for a given word, a one-page summary
of its grammatical and collocational behaviour. In doing so, it
first performs a shallow parsing of the corpus by relying on
automatically assigned POS tags for words, then it applies an
association measure derived from Pointwise Mutual Informa-
tion [6]. For illustration, Figure 1 shows part of the “sketch”
produced for the French word atteindre (“to reach, to attain”).
By clicking on the links in the frequency column, users have
the possibility to see the actual concordance line, with a left
and right context for each instance found in the corpus.

Developed more or less simultaneously with the Sketch
Engine, our concordancer FipsCo ([7], [8], [9]) shares several
similarities with it, and was primarily designed with the
specific goal of being integrated as a new type of tool in the
workbench of translators from an international organisation.
In this paper, we describe this tool, its underlying resources
and methodology, its latest developments, and we present
the manner in which it is currently integrated in the larger,
evolving processing environment available in our laboratory.

The paper is organised as follows. Section II provides an
overview of FipsCo. Section III presents the resources and
methods on which it is founded. Section IV describes in
greater detail its functionalities, then Section V introduces
FipsCoWeb, its recently developed online version. Section VI
discusses the manner in which FipsCo and FipsCoWeb are
integrated into the larger language processing environment of
LATL. The last section contains concluding remarks.

II. FIPSCO: AN OVERVIEW

In FipsCo, the system of syntax-based collocation extraction
and concordancing developed in our laboratory, the input text
is first syntactically analysed with a full parser, then it is
processed with standard statistical methods which measure the
strength of association between words.

Collocation, understood as “typical, specific and charac-
teristic combination of two words” [10], is a generic term
used here to encompass all syntactic word combinations found
in a corpus that are relevant to the studied word, from a
lexicographic point of view. As in [11], we consider that
collocation refers, more generally, to “the way words combine
in a language to produce natural-sounding speech and writing”.

This concept is allowed to overlap with other types of
MWEs, like compounds (e.g., wheel chair), phrasal verbs (e.g,
to ask [somebody] out) or certain types of less figurative
idioms (to open the door [for smth] “to allow [smth] to
happen”).
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Fig. 1. The Sketch Engine [5]: Sample (partial) output, showing collocates
for the French verb atteindre, “to reach, to attain”.

The boundaries between the different kinds of MWEs
are known to be particularly difficult to be drawn, as they
are rather fuzzy [12]. From a practical point of view, all
MWEs pose similar processing problems, regardless of any
finer-grained classification. We will henceforth refer to the
output of our system as to collocations (or collocation can-
didates), without making further, more elaborate distinctions.

As the Sketch Engine [5], our system outputs collocation
candidates grouped by types (which conflate all the instances
of a specific word combination detected in the corpus), parti-
tioned into syntactically homogeneous classes, and ranked in
the reverse order of the association strength. Thus, the user
may easily consult a manageable amount of contextual data,
consisting of the most relevant collocates. The data presented
are organised and, to a certain extent, free of redundancy.1

Figure 2 shows some results obtained from a French corpus
by using FipsCo. These results were filtered by the user so
that they contain collocations for the sought word (in this
case, the verb atteindre, “to reach, to attain”) in a specific
syntactic configuration; the configuration retained here was
verb-object. According to the association measure applied, the
noun the most collocationally related to this word is objectif

1All the corpus instances (tokens) of a same word combination are grouped
under a single entry, the corresponding collocation type.

(“objective”). It was detected 271 times in the source corpus,
and it is indeed a good collocate candidate, as one might
easily agree that atteindre un objectif (“to reach a goal”) is a
collocation in French.

The concordancer displays its 100th instance in the corpus,
which, as can be seen, involves a rather complex syntactic
context: the order of the items in the collocation is inverted,
the items are inflected and not in the base word form,
and there is additional material inserted in between. Due
to a grammatical transformation (passivization), the original
verb-object combination is realized, at the surface level, as
a subject-verb combination. The identification of these type
of complex cases, which are particularly difficult to handle by
pattern-based shallow parsers, is possible in our system thanks
to the deep analysis provided by the parser (cf. Section III).

Among the other combinations shown in Figure 2, one
might find several other MWEs with the verb atteindre. The
tool also presents the automatically retrieved translation of the
context in another language, if parallel corpora are available. In
a translation environment, such corpora are typically available
from translation archives. Thus, when working on a new
document, translators have the possibility to see how a given
expression has previous been translated in various contexts.

Figure 2 also shows the buttons Validate, used for manually
validating the automatically extracted results, and Translate,
used for automatically detecting a translation for the selected
collocations. The Filter button opens the interface in Figure
3, through which the user can control which corpus results to
display.

FipsCo is freely available for research as an offline tool
for Windows (cf. Section IV). One of the latest developments
concerned the creation of a lighter-weight online version,
which has already been made available to the public. A
more detailed description of FipsCo and its Web version,
FipsCoWeb, is provided in Section IV.

III. UNDERLYING RESOURCES AND METHODOLOGY

This section provides details about the resources used by
FipsCo and the method used to extract from text corpora the
most relevant collocates for a given word.

A. Resources

FipsCo was built as an extension of Fips, a multilingual
symbolic parser based on generative grammar concepts [13].
Fips can be characterised as a strong lexicalist, bottom-up, left-
to-right parser. Given a sentence, it builds a rich structural
representation combining a) the constituent structure; b) the
interpretation of constituents in terms of arguments; c) the
interpretation of elements like clitics, relative and interrogative
pronouns in terms of intra-sentential antecedents; and d) co-
indexation chains linking extraposed elements (e.g., fronted
NPs and wh elements) to their canonical positions.

According to the theoretical stipulations on which Fips
relies, some constituents of a sentence may move from their
canonical “deep” position to surface positions, due to various
grammatical transformations. For instance, in the case of
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Fig. 2. FipsCo: Parallel concordancing interface, displaying filtered collocations for the French verb atteindre (“to reach, to attain”).

the French sentence shown in Figure 2, it is considered
that the noun objectif moved from its original position of
direct object into the surface position of subject due to a
passivisation transformation. The parser keeps track of this
movement by linking the (empty) object position of the verb
atteint to the extraposed noun, objectif. In the normalised
sentence representation it builds, the parser identifies this noun
as the “deep” direct object. Consequently, the combination
atteindre–objectif can successfully be identified from this
sentence as a verb-object collocation, as the parser helps
abstract away from the particular surface realization.

The parser is the most important resource on which syntactic
concordancers like FipsCo rely in order to filter out “noise”
and to return highly accurate extraction results.2 However,
parsers are only available for a handful of languages. Fips,
in particular, relies on large resources (lexica and grammars)
whose construction is time-consuming.

Currently available for English, French, Spanish, Ital-
ian, Greek and German, Fips is actually conceived as a
generic parsing architecture, coupling a language-independent
parsing engine with language-specific extensions. The

2An evaluation of FipsCo is presented in [14].

language-independent part implements the parsing algorithm,
based on three main types of operations: Project (assignment
of constituent structures to lexical entries), Merge (combina-
tion of adjacent constituents into larger structures), and Move
(creation of chains by linking surface positions of “moved”
constituents to their corresponding canonical positions).

The language-specific part of the Fips parser consists of
grammar rules of a given language and of a detailed lexicon
for that language. In the formalism used by Fips, the role
of most grammar rules is to specify the conditions under
which two adjacent constituents may be merged into a larger
constituent by a Merge operation. The construction of the
lexicon is supported by a morphological generation tool that
creates appropriate lexical entries corresponding to a specified
inflection paradigm (when applicable). Unlike other parsers,
Fips does not require POS-tagged data as input; the POS
is assigned to words during the analysis, based on lexical
information and on the parsing hypotheses.

Given the Fips architecture and the existing tools sup-
porting the creation of lexical resources, we believe that the
effort of extending Fips to a new language is comparable to
the combined effort of building POS-taggers and developing
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shallow parsers for the same language. Our recent work on
Romanian [15] confirmed that a Fips parser version that can be
satisfactorily be used for the purpose of collocation extraction
can be built in a reasonable amount of time, of the order of
several person-months.

B. Methodology

As mentioned in Section II, the extraction of collocations
from text corpora is done by using a hybrid extraction method,
which combines the syntactic information provided by the Fips
parser with existing statistical methods for detecting typical
lexical associations in corpora.3

Thus, in the first step, collocation candidates are identi-
fied as combinations of lexical items in predefined syntactic
configurations (for instance, verb-object) from each sentence
of the corpus, by traversing the parse structures returned by
the parser. In the second step, the candidates obtained are
ranked according to their probability to constitute colloca-
tions, as computed with the log-likelihood ratio association
measure [16]. FipsCo actually implements a wide range of
other measures that the user can choose for ranking collocation
candidates; log-likelihood ratio is proposed by default as it is
a well-established measure for collocation extraction.

The output of FipsCo is a so-called significance list, in
which one finds at the top the candidates that are most likely to
actually constitute collocations. A cut-off point can be applied
by the user to the results, in order to retain only the candidates
with higher scores. Typically, a frequency threshold is also
employed to eliminate those combinations that only occur a
few times in the corpus. This is because statistical measures are
unreliable on low frequency data (f < 5). However, we opted
for keeping all the candidate data (no frequency threshold),
since relevant collocations may be found among combinations
occurring only a few times in the corpus. Besides, a threshold
can be applied by the user afterwards. The syntactic filter
applied on the otherwise huge candidate data helps our system
keep the statistical computation tractable. In the systems that
do not use parsed data, high frequency cut-offs are often
imposed only to reduce the amount of data to process.

IV. DETAILED DESCRIPTION OF FIPSCO

FipsCo is implemented in Component Pascal under Black-
Box Component Builder IDE,4 just as the syntactic parser
Fips, on which it relies. It makes an extensive use of the
SQL database query language in order to store the extraction
results, compute the collocation scores, filter the data that will
be displayed, etc.

The system has, in principle, a pipeline architecture, as
the typical execution flow follows the order in which the
main components of the system are described below. However,

3It is important to note that the method itself is not dependent on Fips or
any of the specific theoretical assumptions made by Fips, but it can be used
in conjunction with other parsers.

4BlackBox is developed by Oberon Microsystems (http://www.oberon.ch).
A characteristic of this development environment is the ease of editing
graphical user interfaces components, which turned into a big advantage for
our system, in which visualisation plays a major role.

there are no restrictions to the order in which the various
components can be used, since the extracted and validated
results can be stored and accessed later for visualisation.

A. File Selection
The source corpus used in an extraction session is specified

by selecting the folder which contains the desired files and,
optionally, by applying an automatic or manual filter on its
content.

The automatic filter is based on:
• file location: inclusion or exclusion of the sub-folders;

exclusion of sub-folders having a specific name;
• file name: this might be required to contain a given string

of characters;
• file type: this must belong to a list of allowed types. The

system supports all the file formats that can be currently
imported by BlackBox, e.g., odc – Oberon document;
txt, htm, and html – text; rtf, doc – rich text
format; and utf – Unicode.

• file last modification date (from date1 to date2; in the
last n days).

In addition, the selection can be further narrowed manually,
as the user may select or deselect items after the automatic
filter applies. For instance, it is possible to choose items (files
or folders) in the first level of the source folder with a mouse
click, or by using standard selection commands (check all;
uncheck all; invert selection).

B. Collocation Extraction
The collocation extractor is the main component of the

system. It iteratively processes all the files in the selection. The
number of files that can be processed is virtually unlimited.
The collocation candidates identified from the parse trees are
incrementally added to previous results until an extraction
session ends. They are stored either in a database or in a single
text file. As an option, they can also be stored file by file in
a folder whose structure mirrors the structure of the source
folder.

At the end of the extraction session, several processing
statistics are computed for the source corpus that are derived
from parsing information (e.g., the total number of tokens,
sentences, sentences with a complete parse). Then, the candi-
dates identified are ranked according to the chosen association
measure (by default, log-likelihood ratio [16]).

C. Filtering
This component selects the results to be displayed in the

concordancer, according to the parameters set by the user (see
Figure 3). The extracted collocations can be filtered according
to several criteria:

• syntactic type: the user can select one or more types
from a list that is automatically built from the database
containing the extracted collocations;

• collocation score: a range from score1 to score2;5

5The user is not required to know the actual maximal values; the corre-
sponding fields can be left blank and these values will be retrieved by the
system.
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Fig. 3. FipsCo: Interface for filtering collocations.

• corpus frequency: a range from freq1 to freq2;
• collocation keywords: the user can search for collocations

containing a specific word.
In addition, the user can specify the range of results to

display (from rank1 to rank2), according to the order given
by the collocation score or by the corpus frequency. The range
restrictions can be applied both to collocation types and to
collocation instances (tokens).

D. Concordancing

This component is responsible for the visualisation of
extraction results according to the selection made by the user.
The (filtered) list of collocations is displayed on the left hand-
side on the concordance interface, and can be ordered by score,
by frequency in the corpus, or alphabetically. On the right
hand-side, a text panel displays the context of the currently se-
lected collocation in the source document. The whole content
of the document is accessible, and is automatically scrolled
to the current collocation; this collocation and the sentence
in which it occurs are highlighted with different colors (cf.
Figure 2).

Each item in the list represents a collocation type; its
corresponding instances are read from the database when the
user clicks on it. The right panel automatically displays the
first instance, then the user has the possibility of navigating
through all the instances by using the standard browsing
arrows (<< - first, < - previous, > - next, >> -
last), or to skip to a given instance by entering its order
number.

The visualisation interface also displays information about
the rank of the currently selected collocation, its syntactic type,
its score, and its status relative to the parser’s lexicon (new
collocation, or collocation in lexicon). The user can easily

switch to a different source language in order to load the
collocations already extracted for that language, if these were
stored in the same database.

E. Complex Collocations

By treating already extracted collocations as single lexical
items, FipsCo is able to identify complex collocations that can
be seen as structures containing embedded collocations: for in-
stance, atteindre point culminant (“to be at the highest level”)
is a complex collocation of verb-object type, which contains
an embedded noun-adjective collocation, point culminant.

The detection of such complex collocation is particu-
larly useful when the resulting expression constitutes a non-
decomposable compound, or when it contains a nested com-
pound. In these cases, it is important to highlight the whole
expression rather than nonsensical sub-parts. For instance,
genetically modified organisms is a compound, and it will be
desirable to output it as a whole rather than only the sub-
part modified organisms. The expression second world war
is more compositional, as world war is a collocation on its
own. However, it is desirable to eliminate second war from
the extraction results, if it only occurs in the corpus in the
longer expression second world war .

Our method of detecting complex collocations is described
in [17] and [18]. FipsCo includes a concordancing interface
for displaying complex collocations, which is similar to the
standard interface shown in Figure 2.

F. Sentence Alignment

When parallel corpora are available, the target sentence
containing the counterpart of the source sentence can be
detected and displayed in the alignment interface below the
source sentence. The user selects the target language from a
list of languages and specifies the path of the target corpus
and the filename transformation rule needed to determine the
filename of the target document (i.e., of the translation) from
the filename of the source document. These rules assume
that the source folder and the target folder have the same
structure, and that the target filename can be obtained from
the source filename by replacing the prefix and/or the suffix
of the filename (which are assumed to be variable across lan-
guages), while keeping the middle part constant. For instance,
35.1.001E.txt can be obtained from 35.1.001F.txt
by replacing the suffix F with E.

Once the target file has been found, the sentence that is
likely to be the translation of the source sentence is identified
using an in-house sentence alignment method ([7], [9]). The
alignment component is operational both for binary colloca-
tions and for complex collocations.

G. Validation

This component provides functionalities that allow the user
to create and maintain a list of manually validated collocations
from the collocations visualised with the concordance and
the alignment interfaces. An entry contains basic information
about a collocation (such as the collocation keywords, lexeme
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Fig. 4. FipsCoWeb: Interface (screen capture).

indexes for the participating items, syntactic type, score and
corpus frequency). A monolingual entry may also contain the
source sentence of the currently visualised instance, which pro-
vides a naturally-occurring usage sample for the collocation.
A bilingual entry stores, in addition, the target sentence found
via alignment and the translation proposed for the collocation:
the translation can be manually retrieved by the user from the
target sentence.

Additional information related to the currently visualized
collocation instance is stored (namely, the name of the source
and target file, the file position of the collocation’s items in the
source and target files, and the file position of the source and
target sentences). Most of this information is automatically
filled in by the system. The entries in the list of collocations
validated in a session can be updated, deleted, or saved—
completely or in part—by the user in a monolingual and in a
bilingual database.

H. Translation

This component attempts to detect a translation equiva-
lent for the collocations visualised in the concordancer, by
scanning the existing translations and using a strategy briefly
described below.

First, a limited number of corpus sentences (50 in our
current experiments) in the source language is retrieved for
the source collocation, based on the corpus instances detected
during extraction. The alignment component is then used for
finding, for each source sentence, the corresponding target
sentence in the desired target language, for which a parallel
corpus is available.

The target mini-corpus thus obtained is parsed, and collo-
cations are extracted from it using the same method that was

applied to the source corpus. Finally, a process of collocation
matching takes place, which tries to find, among the extracted
collocations, the one that is likely to represent a translation
for the source collocation. The matching is performed by
applying a series of filters on the extracted pairs that gradually
reduce their number until a single item is retained, which
will be proposed as translation. An updated description of the
translation method can be found in [19].

V. ONLINE VERSION: FIPSCOWEB

FipsCoWeb, which is introduced for the first time in this
paper, is the online version of the FipsCo system. Its current
interface is shown in Figure 4. FipsCoWeb allows the user to
upload a file and to set the initial processing and visualization
parameters (e.g., association measure, cut-off score, frequency
threshold). After the processing is done on the server side, the
user is presented with the results, as shown in Figure 5. The
user has then the possibility to apply different parameters, to
apply a syntactic filter, and to see the actual occurrences of a
collocation by clicking on the corresponding link. The words
in the collocation will be presented in the sentence context,
and highlighted for readability (cf. Figure 6).

FipsCoWeb currently allows users to upload files containing
up to 0.5 million words. While this is a reasonable size for
online corpus exploration, the processing, which is performed
at an average of 200 tokens/second, might take a while to
complete. Depending on the file size, users might only be
able to see the results after a few minutes or a longer lapse
of time (typically, half an hour). For this reason, FipsCoWeb
gives users the possibility to enter the e-mail address at which
the link to results is sent when the server-side computation
is completed. Results are stored on the server and can be
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Fig. 5. FipsCoWeb: Sample results (screen capture).

consulted later, until users explicitly decide to clear them, by
clicking on the Close Session button. A feature that is currently
unavailable in the system, but can be easily implemented, is
the search for collocations with a given word.6

The Web version has been implemented in BlackBox (see
Section II), and the Web server itself7 runs as a BlackBox
program. This made the integration between the involved
software modules easier. However, since it runs as a unique
Windows process, it cannot be efficiently used for the parallel
processing of large files. A solution is currently being worked
on to circumvent this problem. Future work will focus on
implementing FipsCoWeb as a Web service.

VI. INTEGRATION IN THE NLP ENVIRONMENT OF LATL
LATL develops a range of NLP tools in several areas.

FipsCo (and its online version, FipsCoWeb) are not isolated

6Note that the online version does not aim to re-implement all the
functionalities of FipsCo.

7O3-WAF (Web-Application-Framework); http://o3-software.de/

tools, but are part of a larger processing framework specifically
dealing with MWEs, from different practical perspectives.

As a matter of fact, the corpus-based study of words
and their collocates was not, in our case, a goal in itself.
The collocations that lexicographers manually validate are
entered into the lexical database of the parser Fips, and
are used to guide future analyses performed by Fips [20].
Their translations (either manually or automatically obtained)
are used to populate the bilingual lexicon of a rule-based
machine translation based on Fips. The collocations added in
the lexicon are further used in two applications of terminology
assistance, Twic and TwicPen [21], which look up the lexicon
and propose a translation for a given word that is compatible
with the grammatical context. If the selected word is part of
a MWE, these systems output the translation of the whole
MWE, rather than a translation for the word in isolation.
Work is under way to augment the MWE resources for all
the languages supported by the Fips parser.
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Fig. 6: FipsCoWeb: Collocation instances in context (screen capture).

VII. CONCLUSION

In this article, we provided an updated description of
FipsCo, a tool for extracting collocations (and multi-word
expressions more generally) from corpora, which has been
developed at LATL in the last several years. Since FipsCo
is based on parsing and offers multiple visualisation func-
tionalities, it can be seen as a tool for syntax-based corpus
exploration, or syntactic concordancing.

Also, we introduced FipsCoWeb, the online version of this
tool, recently developed and already functional. This version
can be used to upload a user’s own text corpus as a file and
to consult the retrieved collocations. The two tools are part of
a larger processing framework dedicated to MWEs, and are
being used to provide resources for the two main long-term
NLP projects pursued in our laboratory, namely, a multilingual
symbolic parser and a machine translation system based on it.
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Abstract—This paper presents an example of application of a
PCFG parsing algorithm based on the A* search procedure in
a machine translation system. We modified the existing CYK-
based parser used in the machine translation system Translatica
and applied the A* parsing algorithm in order to improve the
performance of the parser.

I. INTRODUCTION

PROBABILISTIC context-free grammars are a useful tool
for modeling natural languages. One of the methods

commonly used for parsing PCFGs is chart parsing. In general,
the time complexity of chart parsing algorithms is worst-case
cubic. In practice, for large grammars and long sentences, even
cubic time can be insufficient.

The process of parsing PCFGs can be viewed as a process
of finding a path in a certain weighted multigraph. This means
that graph search algorithms can be used for parsing. The parse
which has the highest probability from all the possible parses
of the sentence is called the Viterbi parse. Finding a Viterbi
parse of a given sentence can be realized by algorithms that
find the shortest path in a graph. The graph algorithms are
used to accelerate the chart parsing of PCFGs.

One of the methods of speeding up the parsing is the best-
first strategy, described in [1] and [2]. The order of removing
edges from agenda is determined by a figure of merit. If
the figure of merit is properly chosen, the number of edges
processed during the parsing can be significantly reduced.

Another method is a beam-search algorithm, described in
[5] and [6]. In this method, only a limited number of best
parses is tracked at any time. The fewer parses are tracked,
the shorter time is required to complete the algorithm.

Both best-first parsing and beam-search parsing are greedy
algorithms. Unfortunately, neither of them guarantees the
finding of the actual Viterbi parse of a given sentence.

The A* algorithm is used to find the shortest path between
two given vertices of a graph, assuming a heuristic function is
specified. The heuristic function is defined on the vertices of
the graph and estimates the distance between the given vertex
and the target vertex. The algorithm tries to minimize the sum
of the distance covered so far and the value of the heuristic.

Klein and Manning in [3] presented the algorithm that
uses the A* procedure to parse the probabilistic context-
free grammar. The authors showed that if a proper heuristic
function is applied, the A* parsing algorithm can significantly

reduce the time required to find the Viterbi parse of a given
sentence.

II. THE A* PARSING ALGORITHM

The A* parser is a kind of a chart parser. The basic data
structure the parser operates on is called an edge. The edge
is a triple X[i, j], where X is a symbol of the grammar and
(i, j) is the span of this symbol in the parse tree of the string
w = w1 . . . wn, ie. X dominates the substring wi+1 . . . wj .
During the algorithm, a score is attached to each edge. The
edges waiting to be processed are stored in the structure called
agenda. The edges whose best parses have already been found
are stored in a chart.

In the beginning, the edges representing the words of the
parsed sentence are put into the agenda. Then, while the
agenda is not empty, the following procedure (called a turn
of the parser) is run: The edge with the highest priority is
removed from the agenda. Then if the removed edge can be
combined with some edges already in the chart then new edges
are formed and inserted into the agenda. In other words, let
e = X[i, j] denote the removed edge. If there is an edge Y [k, i]
in the chart and a rule Z → Y X in the set of productions,
the new edge Z[k, j] is inserted into the agenda. Similarly, if
there is an edge Y [j, k] in the chart and a rule Z → XY in
the rule set, the new edge Z[i, k] is formed etc. The rules of
the grammar are used to combine the current edge with the
symbols in the chart to create new edges and insert the newly
formed edges into the agenda. The newly formed edges are
put into the agenda and the process repeats until the agenda
is empty.

Let G = (V, T,R, S, P ) be a probabilistic context-free
grammar and w = w1 . . . wn ∈ T+ a parsed sentence. Follow-
ing [3], we will define the Viterbi inside score β(e) = βG,w(e)
of an edge e = X[i, j] as the logarithm of the probability of a
best inside parse of e, ie. the maximum of the log-probabilities
of the derivation X ⇒∗ wi+1 . . . wj . We will denote by b(e)
the estimate of β(e) which represent the log-probability of the
best inside parse of e calculated so far. At the beginning of
the algorithm b(e) = −∞ and never decreases. When e is
removed from agenda, b(e) = β(e).

The Viterbi outside score α(e) = αG,w(e) of an edge
e = X[i, j] is defined as the maximum of the log-probabilities
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of the derivation S ⇒∗ w1 . . . wiXwj+1 . . . wn (or the log-
probability of the best outside parse of e). We will also
estimate the value of α(e) by a(e). We say that the estimation
a is admissible if a(e) ≥ α(e).

Provided that the value of β + a never increases, we can
use β+ a to prioritize edges in agenda. The β corresponds to
the actual distance from the start vertex and a plays the role
of the heuristic for the A* algorithm.

Klein and Manning in [3] present a series of different
heuristic functions, based both on context summary estimates
and grammar projection estimates.

The context summary estimates are based on the knowledge
about the neighborhood of the current symbol. The value of
the context summary estimate a(X[i, j]) is the maximum of
all log-probabilities of the derivations S ⇒∗ uXv, where
uandv satisfies some given condition. There is a wide range
of possible estimates, between the NULL estimate (when we
have no information about the context), equal constantly 0,
and the TRUE esimate (when we have the full information),
equal the exact value of β.

The grammar projection estimates use the exact context but
the reduced grammar. A probabilistic context-free grammar
G = (V, T,R, S, P ) can be projected to some weighted
context-free grammar G′ = (V ′, T ′, R′, S′, P ′) by a given
function π : V ∪ T → N , where N is an arbitrary set of
symbols, in the following way:

• V ′ := {π(A) : A ∈ V } ⊆ N ,
• T ′ := {π(a) : A ∈ T} ⊆ N and T ′ ∩ V ′ = ∅,
• R′ := {π̂(r) : r ∈ R}, where

π̂ : R → R′,

π̂(A → X1 . . . Xk) := π(A) → π(X1) . . . π(Xk),

• S′ := π(S),
• P ′ is determined as

P ′(r′) := max
r : π̂(r)=r′

P (r).

The resulting grammar is not always probabilistic because the
sum of the values P ′(A → ζ) for a fixed A can be greater
then 1. For each rule r ∈ R the following relation holds:

P ′(r′) ≥ P (r)

which guarantees that the probabilities of the rules never
decrease during the process of grammar projection. It implies
that

αG′,w(e
′) ≥ αG,w(e)

for each edge e and its projection e′, so we can use a(e) =
αG′,w(e

′) as an estimate.
As in the case of context summary estimates, there is a wide

range of possible grammar projection estimates, between the
NULL estimate (which corresponds to the constant projection)
and the TRUE estimate (based on the identity projection).

III. THE IMPLEMENTATION OF A* PARSING ALGORITHM
IN THE TRANSLATICA TRANSLATION SYSTEM

A. Translatica machine translation system
Translatica is a rule-based machine translation system that

translates between languages: Polish, English, German and
Russian. The German language parser of the Translatica
system (in this paper I will call it the Translatica parser
for simplicity) uses a weighted context-free grammar and a
CYK-based agenda parsing algorithm. The weights used in
this parser are probabilities extracted automatically from the
TüBa treebank1 using statistical methods. We decided to try
to use the A* parsing algorithm in the Translatica parser to
improve its speed and performance.

The implementation of the A* algorithm in the Translatica
parser consisted in the adaptation of the current parser to use
the A* methods.

B. SX heuristic
One of the heuristics described in [3] is the SX context

summary estimate. Let G = (V, T,R, S, P ) be a PCFG and
w = w1 . . . wn ∈ T+. SX estimate aG,w(X[i, j]) specifies the
number of terminal symbols to the left from the current edge
(i), to the right (n− j) and the label of the considered symbol
(X). We chose to use the SX heuristics because [3] predicted
that the application of SX heuristics in A* parsing algorithm
would result in significant edge savings and require relatively
little precomputation.

In every turn of the parser the sum β(e)+a(e) is found for
each edge e. The value of β(e)+a(e) is used to prioritize the
edges in agenda. The edge e with the maximal sum β(e)+a(e)
is removed from the agenda and then processed in the way
described before.

The value of the heuristic is calculated only if it is necessary.
In the process of memoization, the value of the heuristic for
a given context summary is calculated only for the first time
and then stored in the memory. This process speeds up the
calculations of heuristic.

C. Attribute grammar projection
The grammar used in the Translatica parser is not exactly a

PCFG but rather a kind of an attribute grammar. Each rule is
equipped with a set of attribute expressions. The rule can be
used only if the actual values of the attributes associated with
symbols occuring in the rule satisfy the epressions associated
with the rule.

It is possible to construct the context-free grammar that is
equivalent to a given attribute grammar. This can be obtained
by considering all possible configurations of attribute values,
fixing the values of attributes and taking the adequate rules
into account.

We can project the probabilistic attribute grammar to a
PCFG by fixing the values of selected attributes and omitting
the others.

We have implemented the grammar projection by fixing the
most common attributes.

1http://www.sfs.uni-tuebingen.de/en/tuebadz.shtml
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TABLE I
AVERAGE TRANSLATION TIMES FOR A SINGLE SET OF 100 SENTENCES.

threshold 50000 10000
time absolute relative absolute relative

without A* 1 min 9 s 1.00 36 s 1.00
with A*, SX heur. 2 min 2 s 1.77 52 s 1.44

with A*, NULL heur. 1 min 20 s 1.16 37 s 1.03

TABLE II
AVERAGE TRANSLATION TIMES FOR A SET OF 100 SENTENCES REPEATED

5 TIMES.

threshold 50000 10000
time absolute relative absolute relative

without A* 5 min 52 s 1.00 2 m 56 s 1.00
with A*, SX heur. 11 min 50 s 2.02 4 m 32 s 1.55

with A*, NULL heur. 6 min 55 s 1.18 3 m 6 s 1.06

D. NULL heuristic

We have also implemented the NULL heuristics, in order
to compare the results of implementing various heuristics. The
NULL heuristic, as constatntly equal 0, is easy to implement.

IV. RESULTS

We have conducted various tests in order to compare the
performance of the current Translatica parser and the new A*-
based parser.

In the Translatica parser it is possible to limit the maximum
number of turns of the parser by setting a so called threshold.
The default value of the threshold in the Translatica parser is
50000.

We have done a series of machine translations (in different
conditions) of a sample set of 100 German sentences on
various topics. The tests differed in the following parameters:

• the parsing algorithm:
– the previous Translatica parser,
– the A* parsing algorithm with SX heuristic,
– the A* parsing algorithm with NULL heuristic;

• the value of the threshold:
– 50000,
– 10000;

• the way the input is given:
– single sentences,
– a set of all 100 sentences,
– a set of all 100 sentences repeated few times.

Differentiation of ways of providing input data is aimed to
test the influence of memoization to the performance of the
parser.

Table I presents the average times of translating the test set
of the 100 German sentences for different threshold values and
different heuristics.

Table II presents the average times of translating the test
set consisting of 5 copies of the set of 100 German sentences
used in the previous test.

The implementation of the A* algorithm applied in the
experiment didn’t speed up the process of translation in the
comparison with the previous Translatica parser. The NULL

heuristic was proved to be faster than the SX heuristic and was
only slightly slower than the old parser. It is particularly clear
for the threshold of 10000, when the translation time using
A* with NULL heuristic was comparable to translationa time
without A*.

The differences in the quality of the translation were rather
insignificant. The majority of the translations were identical,
if not, the differences were in general in the single words.
There are senteces whose translations by A* algorithm for
a threshold of 10000 are identical with translations done by
the old algorithm for the threshold of 50000, and better than
translations done by the old algorithm for the threshold of
10000. It can mean that the number of steps needed to find
the best parse using the A* algorithm is lower then using the
previous algorithm. The reason why the translation time with
A* is still longer than without A* can be put down to the
implementation difficulties. Moreover, it is worth mentioning
that the quality of translation of some sentences was better
than with the old parser.

V. CONCLUSIONS

The experiment was an innovative try to implement the A*
algorithm in an existing CYK-based parser. The implementa-
tion was intended to be integrated with the existing parser and
to require as little changes to the existing code as possible. The
experiment brought a great experience and significant knowl-
edge about the implementational issues of the A* algorithm
and about the possibilities of parsing improvement.

There are reasonable grounds that future research will bring
the desired results—the faster translation with the Translatica
system using the A* algorithm—especially if the following
issues will be resolved.

There are various possible reasons why the implementation
of A* algorithm in the Translatica machine translation system
haven’t brought the expected performance improvement.

One of possible reasons can be the specific of the Translatica
parser. The grammar used in the Translatica parser doesn’t
have a distinguished start symbol. A given sentence is parsed
using the bottom-up method—the parse tree is built upward
while it is possible to combine its edges with edges from
the agenda. The advantage of such approach is that it is
possible to parse the phrases that are not the full sentences but
only the fragments. On the other hand, this solution is rather
unfavorable for the implementation possibilities for the A*
algorithm because distingushing the start symbol is necessary
for proper heuristic calculation.

The other reason is that the fully functional implementation
of the A* parsing algorithm in the Translatica parser would
involve the significant changes in the structure of the very
parser.

VI. FUTURE WORK

We will continue the research concerning the use of modern
tools and algorithms to accelerate the process of machine
translation. We plan to modify some mechanisms used in the
Translatica parser in order to enable the implementation of a
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fully functional parser based on the A* algorithm and also
some other minor improvements.
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Abstract—Finding regularities in large data sets requires im-
plementations of systems that are efficient in both time and space
requirements. Here, we describe a newly developed system that
exploits the internal structure of the enhanced suffixarray to find
significant patterns in a large collection of sequences. The system
searches exhaustively for all significantly compressing patterns
where patterns may consist of symbols and skips or wildcards.
We demonstrate a possible application of the system by detecting
interesting patterns in a Dutch and an English corpus.

I. INTRODUCTION

SYSTEMS that analyze large collections of sequential data,
such as when searching for regularities in collections

of texts, place strict requirements on the efficiency. Trivial
implementations of such systems often yield correct results,
but either take too long or use too much internal memory.
These trivial implementations lead to limitations on the size
of the data set that can be handled practically.

In this paper we propose a novel implementation of a system
that can be used to search for regularities in sequential data.
We show the practical applicability by searching for patterns in
large text collections in two different languages. At the time of
publication the source code of the implementation is publicly
available on the web at http://ilk.uvt.nl/~stehouwer/.

To search the data sets efficiently, we initially used a
data structure called a suffixtree. Suffixtrees are well-known
data structures with many applications within the fields of
bioinformatics, natural language processing, and many others.
Ukkonen introduced an efficient online construction algorithm
for suffixtrees in [9].

More recently, a similar data structure called suffixarray is
often used instead of suffixtrees to search sequential data. A
suffixarray is an ordered list of all suffixes in a sequence. This
data structure was introduced in [6].

The reason for choosing suffixarrays instead of suffixtrees
is the relatively large memory requirements of the suffixtrees.
Gusfield discusses suffixtrees, their construction, and complex-
ity requirements in great detail in his book [4]. The worst-case
complexity of memory utilization of a suffixtree is Θ(m|Σ|)
with m the length of the sequence and Σ the alphabet. This
results in a suffixtree that can be searched in linear time (linear
in the size of the search sequence). In contrast, suffixarrays are
linear in their space utilization, regardless of the alphabet |Σ|.

In practical terms, a suffixtree build on the first 500.000
sentences from the British National Corpus took up 2.2GB.

The suffixarray on the other hand only used 0.25 GB of main
memory to be able to access the same data. From the last
10.000 sentences of the same corpus we generated a set of
70.000 queries. The suffixtree answered these queries in about
3 minutes, where the suffixarray system took around an hour.

Whereas usable suffixtree implementations can be found
online1, implementations of suffixarrays that we found avail-
able all have drawbacks. Often, the implementation limits the
maximum size of the alphabet, which makes them unsuitable
for our use.

In [1] several improvements to the original suffixarray data
structure are combined to form what the authors call the
enhanced suffixarray. One enhancement added to the enhanced
suffixarray is the implementation of an encoding of an implicit
tree structure. It is this implicit suffixtree structure that we will
use in the application we describe here that allows us to find
interesting patterns.

In this paper we will start by outlining the suffixarray data
structure as well as its enhanced version. We concentrate on
the implicit suffixtree structure that is made available through
the enhancements. We will then show an application that finds
patterns with skips (also called wildcards) in natural language
data using suffixarrays by using the implicit suffixtree struc-
ture. Based on this application we show some experimental
results on Dutch and English and in our conclusion we will
suggest other possible applications of this kind of pattern
finding.

II. SUFFIXARRAYS

In this section we will describe the techniques behind
suffixarrays and their enhanced version.

A. Regular Suffixarrays

As introduced in [6] suffixarrays are relatively simple data
structures that contain a lexicographically ordered list of all
suffixes of the input sequence. The array does not contain
explicit copies of the suffixes, but stores information on the
suffixes implicitly in the form of an index on the original
input. This means that much less memory is needed to store
the suffixes compared to suffixtrees.

To build a suffixarray, we initialize an array of indexes
describing all suffixes of the input sequence. This array is then

1See for instance http://ilk.uvt.nl/~menno/research/software/suffixtree.

Proceedings of the International Multiconference on
Computer Science and Information Technology pp. 505–511

ISBN 978-83-60810-27-9
ISSN 1896-7094

978-83-60810-27-9/09/$25.00 c© 2010 IEEE 505



sorted. When using a regular, efficient, sort algorithm, sorting
takes n log n time. However, the ordering of the prefixes
(of the suffixes stored in the array) can depend on multiple
consecutive positions in the original input. This means that
we have to perform sequence comparison which may need
symbol comparisons of at most n positions. This results in a
naive construction time of n2 log n for a sequence of length
n.

During the last several years, many sorting algorithms have
been developed that can construct a suffixarray more efficiently
in time requirements. The fastest algorithms run in Θ(n) time.
These build a suffixtree first (which can be done in linear time)
and then obtaining the sorted suffixes by a simple traversal of
the suffixtree. Unfortunately, these algorithms need working
space of at least 15× n [7].

In [7] a reasonably fast algorithm is proposed that needs
working space of only 5×n. This algorithm works by partially
sorting the array into buckets which have the same x position
prefix and afterwards sorting each of these buckets with a blind
trie. This strategy is called deep-shallow sort.

An interesting aspect of suffixarrays is that suffixes that
share a common prefix are grouped together in the array. This
means that it can be used to locate the position and number
of all infixes of an input sequence. This is done by finding all
suffixes that start with the given infix. Since they are grouped
together, they can be found efficiently.

B. Enhanced Suffixarrays

Several extensions to the regular suffixarrays have been
proposed. The ones we will use (and have implemented) are
described in [1]. The extensions combined with a regular suf-
fixarray makes up an enhanced suffixarray. This data structure
provides, among others, a different way of viewing the data,
which is very similar to a suffixtree.

The enhancements store some information explicitly, which
means that they require some additional storage in the shape of
arrays. The first of those is the longest-common-prefix (or lcp)
array. This array, parallel to the regular suffixarray, denotes
the size of the prefix shared with the previous element. For
instance, if the first element is aard and the second aardvark
then the second element would have an lcp value of 4 as it
shares a prefix of length four with the previous element in the
suffixarray. This lcp array can be efficiently constructed in a
single pass over the regular suffixarray.

The lcp values can be used to define the intervals, so called
lcp intervals. An lcp interval can be seen as defining the
interval corresponding to range of suffixes (in the suffixarray)
with a specific prefix. An interval [i . . . j], 0 ≤ i < j ≤ n
with n the length of the sequence, is an lcp interval of the lcp
value l if the following conditions hold (lcptab denotes the lcp
array):

1) lcptab[i] < l,
2) lcptab[k] ≥ l for all k with i+ 1 ≤ k ≤ j,
3) lcptab[k] = k for at least one k with i+ 1 ≤ k ≤ j,
4) lcptab[j + 1] < l.

TABLE I
AN ENHANCED SUFFIXARRAY ON THE SEQUENCE S = acaaacatat

INCLUDING ITS LCPTAB AND CHILDTAB. THE FIELDS 1, 2 AND 3 OF THE
CHILDTAB STAND FOR THE UP, DOWN AND NEXTINDEX FIELDS

RESPECTIVELY. THIS EXAMPLE IS TAKEN FROM [1].

childtab
i suftab[i] lcptab[i] 1. 2. 3. S[suffix]
0 2 0 2 6 aaacatat$
1 3 2 aacatat$
2 0 1 1 3 4 acaaacatat$
3 4 3 acatat$
4 6 1 3 5 atat$
5 8 2 at$
6 1 0 2 7 8 caaacatat$
7 5 2 catat$
8 7 0 7 9 10 tat$
9 9 1 t$

10 10 0 9 $

[0-1]-aa [2-3]-ac [4-5]-at

[1-5]-a [8-9]-t[6-7]-c

[0-10]

Fig. 1. An enhanced suffixarray on the sequence S = acaaacatat produces
the lcp interval tree shown. This example is taken from [1].

The lcp intervals can have smaller lcp intervals embedded
within them recursively. These recursive intervals can be seen
as a tree structure and is called an lcp interval tree. This lcp
interval tree is implicit. Furthermore, it has the same structure
as the suffixtree if it were built based on the sequence in the
suffixarray.

We would like to be able to access the implicit suffixtree
structure in an efficient way. In order to do this we store
the jumps through the suffixarray that we need for top-down
traversal of the implicit suffixtree in an extra support array.
This extra support array is called the child table in [1].
With this extra information we can determine the longest-
common-prefix and its child intervals for each interval with
a simple array lookup. For this to work we need to start
with a valid interval. Luckily the interval [0 . . . n] is always
valid.

The construction of the child table can be done, just like the
lcp value array, in a single pass over the suffixarray. However,
building the child table depends on the presence of the lcp
table, so after constructing and sorting the regular suffixarray
we have to perform two more passes over the suffixarray to
fill the support structures that allow access to the implicit
suffixtree structure.
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An example of a regular suffixarray enhanced with the lcp
values and the childtab can be found in Table I. We also show
the corresponding lcp interval tree in Figure 1.

III. RELATED PROGRAMS

In order to understand the context of the suffixarray-based
patternfind program we will briefly describe related systems
that are available.

The Ngram Statistics Package [2] can perform statistical
tests on n-grams sampled from a window of size k. Effectively,
this means that the package can look for sparse n-grams. It
supports many statistical tests such as the Dice Coefficient,
Fishers test, and Mutual Information. The Ngram Statistics
Package is available on Pedersen’s website at http://www.d.
umn.edu/~tpederse/nsp.html.

Daciuk has developed several Finite-State based libraries
and tools, including one for compressing FSA-based language
models [3]. Such compression is related to the approach
we take to find patterns with our patternfind software. This
software is available at http://www.eti.pg.gda.pl/katedry/kiw/
pracownicy/Jan.Daciuk/personal/fsa.html.

There are also software packages available for extracting
significant n-grams and for performing statistical subsequence
reduction as described in [8]. One implementation is that
of Zhang, which is available at http://homepages.inf.ed.ac.uk/
lzhang10/ngram.html.

PAFI is a piece of software for finding frequents patterns
in large and diverse databases. In [5] some of the (graph-
based) techniques that underly the system are described. The
program is available from http://glaros.dtc.umn.edu/gkhome/
pafi/overview together with related software.

IV. IMPLEMENTATION

Our implementation of the suffixarray is done in template-
based C++. This leads to an extremely flexible implementation
while making only limited demands on the container type. The
template types used in the suffixarray must support only the
following basic functionality:

1) The subtype has to support the following operators:
a) The comparison operator <,
b) The comparison operator >,
c) The comparison operator ! =,
d) The comparison operator ==,
e) The assignment operator =,
f) The increment operator: ++,
g) The output operator: <<.

2) The type contents must be accessible via several ways:
a) Via the [x] construct,
b) Via the iterators x.begin() and x.end(),
c) Via the const_iterators x.begin() and x.end().

Furthermore, when building a suffixarray, the input se-
quence must end with a unique element that is largest when
compared to any other element in the sequence according to
the comparison operators. This additional requirement allows
us to eliminate several bounds checks in the heart of the sorting
code.

In our implementation of the suffixarray algorithm, space
utilization for a data collection of length n is

n× sizeof(index) + 4× n ∗ sizeof(symbol) + exceptions

This includes the additional arrays that are used to implement
the enhancements as described in Section II-B.

In practice, building the suffixarray using our implemen-
tation is very time efficient (approximately 2–3 minutes for
1 million natural language sentences). However, for input
sequences that have a high longest-common-prefix (lcp), our
implementation will not be particularly efficient, due to the
nature of the sorting stage. We use a deep-shallow sorting
strategy with a blind trie, which was introduced by Manzini
and Ferragina in [7]. Natural language data, however, which is
our area of interest, is sorted very efficiently as it is by nature
low in lcp.

We have implemented the enhancements that are needed for
the implicit suffixtree structure as described in [1]. The hints
and algorithms described in the article form the basis of the
practical implementation.

V. PROGRAMS

The package contains three user programs. The usage of
these programs will be described in more detail in the next
three sections.

A. Patternfind

The pattern finding program looks for frequently occurring
skip-grams as patterns. A skip-gram is similar to a regular n-
gram with the possibility of containing non-consecutive skip
positions. A skip represents a wildcard, which may match any
number of arbitrary symbols. In article we will refer to such
skip positions in patterns as *SKIP* . In Figure 2 a simple
skip-gram is shown visually in a simple tree-structure.

1) Implementation: The pattern finding is done as an
exhaustive, breadth-first search over the implicit suffixtree
with pruning. During the search, the internal representation
keeps track of the pattern represented so far, for instance A
*SKIP*A, together with a set of [lcp-interval, depth] pairs.

An [lcp-interval, depth] pair represents a path through the
implicit suffixtree. The lcp interval has an associated lcp value,
which may be larger than the number of steps that have been
taken to reach the lcp interval in the specific path. For instance,
if the sequence S = abcabc is turned into a suffixarray, the
lcp interval [0, 1] has an lcp value of three as the first three
characters of the two suffixes starting with a will be abc.
Because we would like to be able to represent the step a we
also associate a depth with the lcp interval to indicate the exact
position in the implicit suffixtree. This example is illustrated
in Table II.

The suffixarray is searched using the patterns, where for
each pattern, all single steps are taken. A single step can be
an explicit symbol as defined by the pattern or a skip position
if the previously taken step was not a skip. Only continuations
of the (sub-)pattern that are directly reachable from the set of
[lcp-interval, depth] pairs are considered.
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TABLE II
ILLUSTRATING THE SUFFIXARRAY, INCLUDING THE LCP TABLE, OF THE

SIMPLE SEQUENCE abcabc.

i suftab[i] lcptab[i] suffix
0 3 0 abcabc$
1 0 3 abc$
2 4 0 bcabc$
3 1 2 bc$
4 5 0 c$
5 2 1 cabc$
6 6 0 $

Obviously applying this approach directly results in an
exponential explosion in the number of different patterns that
are found in a dataset. To keep this amount manageable a
threshold can be set. Based on this threshold, only interesting
patterns are retained.

For each pattern discovered, a prune value is computed. This
value depends on the compressibility score, which consists of
the number of items in the pattern minus one, not counting
the skip positions, multiplied by the number of times it occurs
in the sequence. In this case, the compression rate of a uni-
gram pattern is zero. To remove this limitation, we use the
frequency in the sequence for patterns of length one as the
compressibility score.

Based on the computed prune value, we decide whether the
pattern should be pruned or not. If the score of the new pattern
exceeds the prune value it is added to the pattern list for the
next round.

After taking a few of such steps a pattern emerges. In Fig-
ure 2 we show a very simple implicit suffixtree and highlight
the effect of the pattern A *SKIP* A on that example. All
dark-grey nodes in the example represent [lcp-interval, depth]
in the suffixarray that would occur in the cloud of the pattern
in this example.

After having considered all valid steps during the pattern
search phase, the remaining patterns (which have a score above
the pruning threshold) are written to output. Only the patterns
above a certain threshold are given to the user. The threshold
can be set separately from the prune value.

The program itself is implemented in template-based C++
and in its distributed form can be applied to a sequence of
text-based word tokens which are read from a file. Internally,
these are mapped to a list of numbers. The suffixarray is built
on the sequence of numbers. This list of numbers can be
transformed back into a sequence of words using the one-to-
one mapping, which is what happens during the output of the
patterns. This transparent, internal mapping is done, because
the comparison operators on integers are significantly faster
than those on sequence objects. Additionally, a list of integers
occupies less memory2.

2Personally, we run a custom version of the code that takes as input a pre-
mapped corpus that we have to manually map back and forth. By doing this
we do not have to load the mapping in memory as well. For usability reasons
we automated this process in the released tool.

A

A

A

A

B

C

A

D

Fig. 2. An example of the pattern A *SKIP* A found in a simple tree.
Notice how the *SKIP* can have different lengths. All dark-grey nodes
represent members of the [lcp-interval, depth] set associated with the pattern
A *SKIP* A.

TABLE III
THE OUTPUT OF THE PATTERNFIND PROGRAM WHEN RUN WITH THE

-HELP OPTION.

patternfind -h

Usage: ./patternfind[OPTION]...
This program reads in a corpus and stores it in a suffixarray.
It then searches for all significant patterns in the corpus.

-h, --help Show this help and exit
-f, --file FILE Filename of the corpus to be read
-p, --prune PRUNE-VALUE The value at which to start pruning the found

patterns.
Determined by the number of occurrences and the size of the pattern.

-o, --output PRINT-VALUE The value at which to start printing the found
patterns, works the same as the prune value.

If it is smaller or equal to the prune value it has no extra effect.
-s --smallestskip SKIP Minimum number of positions to skip for a SKIP

part of a pattern.
-l --largestskip SKIP Maximum number of positions to skip for a SKIP

part of a pattern.

2) Usage: The program that searches for compressing skip-
grams contained in the suffixarray is called patternfind. As
described above, this program identifies patterns that occur
frequently and hence lead to a compression higher than a
threshold. When patternfind is run with the -help option
it gives the output as shown in Table III.

TABLE IV
THE OUTPUT OF THE PATTERNPOSITIONS PROGRAM WHEN RUN WITH THE

-HELP OPTION.

patternpositions -h

Usage: ./patternpositions[OPTION]...
This program reads in a corpus and stores it in a suffixarray.

It then reads in a file of patterns and for each of those patterns
returns all occurring positions in the corpus.

-h, --help Show this help and exit
-f, --file FILE Filename of the corpus to be read
-s --smallestskip SKIP Minimum number of positions to skip for a SKIP

part of a pattern. Should be the same value as used in patternfind.
-l --largestskip SKIP Maximum number of positions to skip for a SKIP

part of a pattern. Should be the same value as used in patternfind.
-p, --patterns FILE The file containing the patterns to output the

positions of.
As output by patternfind. I.e. patternfind options > patternfile;

patternpositions options -patterns patternfile
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The most important parameters specify an input sequence
(in a file) and a prune value. The other values are optional and
only modify the default behavior of the program. For example,
we can look at the patterns found in the included README
file by executing the following command. We will set the prune
value to 10 and limit the skip to skips of the size 1–3.
./patternfind -f ../README -p 10 -s 1 -l 3

All status messages are written to standard error and all
patterns are written to standard output. A pattern is presented
together with a number representing its compressibility score
on which pruning was done. *SKIP* denotes a skip position.
At that point the pattern skips a flexible space of, in this case
[1–3] positions.

B. Patternpositions

The patternpositions program searches a sequence for oc-
currences of patterns such as those output by the patternfind
program. To specify the exact behavior of the skips, it takes
the same options as the patternfind program. It takes one extra
argument, namely the patterns file from which all the patterns
will be read. The output of its help function can be seen in
Table IV.

For each pattern in the pattern file, patternposition will print
all the positions of occurrences of that pattern in the corpus.
We can for instance run the program on the patterns we found
in the README file with patternfind in the following way:
./patternpositions -f ../README -s 1 -l 3\

-p ../README.patterns

Just like with the patternfind program we print all results to
the standard output and all the status messages to the standard
error.

C. Suffixarray

The final program included in the distribution is called suf-
fixarray. This program has only one option, the file containing
the sequence which should be used to build a suffixarray.
This file should be a plain text file containing a white space
separated sequence of tokens, such as words.

Running the program will result in a suffixarray being build
from the specified sequence after which the program waits for
input. At this point the program will answer simple n-gram
queries by reporting the number of times the typed n-gram
occurs in the sequence contained in the suffixarray. In these
n-grams it is allowed to use simple single-positions wildcards,
represented by the token *.

VI. EXPERIMENTAL RESULTS

To show practical use, we performed preliminary pattern
finding experiments on two natural language corpora: an
English-language corpus, the British National Corpus (BNC)
and a Dutch-language corpus, our own collection of texts
of local newspapers known internally as the ILK-BDEDGE
corpus.

The British National Corpus is a corpus of around 100
million words of both spoken and written English. We use

TABLE V
THE 40 HIGHEST RANKING PATTERNS FOUND IN ONE MILLION

SENTENCES OF THE BRITISH NATIONAL CORPUS. THE SCORE OF THE
PATTERN IS SHOWN AS WELL.

460718 the *SKIP* of
308872 of the
252720 the *SKIP* .
240072 the *SKIP* ,
235770 , *SKIP* ,
208494 , *SKIP* the
201894 . The
195756 the *SKIP* of the
195478 in the
191296 the *SKIP* the
176920 , and
173836 . "
162396 of *SKIP* ,
158076 . *SKIP* the
156170 of *SKIP* .
154302 . *SKIP* ,
146010 a *SKIP* of
138120 the *SKIP* and
127728 to *SKIP* the
122818 , the
111534 to the
108086 to *SKIP* .
107156 and *SKIP* .
104474 , *SKIP* and
98664 in *SKIP* ,
97588 in *SKIP* .
96626 of *SKIP* and
96318 and *SKIP* ,
96063 the *SKIP* of *SKIP* .
94191 the *SKIP* of *SKIP* ,
93480 " *SKIP* "
90878 . *SKIP* is
88758 a *SKIP* ,
88290 and *SKIP* the
88234 a *SKIP* .
85738 , *SKIP* a
83964 . *SKIP* was
81498 the *SKIP* to
81458 to *SKIP* ,
80346 , *SKIP* of

TABLE VI
10 PATTERNS FOUND IN ONE MILLION SENTENCES OF THE BRITISH
NATIONAL CORPUS. THESE PATTERNS ARE IN THE MIDDLE OF THE

SCORE-RANKING. THE SCORE OF THE PATTERN IS SHOWN AS WELL.

1872 with the *SKIP* a
1872 was *SKIP* in a
1872 to be *SKIP* , and
1872 the *SKIP* between *SKIP* and *SKIP* .
1872 that it *SKIP* not
1872 over the *SKIP* the
1872 of all the
1872 of *SKIP* in the *SKIP* the
1872 in the *SKIP* of *SKIP* "
1872 in *SKIP* will

TABLE VII
10 PATTERNS FOUND IN ONE MILLION SENTENCES OF THE BRITISH

NATIONAL CORPUS. THESE PATTERNS ARE THE LAST OF THE
SCORE-RANKING. THE SCORE OF THE PATTERN IS SHOWN AS WELL.

1002 . *SKIP* the second
1002 . *SKIP* the *SKIP* would
1002 . *SKIP* most of
1002 . *SKIP* help
1002 . " *SKIP* , *SKIP* he *SKIP* . "
1002 , *SKIP* to *SKIP* them
1002 , *SKIP* the *SKIP* this
1002 , *SKIP* fact that
1002 , " *SKIP* Mr
1001 . " *SKIP* , " he said ,
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TABLE VIII
THE 40 HIGHEST RANKING PATTERNS FOUND IN ONE MILLION

SENTENCES OF THE CORPUS OF REGIONAL DUTCH NEWSPAPERS. THE
SCORE OF THE PATTERN IS SHOWN AS WELL.

286710 . "
263612 van de
238974 de *SKIP* .
237896 de *SKIP* van
207394 . De
171850 de *SKIP* de
166406 . *SKIP* de
147504 in de
132682 van *SKIP* .
128690 te *SKIP* .
120294 de *SKIP* van de
119124 , *SKIP* de
113170 . *SKIP* is
112282 het *SKIP* van
108446 de *SKIP* ,
103996 in *SKIP* .
102382 het *SKIP* .
95998 een *SKIP* .
94398 . Het
92986 de *SKIP* in
92720 van het
80518 . *SKIP* van
79314 . *SKIP* het
77822 en *SKIP* .
77746 ( *SKIP* )
77211 van de *SKIP* .
76828 het *SKIP* de
74458 " ,
74276 ’ *SKIP* ’
72732 op de
72714 van *SKIP* ,
72386 een *SKIP* van
72266 de *SKIP* het
72176 in het
71564 , *SKIP* ,
68942 de *SKIP* en
67518 , *SKIP* en
67102 voor de
66948 aan de
63842 , *SKIP* .

TABLE IX
10 PATTERNS FOUND IN ONE MILLION SENTENCES OF THE CORPUS OF

REGIONAL DUTCH NEWSPAPERS. THESE PATTERNS ARE IN THE MIDDLE
OF THE SCORE-RANKING. THE SCORE OF THE PATTERN IS SHOWN AS

WELL.

1515 op het *SKIP* een
1515 nog *SKIP* van de
1515 naar *SKIP* . Het
1515 is het een
1515 is *SKIP* de *SKIP* van de *SKIP* .
1515 het *SKIP* in *SKIP* een
1515 een *SKIP* . *SKIP* :
1515 door de gemeente
1515 de *SKIP* . *SKIP* uit
1515 bestuur van de

TABLE X
10 PATTERNS FOUND IN ONE MILLION SENTENCES OF THE CORPUS OF

REGIONAL DUTCH NEWSPAPERS. THESE PATTERNS ARE THE LAST OF THE
SCORE-RANKING. THE SCORE OF THE PATTERN IS SHOWN AS WELL.

1002 . *SKIP* dat *SKIP* er
1002 . *SKIP* daarom
1002 . *SKIP* acht
1002 . *SKIP* Volgens *SKIP* is
1002 . *SKIP* J. van
1002 , *SKIP* of *SKIP* ,
1002 ’ , ’ *SKIP* ’ *SKIP* ’ *SKIP* ’
1002 ’ *SKIP* of *SKIP* ’
1002 " Wij zijn
1001 , 2 . *SKIP* , 3 . *SKIP* ,

a 1 million sentence chunk for our pattern finding experiment.
This chunk consist of around 21 million words.

The ILK-BDEDGE is a corpus consisting of material from
the Brabants Dagblad, Eindhovens Dagblad and De Gelderlan-
der. These are all regional, Dutch, newspapers. Again, we took
a chunk of 1 million sentences from the corpus to perform
experiments on. This chunk consists of around 16 million
words. The average sentence length is somewhat smaller than
that of the BNC.

On each of the 1 million sentences we ran the pattern finder
program with a prune value of 1000. The 40 highest ranked
patterns found on the BNC are shown in Table V. Likewise
for the corpus of Dutch local newspapers, we show the 40
highest ranked patterns in Table VIII. For English we find
23,705 patterns and for Dutch 18,004 patterns in total that
make the threshold.

The program took slightly less than 32 hours to run on
the ILK-BDEDGE corpus part we used. During that time its
memory usage peaked at approximately 700MB.

We see in these tables that function words such as deter-
miners, that delimit the overall structure of the sentences, are
found the most. Unsurprisingly, all these words together with
punctuation marks are amongst the most frequent tokens in
both languages. For instance in English we find as the most
compressing pattern the *SKIP* of and in the Dutch list the
corresponding pattern de *SKIP* van also scores very high.

When we look at the patterns found in the middle of the
pack we see less generic and possibly more useful patterns,
such as with the *SKIP* a. These patterns from the middle
can be found in Table VI for English and Table IX for Dutch.

The lowest-scoring patterns are shown in Table VII for
English and Table X for Dutch. These patterns start with
punctuation and after that specialize in a specific way. Patterns
with very low, compared to the size of the corpus, scores
are not generally very informative. These patterns could be
removed automatically by increasing the threshold.

VII. CONCLUSION

In this paper, we have described a package that contains an
efficient, flexible and practical implementation of the suffixar-
ray data-structure. Three programs are provided, allowing for
efficient search in a large sequence of symbols and for finding
interesting, compressing patterns.

The program that searches for compressing patterns has
been applied to a collection of natural language texts. The
patterns found describe the global structure of the sentences
in which they occur. These patterns can be used by linguists to
help them find naturally occurring constructions in language.

With respect to future work, this system could be applied
in different areas. For instance, another application of the
patternfind program can be found in the area of morphology.
Instead of providing a collection of sentences, as shown here,
a collection of words is provided to the system and patterns
that occur regularly within words can be identified. This may
lead to automatically found descriptions of the morphology of
words.
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Another possible application would be to apply the found
patterns of several languages to a parallel corpus. The patterns
can be used to identify often occurring patterns in the different
languages, which can then be used to align translations of
texts. Also, in the same line, the aligned patterns can be used
to enrich a phrase-based machine-translation system.

Additionally, we would like to write several extensions to
the programs, the simplest of them being a small program that
identifies contexts for a given pattern in a specific position.
This information is directly accessible in the suffixarray data
structure, but cannot easily be identified with the current
programs. Another, more complex addition we would like to
write, is a program that given a pattern finds the most pertinent
content that matches the skips in that pattern.

Finally, we would like to provide a version that is
annotation-aware, allowing it to find patterns not only with
skips that match any symbol, but taking specific annotation
layer items into account. This could lead to patterns such as
the N of the N, where the N specifies a noun as described
by an annotation layer. This final improvement should also be
extended to the program that tries to find the pertinent content
that fills up skips in particular patterns.
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Abstract—We formulate a novel problem of summarising
entities with limited presentation budget on entity-relationship
knowledge graphs and propose an efficient algorithm for solving
this problem. The algorithm has been implemented together with
a visualising tool. Experimental user evaluation of the algorithm
was conducted on real large semantic knowledge graphs extracted
from the web. The reported results of experimental user eval-
uation are promising and encourage to continue the work on
improving the algorithm.

I. INTRODUCTION AND MOTIVATION

KNOWLEDGE graphs are useful for representing se-

mantic knowledge, often automatically extracted from

open domains such as the web [1] in the form of entity-

relationship triples. In this data model the nodes represent

entities (e.g. a director or actor, in the movie domain), and

directed arcs represent binary relations between the entities

(e.g. “directed”,”acted in”, etc. in the movie domain). Multiple

arcs between nodes are allowed (as a person can be a director

and a producer of the same movie, for example) resulting in

a directed multi-graph (fig. 1). There can be weights attached

to nodes or arcs in the knowledge graph that reflect some ad-

ditional information, for example “witness count” – reflecting

the frequency of encountering the triple in the corpus, so that

an arc with high witness count could be regarded as more

“important”.

A standard example of this model is the RDF1 data format

with its SPARQL2 query language, where a query can be

viewed as a sub-graph pattern that is matched with the

knowledge base to produce the results.3

Structured query languages for knowledge graphs such as

SPARQL allow for semantic search and are very expressive,

however they are quite complex for unexperienced users and

they also assume some prior knowledge about the domain (e.g.

names of relations, etc.) which limits their applications.

Simply speaking, there are currently two extremes in search

paradigms: popular and simple keyword-based search inter-

faces that do not support semantic search, and prototype

semantic search systems that enable very precise querying but

demand a lot of knowledge and experience from the user.

1http://www.w3.org/RDF
2http://www.w3.org/TR/rdf-sparql-query
3Formally, data in RDF consists of triples: subject-predicate-object, but this

is mathematically equivalent to the multi-graph model described above

Consequently, there is a gap between these two extremes: it

would be ideal to have a tool that enables search over semantic

knowledge bases and, at the same time, is very simple and does

not assume any prior experience or knowledge.

In this paper we aim at filling this gap. Namely, we

formulate a novel problem of answering “precis” queries on

knowledge graphs, propose an efficient algorithm for solving

it, and report on prototype implementation together with

preliminary experimental results obtained on real data. Similar

problem of “precis” queries was previously considered in the

context of relational databases [4], from which we borrowed

the name “precis” (meaning a short summary about a person,

etc.) and in the context of query-dependent [3] and constrained

[5] summarisation of XML documents.

A. Related Work

Summarization has been intensively studied for text docu-

ments, for example by Wan et al.[9], specificly for scientific

papers by Hassan et al., [2], and for multiple documents by

Wan [8]. Zhang et al. [10] (as a recent example for a large set

of similar papers) consider the problem of creating concise

summaries for very large graphs such as social networks

or citation graphs; in contrast to this, our work aims at

summarizing information around a single node in a graph.

Ramanath et al. [6] propose methods for summarizing tree-

structured XML documents within a constrained budget.

Similar problem to the one discussed here, but with a special

focus on diversification was recently discussed in [7].

II. PROBLEM FORMULATION

Assume a user would like to know “something about” an

entity (e.g. “Woody Allen”) but does not know anything except

its name to start searching.

It would be desirable that a semantic search system accepts

the query ”Woody Allen” and returns some fragment of the

knowledge graph that “reasonably summarises” this entity.

Unfortunately, such kind of query is not supported by the

SPARQL standard.

The most equivalent SPARQL query seems to be “Woody

Allen” ?r ?x that requires returning the whole subgraph of

the knowledge base that is in the one-hop distance from the

“Woody Allen” node. However, such a solution might be not

the most desired one for at least two reasons:
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Fig. 1: An excerpt from a semantic knowledge graph extracted from the IMDB database, concerning the movie domain.

1) the result may be too large to be comprehended by a user

(e.g. in the knowledge graph extracted from the imdb

database that we use, concerning movies, the “Woody

Allen” node is adjacent to over 170 different arcs).

2) there may be “interesting” pieces of information con-

cerning “Woody Allen” that are “closer” (in terms of

arc weights) to the entity but are a few hops away from

it in the knowledge graph (fig. 4,5)

To address these issues we introduce two elements to our

model of “precis” query. First, we introduce a parameter

k ∈ N that models limited “budget” of user comprehension

or display device capacity, etc. that specifies the upper bound

on the number of the arcs in the presented result. Second, we

introduce a novel but natural notion of distance between an

arc a and node x in the knowledge graph. We assume it is the

minimum sum of arc weights on a path connecting x and a,

including the weight of a.

We propose the following specification of the “precis” query

problem on knowledge graphs:

INPUT: B (knowledge base) – a multi-digraph with pos-

itive, real weights on arcs (considered as distance measure

– currently, we use 1/witnessCount as the weight value); x

(entity under interest) – a node of B; k ∈ N (limit on arcs)

OUTPUT: subgraph D of B, containing at most k arcs of

B, together with their end nodes, that are “closest” to x with

respect to the arc-node distance

III. THE ALGORITHM

The problem is similar to some very well known ones such

as the single source shortest paths or incremental search, how-

ever the specific conjunction of constraints such as multiple

and weighted arcs, the notion of arc-node distance and limited

presentation budget, taken together, make it a unique, novel

graph problem, up to the author’s knowledge. We propose the

following algorithm to solve the problem (fig. 2).

It can be obiously viewed as a modification of the Dijkstra’s

single-source shortest paths algorithm adapted to the formu-

lation of our problem. In each iteration an arc is added to

RESULT thus the algorithm always stops after k iterations, at

most. If we assume that there are n edges in the radius k from

x in B and that comparison of distance value is the dominating

operation, time complexity is O(nlog(n)) if we use a hashset

implementation for RESULT and even if we use ordinary Heap

for implementing PQ (the algorithm could be faster, though,

if Fibonacci Heap is used instead).

visitTop-kClosestArcsInMultiGraph(B,x,k)

forEach a in radius k from x: a.dist := "infinity"

forEach a adjacent to x: {a.dist := a.weight; PQ.insert(a)}

while( (RESULT.size < k)

and ((currentArc = PQ.delMin()) != null) )

forEach a in currentArc.adjacentArcs:

if (not RESULT.contains(a)) then

a.dist := min(a.dist, (a.weight + currentArc.dist))

if (not PQ.contains(a)) then PQ.insert(a)

else PQ.decreaseKey(a,a.dist)

RESULT.add(currentArc)

return RESULT

Fig. 2: Algorithm for computing “precis” queries. We assume that
each arc a has two real attributes: weight and distance as well as
ad jacentArcs attribute that keeps the set of arcs sharing a node with
a (except a). PQ is a min-type priority queue for keeping the arcs
being processed, with the value of weight serving as the priority and
RESULT is a set. PQ and RESULT are initially empty. We also
assume that “infinity” is a special numeric value being greater than
any real number.

IV. EXPERIMENTAL RESULTS

The algorithm has been implemented, integrated with a

graph-visualising tool, and applied to the two real datasets

concerning the domains of movies and books, respectively

(figure 3). The selected results are visualised on fig. 4 and 5

A. User Evaluation Experiment

We also conducted a user evaluation experiment aiming at

assessing the quality of results of the presented algorithm and

collecting feedback in order to improve the algorithm.

We selected 20 active actors from the IMDB dataset, gen-

erated the summarisations for them, for two different levels of

the egde budget k: low (k= 7) and high (k= 12) (20 results for

each level). Next, we asked about 10 anonymous evaluators,

who did not know details about the algorithm, for assessing

the summaries. Technically, the summaries computed for 20

actors and for 2 different budget levels were presented to the

evaluators by a web interface. The evaluators assessed them

by answering the following questions:

• How useful do you find the result as a small entity sum-

marisation with a very limited number of facts (edges) to

be presented? (“good”,”acceptable”,”poor”,”useless”).

• How many interesting/irrelevant/missing facts are in the

presented summary? (three separate questions; possible

answers: “almost all”,”some”, “hardly any”)

The evaluators could also give optional textual explanations

of their answers. We collected about 70 assessments.
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dataset out-nodes in-nodes edges relations weights on arcs source

IMDB-1 59013 106682 536455 73 1/witness count www.imdb.com

LT-1 17254 45535 644055 12 1/witness count librarything.com

Fig. 3: Datasets used for preliminary experiments. The IMDB dataset was further used for user evaluation experiment

Fig. 4: An example of running the algorithm for precis query “Woody Allen” and k= 11 on IMDB-1 dataset. Weights represent 1/witnessCount

Fig. 5: An example of running the algorithm for precis query “Tony Albott” and k = 13 on LT-1 dataset. Weights represent 1/witnessCount

In over 80% of the cases the summary was assessed as

good or acceptable, for k= 12 (26% as good and only 19% as

poor). In majority of cases the summary was assessed as good

or acceptable (figure 6). It is noticeable that the results of the

algorithm have better quality for higher value of k, while for

the low value of k = 7, the majority of cases (67% of cases)

was assessed as poor or useless (figure 6).

Concerning the assessment of the facts (edges) selected by

the algorithm (figure 7), the algorithm selected “almost all”

or “some” interesting facts in 83% of cases, according to

evaluators. Missing facts were noticed only in 9% of cases. In

79% of cases, users did not complain about many “irrelevant”

selected facts. Again, the assessments are better for the higher

value of k= 12. See figures 8 and 9 for a detailed comparison.

V. CONCLUSIONS AND FURTHER WORK

To summarise, despite the relative simplicity of the algorithm,

the results are quite positive, especially for the higher value

of the limit on number of presented edges.

It seems that low assessments for the low value of k is

caused by the redundancy of selected facts: “actedIn” in case

of actors, or “wrote” in case of writers, for example. This is

also confirmed by some textual explanations of the evaluators.

Due to this observation, to improve the summarisation

algorithm in future continuation of this work we plan to

pay special attention to the diversification of the results as

preliminarily studied in [7].

Though experimentation on real datasets is still in progress,

the preliminary experimental results are promising since the

algorithm can reach interesting pieces of information that

Fig. 7: Assessment of selected facts over all evaluated examples:
interesting facts (left), irrelevant facts (middle), missing facts (right)

are a few arcs away from the entity under interest. We

plan to continue experimentation, also with different settings,

weights and distance computation methods and modifications

of the algorithm, e.g. regarding the diversity of the returned

summary.
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Figure 1.  Top levels of OST ontology  

B. OST Lexicon 

The structure and format of lexical entries as well as 
lexicon acquisition strategies within ontological semantics have 
been discussed at length in [1: 230-245, 322-350]; acquisition 
techniques have been outlined in [10]; and the development of 
a toolkit for automated acquisition within OST has been 
proposed in [11]. This section will offer a concise outline of the 
structure and format and briefly discuss procedures of lexicon 
acquisition, only to the extent that they pertain to the paper. 

1) Definition, functions, and format 
In OST, all language-specific information is encoded in the 

lexicon. The lexicon is a machine-readable repository of words, 
non-compositional units (e.g., “hot dog”, “gut feeling”) and 
idiomatic expressions (e.g., “buy the farm”), whose meaning is 
defined through ontological concepts and whose morphology 
and syntax is defined through a set of part-of-speech tags, 
syntactic role tags and syntactic variables, properly ordered and 
co-indexed with their semantic counterparts. 

 
Figure 2.  The concept SANDWICH 

In relation to the ontology, the content and structure of 
which is language-independent and parsimonious, the lexicon 
captures all linguistic idiosyncrasies including language-
specific senses, non-literal extensions, synonymy, homonymy, 
grammatical derivatives, optional phrasal particles, etc. As a 
resource immediately accessible by the Semantic Text 
Analyzer (STAn, see Section II C) during processing, the 
lexicon (1) directs the analyzer to the appropriate ontological 
concept, its properties, and their fillers, so that further 
computation can be performed based on that concept’s 
definition, and (2) follows restrictions stipulated in the 
ontology so that property fillers in lexicon senses can only 
narrow down (i.e., be children of) those outlined for respective 
ontological concepts or introduce new properties or fillers 
outside the branch of the parent’s filler’s ancestor. 

A lexical entry template is shown below: 

(head-entry 
 (sense-1, 2, 3… 
  (cat(n/v/adj/pro/prep)) 
  (synonyms "") 
  (anno 
   (def "") 
   (comments "Acquired by <acquirer name> on <date> 
    at <time>. ") 
   (ex "") 
  ) 
  (syn-struc( 
   (root($var0))(cat(n/v/adj/pro/prep)) 
   (subject/object((root($var#))(cat(np/vp/s)))) 
   ) 
  (sem-struc 
   (root-concept 
    (property(value(^$var# 
    (should-be-a(default/sem(concept))))))) 
  ) 
 ) 
) 

The fields “synonyms”, “anno”, “comments”, and “ex” are 
of no value to the computer and serve the human acquirer. The 
fields “cat”, “syn-struc”, and “sem-struc”, meaning “category”, 
“syntactic structure”, and “semantic structure”, respectively, 
contain crucial information about the sense used by the 
analyzer in meaning computation.  

The syntactic structure captures the position(s) a word can 
take in a clause: the root variable locates the word itself, and, 
for the case of events, syntactic roles of subject or object are 
indicated, along with their categorical features. For every 
syntactic role, a variable in the root stands for a specific word 
carrying this function. Every new syntactic role is assigned a 
new variable. If word order variation is possible, additional 
syntactic structures are listed.  

The semantic structure anchors the meaning of the sense in 
ontological concepts, commonly a head concept most defining 
for the sense. In the case of EVENTs, every syntactic role 
indicated in the syntactic structure is given its case role 
interpretation drawn from the ontological definition of the 
respective EVENT. Variables for each case role are co-indexed 
with their counterparts in the syntactic structure. Fillers for case 
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roles and other properties tighten more general ontological 
restrictions where necessary via the SHOULD-BE-A relation, the 
purpose of which is to further specify the ontological nature of 
the variable, and the DEFAULT or SEM facets, which prioritize 
and assign weights to the property values [9]. 

Figure 3 shows the entry “hot-dog-n2”, meaning a 
sandwich with a sausage rather than the other common sense of 
“hot dog” which is just the sausage by itself: 

 
Figure 3.  Lexicon sense of hot-dog 

Since no direct concept for a hot dog is available in the 
ontology, the sense has been acquired by finding the nearest 
available concept SANDWICH and constraining it with the 
property CONTAINS filled with the concept SAUSAGE. All 
ontological restrictions have been observed and further 
specified: in the ontology, the domain and range of the property 
CONTAINS are filled with the concept PHYSICAL-OBJECT (of 
which SANDWICH and SAUSAGE are descendants). 

2) Lexicon acquisition 
A standard acquisition procedure implies creating machine-

readable descriptions of lexical senses by listing appropriate 
concepts and their properties and restricting their fillers where 
needed. Given that defining the number of lexicon senses, 
choosing the appropriate head concept, and determining the 
“tightness” of restrictions for property fillers requires human 
competence, lexicon acquisition is largely human-driven. 
However, certain aspects of acquisition (entry format, inherited 
property fillers, domain/range compatibility check, template-
based acquisition of specific word classes, etc.) lend 
themselves to automation, as demonstrated by various 
implementations of OST.  

Depending on application objectives, the state of 
completion of the ontology, and the functionality of the 
Semantic Text Analyzer, three acquisition techniques have 
proven useful in various implementations [10]. Ontology-
driven acquisition leads to a lexicon with the minimal 
lexicalization of concepts (i.e. one entry per concept), which is 
time-efficient but shallow and can only be used at early phases 
of ontology acquisition. Domain-driven acquisition focuses on 
topic-related vocabularies and onomasticons, repositories of 
named entities, as well as specific word classes, and is aided by 
the analysis of resulting text-meaning representations (TMRs) 
of domain-specific corpora and “gap detecting” toolkits 
identifying missing senses with further part-of-speech sorting. 
Analyzer-driven acquisition, the main method for quality-
control and improvement, implies testing every newly acquired 
entry by the analyzer, followed by TMR analysis and 
subsequent modifications of the lexicon entry, ontological 
concepts, or functioning analyzer modules.  The approaches are 

supplementary to each other, although, in practical 
applications, the domain-driven acquisition tends to dominate 
in order to ensure optimal lexical coverage and to minimize 
unattested input.  

C. Semantic Text Analyzer and InfoStore 

The Semantic Text Analyzer (STAn) is a software that 
interprets text according to knowledge from ontology and 
lexicon and assigns a TMR to each clause, with textually 
related clauses as linked TMRs. STAn does not have a 
graphical interface as its output is written directly into the 
InfoStore database, which collects all correctly processed 
TMRs. Thus, InfoStore is in unique possession of all machine-
understandable interpretations of all texts processed, which it 
can then use to guide further interpretations by adding the 
counterpart of the linguistic and extralinguistic knowledge that 
humans use to disambiguate, complement meaning, and 
reasoning contextually.  

For the work reported in this paper, we have not yet used 
InfoStore, but concentrated on STAn’s interpretation results 
obtained only with the current limited ontology (about 2,000 
concepts) and English lexicon (about 25,000 senses). The 
influence of the InfoStore on the overall interpretation process 
and the treatment of MWEs in particular as well as the 
resulting ontological adjustments deserve treatment in a 
separate paper. 

Figure 4 shows STAn’s interpretation of the sentence 
management attempts to comply with local employment 
legislation in debug mode. A more readable version of the final 
TMR is in Figure 5. 

 

Figure 4.  STAn’s interpretation of management attempts to comply with 

local employment legislation 

follow-plan1  
 (agent(value(manager1 
  (number(greater-than(1))) 
 )))   
 (theme(value (law1  

  (has-topic(value (hire-employee1))) 
 ))) 

 (potential(equal-to (1))) 

Figure 5.  A formatted TMR of management attempts to comply with local 
employment legislation 

Figure 6 shows results that are derived from processing 
done with a simple InfoStore to illustrate the capabilities of an 
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OST system. It shows a set of documents retrieved from 
InfoStore that use the concept for firing of employees, listed 

separately as to which surface word triggered the concept, e.g., 
fire, as opposed to terminate, discharge, dismiss, etc. 

  

 
Figure 6.  An example of processing with InfoStore

III. MULTIPLE WORD EXPRESSIONS: N+N+ 

In this section, we apply OST to the semantic analysis of 
English compound nouns. Such constructions are notoriously 
difficult to interpret, not only because of the English 
morphology which allows the adjectival usage of the first noun 
but mostly because any such construction can be analyzed 
syntactically as the transform of a clause, where the two nouns 
can be in any number of meaning relations. In other words, 
syncretism, prevalent in natural language in general, manifests 
itself here in the worst possible ways. 

For example, the construction IBM lecture can mean a 
lecture about IBM, by IBM, at IBM, or sponsored by IBM ([1] 
see also [4, 12]), and the human hearers/readers have to use 
their knowledge of the world to understand the construction 
correctly—or to ask a clarification question about the intended 
meaning. Since no syntactic analysis can differentiate among 
the various possible semantic relations between the two words 
of a noun + noun compound, it is a good test case for the OST 
semantic capabilities.  

It appears that [13: 589-591] contains a reasonably grain-
sized listing of the possible meaning relations, which is 
reproduced below in an abbreviated form: 

 

o Composition  
o N2 is made from N1 
o N2 consists of N1 

o Purpose 
o N2 is for the purpose of N1 
o N2 is used for N1 

o Identity 
o N2 has the same referent as N1 but classifies it in 

terms of different attributes 
o Content 

o N2 is about N1 
o N2 deals with N1 

o Source 
o N2 is from N1 

o Objective type 1 
o N1 is the object of the process described in N2 or of 

the action performed by the agent described in N2 
o Objective type 2 

o N2 is the object of the process described in N1 
o Subjective type 1 

o N1 is the subject of the process described in N2 
o N2 is nominalized from an intransitive verb 
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o Subjective type 2 
o N2 is the subject of the process described in N1 

o Time 
o N2 is found at the time given by N1 

o Location Type 1 
o N2 is found or takes place at the location given by N1 

o Location Type 2 
o N1 is found or takes place at the location given by N2 

o Institution 
o N2 identifies an institution for N1 

o Partitive  
o N2 identifies parts of N1 

o Specialization 
o N1 identifies an area of specialization for the person 

or occupation given in N2; N2 is animate 
 

It is immediately disclaimed in [13] that some cases may 
belong to two or more classes and that some cases may belong 
to none. What is clear is the mixed syntactic/semantic nature of 
the taxonomy, with the objective- and subjective-types clearly 
standing out as shallow and, therefore, semantically vague, thus 
guaranteeing the pretty crippling heterogeneity of the members 
of these classes. 

We have selected the first 100 noun + noun expressions 
from the Enron corpus (http://www.cs.cmu.edu/~enron/), 
starting from a randomly selected text, and manually assigned 
each of them to the most appropriate of the class(es) above. We 
excluded from the selection the multi-word phrasals that OST 
treats as single lexicon entries as well as proper nouns. Several 
of the expressions were of the noun + noun + noun type, and 
we considered them as a single expression rather than two: the 
selected 100 expressions contain 6 triple-noun ones. Next, we 
ran STAn on the actual sentences containing these 
constructions and compared the OST treatment of them with 
the above taxonomy. 

It is important to understand that OST deals with deep 
semantics, and therefore recognizes the fact that a shallow 
semantic—or even such a morphosyntactic category as part of 
speech—does not determine the ontological basis of a word. 
Thus, nouns in OST can be anchored in EVENTs (a walk), 
PROPERTYs (color), or OBJECTs, even though the last type is 
prevalent by far. The part of speech is used as a clue, often an 
unimportant one, along with other grammatical (morphological 
and syntactic) information because the emphasis in OST 
analysis is always on matches of semantic properties. These 
clues are nevertheless collected and used as needed in the 
analysis. As mentioned, noun + noun expressions are 
particularly interesting and difficult to analyze precisely 
because the grammatical clues fail to help in differentiating 
among the numerous types of connection between N1 and N2. 

For any N1 + N2 construction, therefore, the Semantic Text 
Analyzer looks for a property of, typically, N2 such that N1 
falls in the range of this property’s value. The predominantly 
prepositive nature of the English adjectival constructions 
makes the reverse situation—when N2 is the value of the 
property of N1—rarer. The property, or semantic relation, is 
(automatically) selected by STAn so that: 

max
p"P

{ max
fct"Facet

{IC (p( fct (ID ))) * const * inhd (i

i

# )}} , 

where P is the property (p) set, Facet is the facet (fct) set,  and 
IC and ID are interpretations of the meaning of N1 and N2 with 
C and D being concepts  in D; where D is the disjoint union of 
Dc (concepts) and Dd (literals), and given its interpretation 
function I, for every atomic concept B, I[B] !Dc; I 
[C(Rel(Facet(D)))] !Dc, I [C(Rel(Facet(D)))] = I [C] "I 
[Rel(D)]; and where i is C, D or p and inhd(i) is the inheritance 
distance measure. 

In other words, after STAn selects all the properties of the 
concept(s) underlying either noun, such that the meaning of the 
other noun fits the range of those properties or the properties 
themselves, the main task becomes the selection of the most 
appropriate connecting property, and this is where the 
weighting metric described above becomes crucial.  

A. Analysis of 100 N+N(+N) with Biber’s taxonomy 

We agree with [13] that some of the N+N expressions fall 
under several categories: we found 17 such cases. Most of 
these due to somewhat vague definitions of such rubrics as 
Content and Identity, but others resulting from the mixed 
syntactic/semantic nature of the taxonomy, so that business 
community planning could be described equally well as 
Content or Objective type 1. Also, an expression could be 
ambiguous, and the alternative meanings could belong to 
different rubrics and the sentence containing such an 
expression was not sufficient for disambiguation in isolation 
(and, as we mentioned above, we are not using InfoStore for 
this paper). 

Table I shows the taxonomic distribution of the 100 
expressions; those that belonged to two or more rubrics were 
counted as many times, thus driving the total above 100. The 
rubrics not represented in our sample are omitted.  

TABLE I.  TAXONOMIC DISTRIBUTION OF THE 100 EXPRESSIONS 

Taxonomic rubric Number of expressions 

Composition 1 

Purpose 11 

Identity 20 

Content 22 

Objective type 1 19 

Objective type 2 3 

Subjective type 1 15 

Subjective type 2 3 

Time 2 

Location type 2 3 

Institution 7 

Partitive  4 

Specialization  6 

No appropriate rubric 2 
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This open-ended and somewhat vague classification is 
hardly suitable for computation. In the next section we will 
demonstrate the results of the OST analysis of the same 
expressions, and compare these results with these in the most 
populous rubrics above. 

B. Analysis of 100 N+N(+N) with OST 

As mentioned above, English nouns can be anchored in 
OBJECTs, EVENTs, or PROPERTYs from the OST ontology. Thus, 
a more meaningful, although still crude classification is 
between these types, shown in Table II. 

In English adjectives predominantly precede the nouns that 
they modify. Accordingly, the adjectival use of nouns before 
other nouns, possible in English because of its impoverished 
morphology, makes N1s in N1 N2 sequence the modifier of N2 
much more frequently than the other way around. This 
premodification prevails in our sample, with just a sample of 
postmodification expressions.  

TABLE II.  TOP LEVEL ONTOLOGICAL DISTRIBUTION OF THE 100 

EXPRESSIONS 

N1 N2 (N3) Number of expressions 

Event Event 11 

Event Object 13 

Event Property 4 

Object Event 19 

Object Object 33 

Object Property 6 

Property Object 5 

Property Event 1 

Object Event Object 3 

Property Event Object 1 

Property Object Event 1 

Object Object Object 2 

Object Event Event 1 

STAn relies on premodification-oriented rules and goes into 
the postmodification regime only after failing to find any 
possible premodified interpretation. As an example, consider 
monitor performance (taken from our data): while it is likely 
that a human will interpret it as monitor for performance 
(postmodification), the premodified interpretation is 
performance of the monitor, and it is the latter that was easier 
for STAn to access according to the rules it uses. 

Honoring, as it were, the predominance of premodification 
in the sample and in the language, we will refer to N1+N2 
constructions as EVENT-, OBJECT-, or PROPERTY- driven when 
N2 is an EVENT, OBJECT, or PROPERTY, respectively. The 
interpretation of the EVENT-driven expressions is clearly 
delimited by the properties of the events, such as AGENT, 
INSTRUMENT, THEME, LOCATION, etc, and just as many objects 
in a regular sentence fit comfortably enough as the fillers of 
these properties, they do so in the N+N expressions. 
Unfortunately, this group is minority in the sample (33 

instances). The EVENT + EVENT combinations present several 
additional alternatives for the analysis, and the interpretation is 
typically more difficult, often requiring InfoStore input. 

The PROPERTY-driven compounds are easy to compute as 
the portion most difficult to find, the property, is explicitly 
stated in N2. The only work that is required is then to check 
whether N1 should be in the domain or range of the given 
property.  

The OBJECT-driven compounds, which constituted the 
majority of the sample (57 instances), are more difficult to 
interpret correctly than the previous two groups. Problematic 
among them are OBJECT + OBJECT expressions that require 
some connection, where this connection might go far beyond a 
single property, but rather require a “story” involving the two 
objects. Ellipses (see below) are rampant in this category: thus, 
group plan is actually an insurance plan for the group. 

Using the taxonomy in [13], Table III indicates significant 
OST subclasses in the most populous taxonomic rubrics where 
the nature and difficulty of computational treatment differ a 
greatly from one subclass to another.  

TABLE III.  TOP LEVEL ONTOLOGICAL DISTRIBUTION OF THE 100 

EXPRESSIONS 

Biber \ OST Object=N2 Event=N2 Property=N2 

Identity 15 3 2 

Content 15 6 1 

Objective 1 8 11 0 

Subjective 1 1 12 2 

It is interesting to see how many different connecting 
properties OST establishes on the OBJECT-driven subclasses, 
the two most populous ones being the Identity and Content 
rubrics. The properties listed here were found by STAn and 
recognized by human expert judges as correct:  

o Identity/OBJECT-driven: 

o HAS-SOCIAL-ROLE 

o SALIENCY 

o RANK 

o EMPLOYED-BY 

o Content/OBJECT-driven: 

o HAS-TOPIC 

o REPRESENTED-BY 

Thus, the OST properties provide a finer grain size. They 
also can move an expression from one rubric to another, 
overriding the weak intuition of a human taxonomist or 
confirming one of the possible choices and excluding the other.  

Let us repeat the procedure for the next two most populous 
EVENT-driven subclasses:  

o Objective type 1/EVENT-driven: 

o INSTRUMENT 
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o EXPERIENCER 

o THEME 

o THEME-OF 

o HAS-TOPIC 

o Subjective type 1/EVENT-driven: 

o AGENT 

o LOCATION 

o THEME 

o EXPERIENCER 

o BENEFICIARY 

o PART-OF-EVENT 

The 6 subtypes of the last type are particularly noteworthy 
because they include almost all of the common event properties 
in OST, INSTRUMENT notoriously but understandably missing.  

C. Evaluation 

1) Types of evaluation 
There are multiple factors contributing to the process of 

correct interpretation in OST. As far as noun compounds are 
concerned, these factors include: 

o First and foremost, the correct disambiguation of each 
noun’s meaning. 

o The identification of the possible connection(s) 
between the nouns in the expressions, according to the 
ontological world model. 

o The discovery of the best interpretation of the 
expressions.  

o The assignment of the highest rank (weight) to the 
TMR with the best interpretation. 

2) The numbers 
For the final version of the paper, we used STAn 4.0 for the 

evaluation. In the 100 expressions that we used, there were 205 
words, most of them with several senses in the OST lexicon. 
196 senses of them (or 95.6%) were selected correctly. In the 
few cases when the words had only one sense each in the 
lexicon, OST still checked (and the human expert verified) 
whether the sense fit. So, technically, in 95.6% of the nouns the 
correct sense was reliably selected.  

Next, we evaluated whether STAn selected a connection 
between the nouns which was possible according to its world 
model and plausible for human experts, according to their 
world knowledge. The triple-noun expressions count as one 
successful selection only when the entire interpretation is 
possible. We encountered 84 possible interpretations (or 84%) 
in our sample. 

Obviously, only some of these possible interpretations 
could be considered the best of all possibilities in the given 
context. However, STAn also has a chance to rank its 
preference towards sentence interpretation. In other words, the 
degree of success in interpreting a noun + noun expression may 

be subordinated to the correct interpretation of the rest of the 
sentence. We are interested here in whether the best 
interpretation, according to the human experts, was found; and 
the number for that is 69 (69%); again, the triple-noun 
expressions counted as one unit. 

Yet a lower number corresponds to the those correct 
interpretations that were ranked the highest by STAn: 

o 46 of them had the highest rank 

o 8 of them had the second-highest rank 

o 6 of them had the third-highest rank 

o 9 more were lower than the third-highest rank 

Therefore, given a choice between TMRs, the selection by 
STAn and the human experts coincided 66.(6)%, or exactly 2/3 
of all cases in the sample. 

3) Sources of failure 
There are three major reasons for failure, all of which will 

be removed at the later stages of OST implementation. First, 
we ran this sample on a limited lexicon, supported by a limited 
ontology. Both of these are steadily expanded—see [2] for the 
cost and time estimates for OST acquisition. The Unattested 
Input Module was not activated in this experiment, thus 
lowering STAn’s robustness.  

Second, we marked 9 conspicuous cases of ellipsis, 
accounting for 60% of all failures to identify the possible 
connection, and a closer analysis would probably reveal several 
more cases. As we mentioned before, STAn couldn’t handle 
group plan correctly because it lacked the information that it 
was actually a group insurance plan. Semantic ellipsis remains 
an underrecognized and underexplored phenomenon, leading 
researchers to giving up occasionally on interpretations of such 
expressions—see, for instance, [14] on the meaning of fast 
motorway. OST can interpret the meanings of such expressions 
by looking at the domain of SPEED—“fast” is in the range of 
this property—and the conceptually contingent CAR, which is 
what is fast on the motorway.  

For the reconstruction of ellipsis, OST has to use InfoStore, 
and the choice not to use information in it for this experiment is 
the third major reason for the failures, especially when the 
discovery of the best property and TMR ranking are concerned.  

These and other possible problems are going to be corrected 
in the course of further OST implementation.  

IV. SUMMARY 

We demonstrated, on a limited sample of 100 N+N+ 
compounds, the principles of analysis and computational 
interpretation for compositional multi-word expressions in 
Ontological Semantic Technology. We compared this OST-
based methodology with the traditional taxonomy for the 
meanings of noun compounds and achieved a finer grain size 
with the former. While the numbers characterize the 
experiment as reasonably successful, we also indicated the 
clear directions of improvement in the course of further OST 
implementation. 
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Abstract—In this paper, we describe the adaptation process
of Apertium, a free/open-source rule-based machine translation
platform which is operating in a number of different real-life
contexts, to the linguistic needs of the Universitat Oberta de
Catalunya (Open University of Catalonia, UOC), a private e-
learning university based in Barcelona where linguistic and cul-
tural diversity is a crucial factor. This paper describes the main
features of the Apertium platform and the practical developments
required to fully adapt it to UOC’s linguistic needs. The settting
up of a translation service at UOC based on Apertium shows
the growing interest of large institutions with translation needs
for open-source solutions in which their investment is oriented
toward adding value to the available features to offer the best
possible adapted service to their user community.

I. INTRODUCTION

Machine Translation (MT) is one of the classic tasks of
Natural Language Processing (NLP) and still an ongoing prob-
lem. Since the first attempts, dating from the 1950s [1], the
presence of MT in a multitude of assimilation (understanding)
and dissemination (publishing) scenarios has increased, as
has interest in producing and accessing multilingual content.
Companies, public and private institutions, and individual
users have looked for solutions to cover their needs and this
increasing demand has led, in the last years, to a growing
interest of big companies (such as Google1) or big public-
funded projects (such as EuroMatrix2) for the field of MT.
The number of MT initiatives has risen greatly in recent years,
mainly in statistical MT, as a result of the availability of vast
multilingual parallel texts, but also in rule-based MT, example-
based MT or hybrid systems. Many of these efforts have
been released in the last decade as free/open-source systems
(FOSS)3 making MT available to the whole user community
and not just to restricted groups.

This is the case of the Apertium4 FOSS MT platform
presented in this paper. Apertium is a framework in which rule-
based machine translation systems can be created. It was first
released in 2005 with only two available language pairs while
today there are more than 20 stable language pairs available.
Apertium has, since then, been chosen by a range of users to

1http://google.translate.com
2http://www.euromatrixplus.net/
3See FOSS MT systems at http://computing.dcu.ie/∼mforcada/fosmt.html
4http://www.apertium.org

meet a number of MT needs. Examples can be seen in a wide
variety of scenarios:

• individual users interested in using or developing the
Apertium platform,

• less-resourced language communities, interested in in-
creasing language visibility,

• research groups interested in carrying out R&D projects
related to MT or NLP,

• companies interested in using MT or in improving the
platform for internationalization or to offer commercial
services,

• companies from the translation or localization industry
interested in increasing productivity,

• public administrations interested in promoting languages
and language technologies or,

• academic institutions working in multilingual environ-
ments.

From the scenarios above, we can see that Apertium is
used in many different real-life contexts5. Apertium is, for
example, used to publish online bilingual versions of La Voz
de Galicia newspapers in Spanish and Galician, to generate,
via translation, book reviews in many languages on the online
Casadellibro.com bookshop or, recently, to produce bilingual
versions of the University of Alicante (UA) website in Spanish
and Catalan. Beyond Spain, Apertium is being used in com-
panies such as Autodesk, where it is used to produce rough
translations from Spanish into Brazilian Portuguese [2] as part
of its localization workflow.

One of the most successful industrial applications of Aper-
tium is the online MT web service at the Universitat Oberta
de Catalunya (Open University of Catalonia, UOC). A long-
term project developed within the UOC in collaboration with
Prompsit Language Engineering, as the Apertium service
provider, was set up in July 2008. The aim of this project
was to improve and adapt Apertium to the UOC’s needs for
a translation service on its virtual campus. All the adaptations
and improvements made by the UOC are free and open-
source, and available on the Apertium platform. The UOC has
become a regular developer on the Apertium platform, making

5http://www.translationautomation.com/technology/open-mt-ready-for-
business.html

Proceedings of the International Multiconference on
Computer Science and Information Technology pp. 525–530

ISBN 978-83-60810-27-9
ISSN 1896-7094

978-83-60810-27-9/09/$25.00 c© 2010 IEEE 525



contributions and benefiting from the improvements made by
the whole Apertium community.

This paper describes Apertium and its application in the
context of the UOC. Section II describes the Apertium plat-
form and its main innovative features. Section III sets out
the language needs at the UOC, and how Apertium has been
integrated in response to these needs. Section IV presents
the evaluation and user feedback obtained after integrating
Apertium, and finally, section V details the main conclusions
and work for the future.

II. APERTIUM

This section includes a description of the tool: the general
architecture, a more specific technical description, and its
historical evolution.

A. General Architecture

Apertium is a rule-based MT platform providing the engine,
tools and data for a large number of languages under the
GNU General Public License6, and it is being developed by
a community of users worldwide. The platform has been
described in depth in papers such as [3]. Here is a brief
overview of the platform, its history and the main innovative
features.

B. Technical Description

The Apertium MT engine is a shallow-transfer system
consisting of pipelined independent modules that intercom-
municate using text streams (see the architectural diagram
in Figure 1). Modules can be used in isolation and other
modules can be added to the pipeline. Data and engine are
fully decoupled to make the engine language-independent.
During the translation, finite-state lexical processing, statistical
disambiguation and shallow structural transfer based on finite-
state pattern matching takes place. Linguistic data feeding the
engine are coded in XML-based files which are compiled into
binary format (finite-state letter-transducers [6]) to speed up
the translation process (10,000 words can be processed per
second on a basic desktop PC). An extensive documentation
is also available7.

The technology behind it is largely based on that of systems
already developed by the Transducens group at the University
of Alicante (UA), such as the Spanish–Catalan MT system
interNOSTRUM8 [4], and the Spanish–Portuguese translator
Traductor Universia9 [5].

Apertium-based systems consist of three different packages:

• apertium: MT engine modules for format management
(deformatters and reformatters), part-of-speech tagging
(tagger) and transfer tasks (structural transfer).

6http://www.gnu.org/copyleft/gpl.html
7The Apertium Wiki provides documentation of a wide variety of develop-

ment and usage scenarios (http://wiki.apertium.org/).
8http://www.internostrum.com
9http://traductor.universia.net

• lttoolbox: toolbox for processing and compiling letter
transducers into which data are transformed (morpholog-
ical analyzers and generators, lexical transfer and post-
generators).

• apertium-l1-l2: language package containing
XML-based data for translating between two languages,
l1 and l2, (monolingual and bilingual dictionaries,
post-generation dictionaries, data for part-of-speech
tagging).

Moreover, the system has the following modules that are
connected in a serial way to produce translations of texts in a
diversity of formats:

• Modules for format processing: they are in charge of
separating (without removing) the original format infor-
mation from text to be translated and restoring the format
at the end of the translation process. The deformatter
and the reformatter are the modules that perform this
processing.

• Modules for lexical processing: they use the information
contained in the monolingual and bilingual dictionaries.
These are:

– the morphological analyzer, which provides all the
possible lexical forms (consisting of lemmas and
morphological information) for each word (surface
form) in the original text;

– the lexical transfer of the transfer module, which
performs the word-by-word (or multiple-word-by-
multiple-word) translation of each lexical form de-
livered by the morphological analyzer and, if needed,
disambiguated by the lexical disambiguator;

– the morphological generator, which generates the
correct surface form for each lexical form of a word
coming from the transfer module;

– and the post-generator that performs some ortho-
graphical tasks such as contractions.

• Lexical disambiguator: it provides, based on probability
estimates, one single lexical interpretation (and the most
probable but not always the correct) of an ambiguous
word for which the morphological analyzer delivers more
than one lexical form.

• Structural transfer module: it performs one or three
pass transfer operations (depending on the language pair)
to apply structural changes between source and target
language such as gender, number or case agreement,
reorderings, changes in verb tenses (including clitics)
or verbal structures, changes in prepositions, generation
or deletion of partitives, articles, prepositions or subject
pronouns for non-pro-drop languages, etc.

C. Historical Evolution

Since 2005, with the first release of the engine (which was
aimed at dealing with closely related languages), tools and the
Spanish↔Catalan and Spanish↔Galician pairs, the Apertium
platform has been extended greatly:
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Fig. 1. Modules of the Apertium machine translation system

• more than 22 language pairs have been released10 and
many others have been started or are in development,

• the engine has been improved to deal with less related
languages (thanks to the three pass transfer) and to be
Unicode compliant

• file format support has been extended to all Office for-
mats, Quark-Xpress, special XML-based formats, etc.,

• support for translation memories has been enabled (still
experimental),

• language variants, polysemic or specific domain manage-
ment has also been enabled,

• applications and tools have been developed for Apertium,
such as Tinylex11, a version of the bilingual dictionaries
for mobile devices; apertium-subtitles, a tool
for translating subtitles; user interfaces or add-ons for
Firefox, and

• research on social MT development based on Apertium
is currently being developed as part of a project entitled
Tradubi [7].

All these efforts result in the continuous improvement of
the Apertium platform and are carried out by a worldwide
community of developers and committers acting individually
or as groups in companies, organizations, research groups, etc.

We found that Apertium is especially suitable for its inte-
gration inside universities like UOC for various advantages:

• Open source: Apertium is licensed under the GPL (GNU
General Public License). This implies that the source
code is provided with the application, and this allows
UOC to adapt both the MT engine and the linguistic data
to its specific needs.

• Free software: GPL requires all derivative software to be
also licensed under GPL; this promotes the availability
of all new source code developed for Apertium by the
user community. Therefore, anyone using the system

10http://wiki.apertium.org
11http:www.tinylex.org

automatically benefits from new developments made by
third parties, both on the engine and the data.

• Predictability: Given that Apertium a rule-based MT sys-
tem, the obtained results when translating documents are
highly predictable. We believe that this is an advantage
over other non-rule-based MT technologies for several
reasons. Firstly, many of the systematic mistakes made by
the MT system can be corrected in a systematical way.
Secondly, human post-editors, once accustomed to the
system behavior, are able to reduce the amount of work
checking the original when post-editing a document. This
reduction, which can even be automatized, makes their
work simpler and more productive.

Some of the improvements described above, as well as
linguistic improvements in existing language pairs, were made
by Prompsit as part of the development project designed by
the UOC as described in the following section.

III. PRACTICAL DEVELOPMENTS FOR ADAPTATION TO THE
UOC

The UOC is a private Catalan online university whose
mission is to provide people with lifelong learning and edu-
cation. The UOC community is made up of more than 54,000
students, over 2,000 teaching counsellors and faculty working
alongside an administrative staff of around 500 people. More
than 1,475,000 documents have been downloaded from its
Virtual Campus12, including articles, studies and teaching
materials. Given these figures and the fact that the university
mainly works with three languages: Catalan, Spanish and En-
glish, there is the vital need to make intensive use of language
technologies. Thus, the Office of Learning Technologies13 and
the Language Service14 at the UOC have been developing
several language tools [8] in order to exploit and reuse the

12Data from academic year 2007-2008
13http://learningtechnologies.uoc.edu/
14http://www.uoc.edu/serveilinguistic/
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language data generated by the University. In this context,
several machine translation tools were evaluated. Apertium,
thanks to its modular architecture, fully customizable nature
and coverage of the languages used at the UOC, was adopted
and improved on to meet the University’s needs. Once Aper-
tium was selected, it was integrated with the aforementioned
language tools in order to create a document flow [9] for semi-
automation of language processes. Below is a description of
the translation service functionalities available and the user
interface developed as part of the integration process.

A. Features Installed and Improvements Developed

Apertium has been installed on the UOC’s Virtual Campus
and is available both for faculty and administrative staff. The
translation service has been set up for Catalan, which is the
language used most frequently at the University, and the sup-
ported language pairs are Catalan↔Spanish, Catalan↔English
and Catalan↔French. The functionalities implemented in-
clude:

• text translation
• document translation
• translation as you browse
• advanced HTML treatment (with structure validation)
• compressed files
• TMX utilization creation

The integration in the Virtual Campus involved a series of
specific actions in order to meet the UOC’s needs. An upgrade
was performed on the dictionaries using specific vocabulary
extracted from the UOC’s website. Regarding formats, specific
support for Microsoft Excel and PowerPoint was developed.
The marking of unknown and ambiguous words was adapted
to ease post-editing.

Moreover, support for compressed files was developed so
that users could send rar, zip, 7z, tar.bz or tar.gz files and
receive an equivalent file with its contents translated.

In terms of the translation workflow, the use of translation
memories prior to the machine translation phase was intro-
duced in order to reuse the information generated within the
university. This is especially useful in an institution where
some departments generate similar documents, in which only
small parts of them are modified, and many of the sentences
translated could be reused in future translations. Moreover,
since professors need to generate documentation in very
specific domains, translation memories can help ensure more
accurate and personalized translations.

B. User Interface

A special user interface was developed to integrate all the
functionalities adopted or developed to create the translation
service. This interface is available in Catalan, Spanish and
English. Its different functionalities are structured by means
of browser-like tabs as shown in Figure 2. Help is provided
by means of HTML pages, and a downloadable PDF file, with
detailed information on each functionality.

Fig. 2. Apertium user interface

TABLE I
ERRORS OBSERVED WHEN TESTING THE FORMAT QUALITY OF

ELEVEN DOCUMENTS.

Part of document DOC PPT XLS
titles and subtitles 1 0 0
paragraph structure 0 1 0
bold and italics 0 1 1
figures 0 1 0
tables 0 1 1
headings and footnotes 3 0 0
lists 0 0 0
apostrophes 3 0 1
content (missing parts) 0 0 0
strange characters 2 0 0

IV. EVALUATIONS

Before releasing the first version of the translation system
in December 2009, a series of tests were carried out in order
to check its effectiveness in handling formats and the user
interface’s usability. To do so, we followed some of the ideas
introduced in [10] and [11]. This section briefly outlines the
design and the results obtained in both tests, performed by nine
people from the university staff who volunteered to evaluate
system quality for different formats and the usability of the
interface.

After the release, the developers compiled user feedback
from the suggestions and questions submitted to an address
given for this purpose. The last part of this section summarizes
the comments, frequently asked questions and suggestions
made by users in order to improve interface usability and
format handling.

A. Format quality test

The aim of the format quality test was to evaluate whether
the use of different file formats led to problems in the
translations or not, focusing on DOC, PPT and XLS formats.
Table I shows the errors encountered by the nine evaluators
in different parts of documents for each file format: titles and
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subtitles, figures, missing parts or strange characters in the
translation, etc. A total of eleven documents were tested by
the evaluators.

It can be seen from the table that most of the errors
encountered were related to Microsoft Word documents and
headings, footnotes and the appearance of strange characters.

Nonetheless, when enquiring about system performance
when translating compressed files (zip), no problems were
encountered: the format and folder structure were maintained
in the output file, and all the files included in the compressed
folder were completely translated.

This test allowed us to identify and solve minor problems
when dealing with formats. This was true in particular when
translating Microsoft Office documents, due to their closed
internal structure.

B. Usability test

The goal of the usability test was to evaluate the general
level of user satisfaction regarding a number of aspects. We
mainly wanted to detect possible inconveniences in the infor-
mation layout and the user’s ability to perform the intended
tasks. Table II shows the results obtained where NA stands for
not answered, 0 means disagree entirely, 1 means disagree, 2
means agree, and 3 means agree entirely.

TABLE II
DEGREE OF SATISFACTION IN THE INTERFACE USABILITY TEST

Concept evaluated NA 0 1 2 3
easy-to-use interface 2 0 0 3 4
information easy to find 2 0 1 2 4
information clearly organized 2 0 1 2 4
submitted tasks completed 3 0 0 2 4
understandable help 3 0 1 3 2
help easy to find 3 1 0 2 3
easy to access interface 2 0 0 3 4

As can be seen from the table, generally speaking, the
interface’s usability was rated highly.

C. User feedback

Once the translation system was opened to the UOC com-
munity, users had the opportunity to send their questions and
suggestions. More than 400 users visited the web every month,
and among the most frequent errors made were forgetting to
select the format type via a drop-down menu. This menu
left room for errors when selecting the appropriate format
and this situation could have been avoided from the start
by incorporating the automatic format detector that it is
used when translating compressed files. Another of the most
frequent errors was to try to translate a type of document
that differed from the default extension, or cutting and pasting
XML files into Word documents instead of translating them
in XML format. This error stems from use of the previous
machine translator used by the UOC community, where XML
documents were translated in this way.

Among the suggestions received, the most frequent were
to include the translation of PDF documents or automatic
selection of the file format, whereby the user does not need
to be aware of the type of file they wish to translate.

The feedback we obtained led to a series of actions. First
of all, we compiled the most frequently asked questions
in a document, providing answers to these questions. This
document was made available through the user interface so
it could be easily accessed by users.

D. Linguistic quality

An evaluation of the linguistic quality of the three available
language pairs was carried out after the integration of the
Apertium system at the UOC. These three pairs are at different
levels of development:

• Spanish↔Catalan is the most actively developed pair
inside the Apertium platform, having, for example, more
than 41,000 bilingual correspondences in its dictionaries.

• English↔Catalan has also been part of various develop-
ment projects. It has around 34,000 bilingual correspon-
dences.

• French↔Catalan is the least improved pair, still consid-
ered a prototype, with around 12,000 bilingual correspon-
dences.

The evaluation was done using the tool apertium-eval-
translation, which compares the marked Apertium output of a
text (unknown words are marked with a star before the word)
and a post-edited version of the same text to calculate some
evaluation variables based on edit-distance techniques. During
our evaluation, two variables were assessed: Coverage, i.e. the
percentage of words for which Apertium returned at least one
translation, and Word Error Rate (WER), i.e. the percentage
of words being post-edited to convert the MT output into
the post-edited file, as shown in Table III. These results are
the ones obtained after improving for Spanish↔Catalan as
part of the development project carried out by the UOC.
Catalan↔English is also being improved as part of two
projects led by the Linguamon-UOC Chair in Multingualism.
Catalan↔French is almost at the same level of development
as it was before starting the project.

TABLE III
SAMPLE APERTIUM MT SYSTEM OUTPUT QUALITY.

Language pair Coverage WER
Spanish-Catalan 97.1% 4.3%

Catalan-English 94.1% 29.3%

Catalan-French 92.4% 21.9%

V. CONCLUSIONS AND FUTURE WORK

We have presented the details of the integration of a web-
based translation service based on Apertium at the UOC. This
integration was conducted together with a series of evaluations
that lead us to make minor changes in the overall project in
order to better meet UOC users’ needs. The translation service
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has been running since December 2009 and the number of
unique visitors in the first five months adds up to more than
600. Given that figure and the positive feedback obtained from
the users via e-mail and the different evaluations made, we
can say that the translation service has had a general good
acceptance. Once we covered an internal testing period, and as
a conseqence of the general good acceptance of the system, we
decided to provide the translation service for the general public
and it is now publicly available at http://apertium.uoc.edu.

In terms of future work, and in order to obtain more effective
translations, we plan to include semantic domains that will
allow for the disambiguation of polysemic and homonymous
words. The semantic domains will be classified according to
the subjects linked to studies at the UOC. For instance, the
word table that can be translated as tabla (table of results)
or mesa (dining table), depending on whether the word is
related to mathematics or general vocabulary, would be clearly
disambiguated through the use of semantic domains.

In addition to that, and inside the Google Summer of Code
program, we are currently developing an online post-editing
tool which will provide the user with a smooth integration of
spell checker, grammar checker and dictionaries together with
the Apertium platform.

Another direction for future work is improving the acces-
sibility of the interface. In order to achieve this goal experts
in accessibility are currently running a series of tests on the
web service to be able to identify potential problems from this
point of view.

In more general terms, user feedback will guide future
work which will take into consideration improvements to the
Apertium platform regarding new functionalities or increasing
linguistic quality.
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Abstract—The on-going project aiming at the creation of the
National Corpus of Polish assumes several levels of linguistic
annotation. We present the technical environment and method-
ological background developed for the three upper annotation
levels: the level of syntactic words and groups, and the level of
named entities. We show how knowledge-based platforms Spejd
and Sprout are used for the automatic pre-annotation of the
corpus, and we discuss some particular problems faced during
the elaboration of the syntactic grammar, which contains over 800
rules and is one of the largest chunking grammars for Polish.
We also show how the tree editor TrEd has been customized
for manual post-editing of annotations, and for further revision
of discrepancies. Our XML format converters and customized
archiving repository ensure the automatic data flow and efficient
corpus file management. We believe that this environment or
substantial parts of it can be reused in or adapted for other
corpus annotation tasks.

I. INTRODUCTION

The National Corpus of Polish (Pol. Narodowy Korpus

Języka Polskiego; NKJP; http://nkjp.pl/) is a 3-year project

(2007-2010), involving a consortium of four partners coordi-

nated by the Institute of Computer Science, Polish Academy

of Sciences ([1], [2]). The aim of the project is to create a

1-billion (109) word corpus of Polish annotated at various

levels, with a 300-million balanced subcorpus and a number of

annotation tools. The following linguistic annotation layers are

distinguished: segmentation (word-level and sentence-level),

morphosyntax, word sense disambiguation (limited to around

100 lexemes), syntactic words, syntactic groups and named

entities.

A 1-million word balanced subcorpus undergoes manual

annotation at all these layers and it serves as a training corpus

for various annotation tools (cf., e.g., [3]). The current paper

gives an overview of methodologies and tools used for the

semi-manual annotation of the 1-million corpus at the last

three – broadly syntactic – layers.

The layer of syntactic words (SWs) builds on top of

the morphosyntactic layer. Fine-grained word-level segments

are grouped into more traditional words, including reflexive

verbs (consisting of two segments: the verb and the reflexive

marker), analytical tense and mood forms, etc. [4] Syntactic

groups (SGs) are constructed on top of SWs, and include

This research was funded in 2007-2010 by a research and development
grant R17-003-03 from the Polish Ministry of Science and Higher Education.

nominal groups, prepositional groups, clause-level groups,

etc., but no attempt is made to solve attachment ambiguities.

Finally, named entities (NEs), i.e. proper names of persons,

geographical objects and organisation, as well as temporal

expressions, refer again to the layer of morphosyntactically

annotated segments.

II. RELATED WORK

Some of the first treebanks were constructed fully manually,

by drawing trees for particular sentences; this is the case, for

example, for the Penn Treebank (PTB) of English [5], the

German Negra/Tiger Treebank [6] and the Prague Dependency

Treebank [7]. Some treebanks were created by converting ex-

isting treebanks to the new linguistic theory; for example, parts

of roughly Chomskyan PTB were converted to Head-driven

Phrase Structure Grammar, Lexical Functional Grammar and

Constraint Categorial Grammar. However, the usual way of

developing new treebanks consists in the automatic parsing of

texts and the manual selection of the right parse. For example,

[8] reports that the ERG grammar [9] covers around 80%

of the Wall Street Journal part of PTB, with sentences not

adequately covered by the grammar serving as the basis for

further grammar development.

The outcome of the effort reported here will not constitute a

typical treebank, as the annotation in NKJP stops at the partial

(or shallow) syntactic markup (cf., e.g., [10], [11], as well as

[4]), where structural ambiguity is not an issue.1 Hence, the

approach mentioned above, focussing on disambiguation, is

not directly applicable to the task at hand, but the general semi-

manual iterative methodology is similar: parse sentences using

a manually constructed grammar, ask annotators to correct the

results of parsing by hand, and use error and emission reports

for the improvement of the grammar, before applying it to the

next batch of sentences.

There are many multi-layer corpora developed by now,

typically containig morphosyntactic, (deep) syntactic and some

semantic and/or discourse representation. For example, the

Prague Dependency Treebank mentioned above has these three

layers (called morphological, analytical and tectogrammatical),

currently further extended with coreference [13] and high-level

1In fact, there is a separate project carried out at the same institute, aiming
at the construction of a full constituency treebank on the basis of the same
1-million word subcorpus; cf. [12].
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inter-clausal structure [14]. The current project adopts a more

fine-grained and conservative approach, with three layers be-

tween morphosyntax and deep syntax proper: possibly multi-

segment SWs, NEs and possibly partial SGs. We claim that

this gradual procedure makes it possible to better control the

quality of the linguistic annotation.

Also at the level of NEs, the annotation strategies adopted

here are rather fine-grained, namely, not only the longest-

match occurrences of NEs are annotated, but also all recur-

sively embedded ones, and, moreover, overlappingly coordi-

nated NEs are appropriately marked (cf. [15], [16]).

Let us finally note that, while only partial syntactic struc-

tures are annotated here, syntactic groups contain the kind

of information not usually found in treebanks, namely, they

mark both syntactic and semantic heads. For example, in case

of prepositional groups, the preposition serves as the syntactic

head2, but the semantic head is the most meaningful word

within the argument of this preposition. Arguments for the

usefulness of this kind of annotation, and further details, may

be found, e.g., in [17], [4].

III. ANNOTATION DATA FLOW

The three syntactic annotation layers in the NKJP are

organised into two parallel data flows: one for syntactic words

and syntactic groups (henceforth, syntactic annotation in the

narrower sense), and the other for named entities.

The main differences between the data flows show up

during the pre-processing step – different tools, with different

input specifications, are used for automatic pre-annotation. In

case of the syntactic annotation (Fig. 1) a shallow parsing

system called Spejd is used to extract SWs and SGs from

the underlying morphosyntax level (cf. section IV-A). For

the similar (from the data flow point of view) task of NE

recognition another platform, Sprout, is used (see section

IV-B).

Fig. 1. Data flow in the syntactic annotation task of the NKJP corpus

2because it governs the case inflection of its arguments

Spejd takes structured text with segmentation and mor-

phosyntax information as input. It requires a specific input

format (called IPI format in Fig. 1) that can be automatically

obtained from the NKJP morphosyntax level. Conversely,

Sprout requires pure text as input, which complicates the

whole process of data conversion (see Fig. 2). A raw text taken

from the corpus repository is processed by lexical resources

and grammar rules. The NEs identified in the process, together

with their embedded structures, are marked in an XML Sprout-

specific output. Since Sprout outputs the cardinal numbers

of the beginning and ending characters of each recognized

sequence, the converter consults the segmentation level of the

text in order to translate text ranges into token identifiers.

Moreover, for each token, its morphological tag and lemma

are recopied from the morphosyntactic annotation of the text.

After the pre-processing step, files have to be prepared for

manual annotation. In both data flows annotators use a tree

editor TrEd (see section V) to examine and correct results

of automatic annotation. Again, files have to be translated

to TrEd-readable formats (PML-groups for syntactic annota-

tion and PML-NE for NEs), which were defined using the

Prague Markup Language (PML, http://ufal.mff.cuni.cz/jazz/

PML/doc/). Due to the sampling methodology adopted in

NKJP, files contained in the 1-million gold standard subcorpus

are of a very variable length (from several to several thousand

sentences). They do not correspond to complete texts taken

from the 1-billion word corpus, but to randomly chosen

paragraphs thereof. For the sake of ergonomy, it is important

to present the annotator with text portions of a uniform length,

thus easily manageable. Therefore, the converter divides each

text which is too large into files of a limited number of sen-

tences corresponding to roughly 1 hour of human annotation

effort. Text splitting is designed so as to keep together all

sentences appearing in one paragraph. Conversely, too small

files (of one or several sentences), are organised into file lists

and annotated as bigger units.

Fig. 2. Data flow in the NEs annotation task of the NKJP corpus
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Finally, PML files are transferred to corpus files man-

agement system (see section V-C) which is responsible for

distributing files between annotators and for storing results of

consecutive annotation steps.

Two annotators work on each corpus fragment. An adju-

dicator reviews any cases of disagreement and chooses the

correct annotation. Each annotator and adjudicator works off-

line with TrEd installed locally, connecting to the subversion

repository only to send results of his work, or to download new

files. Two TrEd extensions, NKJP_groups and NKJP_names,

have been developed to support annotation of PML-groups

and PML-NE files. An annotator can download (or upgrade)

extensions from within the TrEd application, with no need

to run separate installation process. Despite no particular

computing background of the annotators, they successfully

install and operate the whole annotating platform.

The last stage consists in converting the PML formats of

the validated annotations into the final NKJP formats. Here,

the subfiles have to be merged into files corresponding to the

initial texts and embedded XML elements (NEs and SGs) get

transformed into pointers (for stand-off annotation).

IV. AUTOMATIC ANNOTATION

A. Shallow Parsing with Spejd

Syntactic annotation in the National Corpus of Polish con-

sists in joining words together into constituents: first at the

level of SWs, then at the level of, possibly embedded, SGs.

At the former, fine-grained word-level tokens are replaced by

coarse-grained SWs (e.g., analytical tense and mood forms,

analytical degree forms, reflexive verbs, discontinuous con-

junctions, etc.). The tagset at this level differs somewhat

from the tagset of word-level segments in order to allow for

broader grammatical classes and more traditional grammatical

categories, such as tense, mood and reflexivity. The complete

tagset for SWs is presented in [18].

At the SG level, each identified group is annotated with

pointers to its syntactic head (SynHead) and semantic head

(SemHead). Only those groups that can be recognized with

very high accuracy are marked, so that the shallow grammar

resulting from the manual correction process can be reliably

applied to the whole 1-billion word corpus. For example, a

nominal phrase that consists of a noun and a prepositional

phrase, e.g., dom z ogrodem ‘a house with a garden’, is always

treated as two SGs (dom and z ogrodem), without an attempt

to solve PP-attachment ambiguities. We make an exception for

compound prepositions that consist of two prepositions and an

interposing noun (e.g., w odniesieniu do ‘with reference to’),

as well as for elective constructions (e.g., jeden z najlepszych

‘one of the best’).

The following SGs are distinguished in NKJP:

• nominal group (NG): malarz kwiatów ‘a painter of flow-

ers’, nic specjalnego ‘nothing special’,

• numeral group (NumG): stu z nas ‘a hundred of us’,

• adjectival group (AdjG): zbyt długi ‘too long’,

• prepositional-nominal group (PrepNG): za murami miasta

‘beyond city walls’,

• prepositional-adjectival group (PrepAdjG): [wyglądasz]

na zmęczonego ‘[you look] tired’,

• prepositional-numeral group (PrepNumG): [wakacje] dla

dwojga ‘[a holiday] for two’,

• adverbial group (AdvG): ładnie3 ‘nicely’,

• discourse group (DisG): no cóż ‘oh well’, itd. ‘etc.’,

• subordinate clause (CG) (with subordinate conjunction):

[powiedział], że nie przyjdzie ‘[he said] he wouldn’t

come’,

• interrogative clause (KG): [nie rozumiem], dlaczego to

zrobił ‘[I don’t understand] why he’s done it’.

The manually constructed grammar, for both SWs and

SGs, is encoded in the shallow parsing system Spejd (http:

//nlp.ipipan.waw.pl/Spejd/) [19], a novel open source tool for

simultaneous morphological disambiguation (this functionality

is not used in this project) and partial parsing with unification.

Spejd rules form a cascade, with the output of one rule

constituting the input of the next rule. Therefore rule ordering

is crucial. For example, since nominal groups are embedded in

prepositional-nominal groups, the rules for the former precede

those for the latter.

Spejd rules are created in a conservative fashion, so as

to avoid excessive matching, and in order to detect errors

on the underlying morphosyntactic level. Firstly, as a parser

finds a match for a lemma it is usually checked for gram-

matical class. For example, in the rule for nie tylko . . . ,

lecz także (see below), the word nie ‘not’ must be marked

as conj and not qub. Secondly, rules are made maxi-

mally specific in that some SGs are divided into several

subtypes, e.g., there are 11 types of nominal groups: NGa

(Noun4+Adj), NGs (Noun+Noun with the same value of

case), NGg (Noun+Noungen), NGk (Noun+and+Noun), NGn

(Noun+Num), NGb (Noun+Brev5), NGe (Noun as a head of

the elective construction), NGx (PPron3+Adj, e.g. something

special), as well as special groups NGadres, NGgodz,

NGdata, for describing addresses, hours and dates. So, in-

stead of the plain NG, an alternative of subtypes is given in

the rule, e.g., NGa|NGs|NGk|NGg|NGn|NGb.

A Spejd rule may consist of five elements: Rule (rule

identifier), Left (left context), Match (specification), Right

(right context), Eval (conditions and operations). Context

specification is optional.

Rule "frazeo: nie tylko [lecz także]"

Match: [base~"nie" && pos~"conj"]

[base~"tylko" && pos~"conj"];

Right: []+ ns [base~","]

[base~"lecz" && pos~"conj"]

[base~"także"]?;

Eval: word(Conj1:discr, "nie tylko");

The above rule6 identifies the first part of a discontinuous

3Recall that a SG may contain one or several SWs.
4In fact it is a nominal group, not a single noun.
5Brev stands for an abbreviation.
6In this rule ns stands for “no space” between tokens, the operator ˜ means

equal, && denotes logical conjunction, Conj1 is a grammatical class tag for
the first part of the discountinuous conjunction and discr is a value of the
continuity attribute.
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conjunction nie tylko . . . , lecz także ‘not only . . . but also’ (note

that there must be second part of this conjunction in the right

context).

Two types of syntactic operations are available: word, that

joins tokens into SWs, and group, that joins SWs into SGs.

The word operation has two mandatory arguments: 1)

information about a token in accordance with the tagset (i.e.,

grammatical class and grammatical category values; pieces of

information are separated by colons), 2) the base form of the

resulting SW. These two arguments may be preceded by an

optional argument: reference to the token which provides some

morphological information for the whole SW. In this case the

second argument determines how this information should be

modified. In Spejd, the token referred to in this way must be

unique – it is impossible to inherit information from different

components. For example, an analytical future tense (e.g.,

będę szedł ‘I will walk’) is a combination of future auxiliary

(będzie) and past participle (praet). All the information

is taken from the bedzie form, except for the gender, which

should be taken from the praet form. A solution to this

problem is a multiplication of rules. An example of a rule

for future tense forms in the feminine (f) is presented below.

Here, the gender, instead of being inherited from the third

component, is explicitely fixed to be feminine. Similar rules

have thus to be created for all other possible genders.

Rule "analytical future tense:

bedzie + się + praet (f)"

Match: [pos~"bedzie"] [base~"się"]

[pos~"praet" && aspect~"imperf"

&& gender~"f"];

Eval: word(1,Verbfin:fut:ind:refl:f,3.base);

The group operation (as in example below corresponding

to e.g. po tych trzech zdaniach ‘after these 3 sentences’), has

three arguments: 1) the type of the SG, 2) the reference to the

SynHead of the phrase (po), 3) the reference to its SemHead

(trzech).

Rule "PrepNumG: Prep + Adj + Num + Noun"

Match: [pos~"Prep"] [pos~"Adj|Pact|Ppas"]

[pos~"Num|Numcol"]

([pos~"Noun"] | [type="NG"]);

Eval: unify(case number gender,2,3,4);

unify(case,1,3);

group(PrepNumG,1,3);

The problems encountered in pointing at SynHeads and

SemHeads were:

• absent heads

The SemHead of an interrogative clause is a finite verb.

In the sentence Nie wiem, kiedy i ile. ’I don’t know when

and how many.’ there is no verb in the subordinate clause.

In this case the SemHead is made equal to SynHead, here

kiedy.

• coordination

In a coordinated group (e.g., rząd i parlament ‘govern-

ment and parliament’), the first element is marked as both

the semantic and the syntactic head. If the conjunction

were the syntactic head of the group, any information

about the part of speech, case, etc., of the conjuncts would

be lost, which would render such a conjunction group

practically invisible to further syntactic rules.

See Tab. I for breakdown of Spejd rules into various types.

TABLE I
TAXONOMY AND QUANTITIES OF SPEJD RULES

Syntactic words Syntactic
groups

TOTAL
multiword entities abbreviations others

339 360 122 242 1063

Spejd rules are applied to a corpus when its underlying mor-

phosyntactic level has already been disambiguated manually.

We fully benefit from this fact in our rules. The information

about context is used to a lesser degree. Rules are based

mainly on morphological information of the matched items

themselves. As a result, our grammar performs very well on

a good quality disambiguated corpus. However if applied to

a non- or poorly disambiguated corpus it would require more

matching context data in rules.

B. Named Entity Recognition with Sprout

As discussed in [16], the automatic pre-annotation of named

entities in NKJP is done by the general-purpose knowledge-

based NLP platform Sprout [20]. This tool offers several

convenient features such as: (i) a rather rich grammar for-

malism with finite-state operators, unification and cascading,

(ii) a very fast gazetteer lookup, (iii) an XML-based output,

called Sproutput, in the form of typed feature structures whose

type hierarchy can be defined by the user. Existing Polish

named entity grammar and resources for Sprout [21] have been

extended and adapted for the annotation task in NKJP. They

include a gazetteer of about 300,000 inflected forms (55,000

lemmas), and 120 grammar rules for 6 types and 8 subtypes:

(i) personal names (persName) with subtypes forname,

surname, and additional name (addName), (ii) names of

organisations (orgName), (iii) names or geographical objects

such as rivers, mountains, etc. (geogName), (iv) names of

geo-political units (placeName) with subtypes district,

settlement, region, country, and bloc, (v) date

expressions, (vi) time expressions. Initial results show the

overall precision of 88% and recall of 61%.

V. MANUAL POST-EDITING

Manual post-editing of annotations is the most labor-

intensive subtask and requires efficient and user-friendly tools.

We have evaluated several annotation platforms such as Syn-

pathy7, MMAX8, and GATE [22], before selecting the tree

editor TrEd9 [23] for the following reasons: (i) admitting pre-

annotated input and multi-level annotation, (ii) customizable

open XML-based abstract data format (PML), (iii) easy ma-

nipulation of tree representations, (v) ergonomic customizable

7http://www.lat-mpi.eu/tools/synpathy
8http://mmax2.sourceforge.net
9http://ufal.mff.cuni.cz/˜pajas/tred/
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Fig. 3. Syntactic annotation with the use of the TrEd editor for the sentence ‘The authorities in Grozny claim that 600 thousand men of 15 to 65 years of
age will turn up to arms till Tuesday.’

graphical user’s interface, (vi) parallel edition of concurrent

annotations, (vii) rich documentation, (viii) technical reliablil-

ity. TrEd is also widely used by the international community

– it scored as the second most used annotation tool on the

LREC2010 map of language resources and tools.

A. Annotator’s Workbench

1) Workbench for Syntactic Words and Groups: As shown

in Fig. 3, in the central part of a TrEd’s window the annotation

tree of the sentence is shown. Nodes are situated on three hor-

izontal levels, which represent (from bottom to top) segments,

SWs and SGs. The annotator can add or remove nodes, and

draw edges between them. Each node has a set of type-specific

attributes editable in a separate window on double-clicking

the node. Toolbar icons are useful for navigation between

sentences (or files), as well as undo and redo actions.

For each annotation level special TrEd extention has been

prepared. NKJP_groups extention for syntactic annotation

supplies a set of macros and keyboard shortcuts for: adding a

SW or a SG, adding a regular or a secondary edge10, pointing

at the SynHead or SemHead, grouping multiple nodes at a

time, etc. It also provides a PML schema defining PML-groups

format and a stylesheet with encoded rules of syntactic tree

visualisation. In Fig. 3 the SynHead of each constituent is

marked in green and the SemHead is marked with a triangle.

Thus, Władze is both a SynHead and a SemHead while do is

a SynHead and wtorku a SemHead head only.

When closing a file, a final checkup is done via TrEd in that

missing SynHeads and SemHeads of each group are reported.

2) Workbench for Named Entities: The annotator’s work-

bench for named entities is presented in detail in [15]. We

recall here its main facilities with respect to the relatively rare

10A secondary edge is used in case of overlapping segments.

Fig. 4. Annotating coordinated names in the phrase ‘with the participation
of Lech and Jarosław Kaczyński’

but linguistically difficult phenomenon of overlapping in co-

ordination. Fig. 4 shows a sentence in which two coordinated

names have been annotated according to the guidelines. Both

of them are personal names with an embedded forename and a

common embedded surname Kaczyńskich, which appears only

once. Since TrEd does not allow one tree node to have two

father nodes, the highlighted node representing the surname

is assigned to one father by a regular edge, and to another

one by a secondary edge (in grey). As in all trees, most

attributes of a node are visible below it, and their rapid

modification is possible by mouse clicks. These attributes

include: the type and subtype (persName→forename), the

lemma (Lech Kaczyński), the derivation type and base, if
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any (irrelevant here), and the certainty degree of the anno-

tation (cert:high).

B. Workbench for Revision of Annotations

As mentioned above, each text of the gold standard sub-

corpus is to be annotated at each level by two annotators.

Disagreement cases are further reviewed and resolved by an

adjudicator (called super-annotator), who usually is a person

with rich previous experience in annotation at the same level.

In order to maximize the objectivity of judgement, the general

principle is that: (i) the two annotators of the same text know

nothing about each other’s results, except what they may learn

via the discussion list, (ii) a super-annotator cannot review any

portion of the corpus that he or she has previously annotated.

In order for the annotator’s work to be most effective, a

set of macros and keyboard shortcuts were developed to au-

tomatically find discrepancies in two annotations of the same

text. Thus, the super-annotator does not review annotations on

which the two annotators agree. Another macro exists for an

automatic transfer of an annotation between two files. Fig. 5

shows a TrEd screenshot with two NE annotations of the

same sentence, containing recursively embedded organisation

and location names. The lower window, corresponding to the

annotator a2, was chosen as the final version of the annotation.

However, the upper window, corresponding to the annotator

a1, contains a node for the country name France that hasn’t

been annotated as a NE by a2. The nodes corresponding to

this discrepancy are highlighted in red in both windows. By a

single keyboard shortcut we can transfer the missing node to

the lower window, over node France and under node Radio

France Nationale, so that the remaining nodes remain intact.

The automatic detection and transfer of discrepancies act not

only on missing or dislocated nodes, but also on a node’s

attributes. In Fig. 5 the next difference to be highlighted will

be the node over Europa that has been assigned different types

(here a2 chose the correct type, thus the annotation by a1 will

not be transferred). The same types of macros exist for the

revision of disrepancies in annotated SWs and SGs.

C. Managment of Corpus Files

Corpus files management system consists of two main

components. The first one is the svn11 repository, where all

files earmarked for annotation are stored. The second element

is a textual database (versioned XML file), which contains all

information regarding the current state of annotation.

Every annotator has access to his own, private directory

in the repository. There he keeps currently annotated files,

which he can modify and send back to the /zakonczone

directory in the subversion repository – target directory for

completed files. As a rule, every file will be examined by two

different annotators. The annotator does not have the necessary

permissions to run all svn operations – he can edit files in

the private directory, but cannot add, move or delete files

in the repository. The additional functionality – downloading

11Version control system, keeps track of changes made in maintained files.

Fig. 5. Comparing two NE annotations in TrEd for the same sentence ’He
collaborated with Radio France Nationale and the Polish Station of the Free
Europe Radio.’

files for annotation and sending off the completed files – is

realised by a special message.txt file, placed in the private

directory. This file works as an interface between the annotator

and the subversion server. For example, in order to download

five files to his private directory, the annotator has to add the

checkout = 5 line to the message.txt file, and run svn

commit 12 and svn update 13 on the directory. The rest of the

work – finding appropriate files and moving them throughout

repository – is performed on the server side by means of a

post-commit subversion hook14. Another command, checkin

(with checkin = FILE_NAME syntax), can be used to send

annotated files to the /zakonczone directory.

For super-annotation, similar commands, s_checkout and

s_checkin, exist. The s_checkout command will download a

chosen number of files to compare – every file in two copies,

validated by two different annotators. It is guaranteed that

the super-annotator will not get files which he has previously

seen. The super-annotator corrects one of the downloaded files,

using the NKJP_diff TrEd extension to compare it with its

second copy (see section V-B), and finally calls s_checkin to

send corrected version to the s_zakonczone directory.

While the message.txt file can be modified by the anno-

12Sends locally modified files to central subversion repository.
13Brings changes from repository into local directory.
14Process run on server after every commit operation.
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tator directly, a client-side GUI application – with [s_]checkout

and [s_]checkin functionality – has been developed for an-

notators’ convenience. It fills out the message.txt file

automatically, thus saving the annotator’s effort of editing

additional commands manually.

The database – a versioned db.xml file – keeps track of

every important repository operation. The information about

every new file placed in /nowe directory is stored automati-

cally in the database. When files are downloaded or sent by an

annotator ([s_]checkout and [s_]checkin operations), his name

and the operation date are also saved in the db.xml file. There

are two main reasons for saving this kind of information in

a separate database file. First, it allows to quickly find the

information about the current state of the annotation, which

is important, e.g., for the implementation of the server-side

part of the [s_]checkout/[s_]checkin operations. Second, it

simplifies searching the repository – most of the important in-

formation can be obtained from the database, without looking

into the repository itself. Extending repository with database

brings about the need for additional integrity-preservation

mechanism. Atomicity of generic svn operations is guaranteed,

but in case of [s_]checkout/[s_]checkin operations the whole

process (commit and post-commit) has to be carried out in one

transaction. As a solution to this problem, a FIFO15 with one

element has been set up on the server. Every special operation

has to borrow an element from the FIFO in advance (and

return it when operation is completed), so two post-commit

processes will never modify the repository simultaneously.

To simplify querying the database another tool has been

developed. It takes, as command-line arguments, a number of

various searching parameters – annotator’s name and file name

(as regular expressions), file status (checked in or checked

out), checkin date range, etc. Another option can be used to

extract number of sentences and words from particular files

(in this case the tool has to consult the repository, because

files statistics are not stored in the database). Additionaly, the

tool can be used to find files left for annotation (that is, files

which haven’t been downloaded by two annotators yet).

D. Project Managment

Multi-level corpus annotation such as in NKJP is a complex

and labor-intensive task. To ensure the coherence of annota-

tions, detailed annotation guides have been edited for both

tasks, as well as a Frequently Asked Questions list for the

NE task. Additionally, NKJP-proper user’s guides have been

prepared for TrEd and for the svn client tool SVNTortoise16

used by the annotators. All these documents are regularly

updated and diffused via the repository.

Currently, the team working on the two annotation levels

consists of three project managers, one programmer, 15 an-

notators for the syntactic level, and 6 for the named entities.

The project managers and the programmer meet on a monthly

basis, while communication with the annotators is mainly

15Named pipe, inter-process communication method.
16http://tortoisesvn.tigris.org

maintained via discussion lists. The annotation of SWs and

SGs seems particularly challenging, as witnessed by the rather

rich activity on the corresponding discussion list. During a

sample week about 70 messages have been sent to the list

containing: (i) mentions of new multi-word entities to be

accounted for, (ii) proposals of new grammar rules, (iii) errors

on the underlying morphosyntactic level, (iv) various problems

with the scope, type and heads of SWs and SGs such as

time expressions, fractions, internet and postal addresses, and

unexpected syntactic constructions (e.g., od kiedy ‘since when’

is a group of the preposition-adverb type, which is not allowed

by traditional grammars). The discussion list for NEs mainly

receives questions whether a given sequence should or should

not be annotated (e.g., names of animals), and doubts about

the type and subtype of a NE (e.g., Palestyna, Kosowo, Arab).

VI. LINKS BETWEEN TWO ANNOTATION LEVELS

Clearly, SGs are tightly connected to NEs. However, as

discussed by [24] and [25], a NE does not necessarily precisely

coincide with a nominal group. The following types of mutual

relations between NEs and SGs were identified in our corpus:

• a NE coincides with a nominal group, e.g., Stany Zjed-

noczone ‘United States’,

• a NE is a subsequence of a nominal group, e.g., [ksiądz

biskup [Leszek Głódź]persName]NG ‘priest bishop Leszek

Głódź’,

• a NE embraces a sequence of SWs and SGs,

e.g., [[Komisja Badań]NG [na Rzecz Rozwoju

Gospodarki]PrepNG]orgName ‘Research Commission

for Economical Development’.

A partial overlapping of a NE and a SG seems infeasible,

and we plan to detect such problems during the final corpus

consistency check.

With the above typology it is clear, on one hand, that a

pipelined processing of the annotations on both levels would

not be a satisfactory solution. On the other hand, a completely

joint processing of both levels seems rather complex, and in-

consistent with pre-existing multi-format resources for Polish.

Thus, we think that a parallel processing of both annotation

levels is a good solution, even if some knowledge must be

encoded twice (e.g., some Spejd rules have to cover most

frequent types of NEs, described also in more details by the

Sprout grammar). We believe that a common project man-

agment of both tasks, enhanced with shared communication

means, as described above, helps in assuring the consistence

of the annotations.

VII. PRESENT OUTCOME AND FUTURE WORK

The annotation on the SW, SG and NE levels is currently at

its zenith. Until mid-August, out of about 85,000 sentences of

the gold standard subcorpus over 41,000 have been double-

annotated for SWs and SGs, and 73,000 for NEs. Thus,

15% through 52% of the corpus remains to be annotated,

including particularly demanding extracts of spoken dialogue

data. The revision of annotations is done for 14% of the corpus

for SWs and SGs, and is just starting for NEs. Moreover,
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the whole corpus needs to be revised by super-annotators.

Further, the 1 billion-word main corpus will be annotated first

with a morphosyntactic tagger trained on the gold standard

subcorpus, then with enhanced Spejd and Sprout grammars,

finally additional machine learning tools will complete the

automatic NE annotation. We are also currently developing

the final conversion tool that will allow to obtain the TEI P5-

conformant format (cf. [26], [27]) for both annotation levels

out of the TrEd PML format.

In future, we expect the NKJP corpus to be used in

advanced linguistic corpus studies of Polish, and as a training

or evaluation corpus for various linguistic processors such as

taggers, parsers, and information retrieval engines.

VIII. CONCLUSIONS

We have presented the methodology and the technical

environment developed for the annotation tasks in the National

Corpus of Polish on three levels: syntactic words and syntactic

groups (annotated jointly), as well as named entities. Two

rule-based annotation platforms, Spejd and Sprout, are used

to automatically pre-annotate the corpus. The Spejd grammar

developed within this study and containing currently circa

1063 rules is among the largest chunking grammars for Polish.

An interoperable tree editor TrEd allows for manual cor-

rection of annotations by human experts, as well as for the

revision of dual annotations by a super-annotator. NKJP-proper

extensions, macros, keyboard shortcuts and stylesheets for

TrEd enhance the annotator’s and super-annotator’s work-

bench. Several XML-to-XML converting tools enable the

necessary processing chains between Spejd, Sprout, TrEd and

the NKJP TEI P5 conformant encoding standard.

A central versioning repository with custom facilities is

responsible for the corpus file managment. We think that its

architecture is an interesting alternative to web graphical inter-

faces used in other annotation projects: (i) it limits the server’s

charge, (ii) the annotators do not have to rely on constant

high-capacity Internet connections – they only connect to the

server for down- and uploading the files to be annotated.

Here, again, automatic procedures have been developed, such

as repository access statistics, automatic creation of file lists,

coherence verification, etc. They reduce the annotators’ efforts

with respect to the manipulated files, facilitate the project

management and ensure the security of the corpus.

While the project is still on-going, we think that its solid

technical and organisational environment gives it a good

chance of success. We also believe that this environment, or

substantial parts of it, can be reused or adapted for other

annotation tasks.
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TREF – TRanslation Enhancement
Framework for Japanese-English

Bartholomäus Wloka, Werner Winiwarter

Abstract—We present a method for improving existing sta-
tistical machine translation methods using an knowledge-base
compiled from a bilingual corpus as well as sequence alignment
and pattern matching techniques from the area of machine
learning and bioinformatics. An alignment algorithm identifies
similar sentences, which are then used to construct a better word
order for the translation. Our preliminary test results indicate a
significant improvement of the translation quality.

Index Terms—Machine Translation, Syntactical Analysis, Se-
quence Alignment.

I. INTRODUCTION

MACHINE translation has been an active research area
throughout the last 40 years. During this period, many

promising concepts were proposed; however, there is still
much room for improvement [1]. Especially when translat-
ing languages with radically different surface characteris-
tics, as it is the case for Japanese-English, current machine
translation techniques tend to produce unsatisfying results.
The problems of automated translation between these lan-
guages become readily apparent when looking at current Web-
based translations, e.g. from www.excite.co.jp/world/

english, which is shown in Fig. 1. While the translations
of short phrases are of reasonable quality, translation sys-
tems struggle with long sentences. This is due to the grow-
ing complexity of sentences with increasing length and the
vast differences in word and subclause order between these
langauges. Additionally, the characteristics of the Japanese
language pose a great challenge for translation into other
languages in general [2], [3]. Those characteristics are:

• two syllabaries and a system of several thousand kanji,
i.e. originally Chinese characters with several pronuncia-
tions and readings,

• lack of spaces to delimit word boundaries,
• a very high ambiguity in the grammar, as there exist no

articles to indicate gender or definiteness,

Fig. 1. Example of current Web-based machine translation

• the tendency to omit information which can be inferred
implicitly,

• sociolinguistic factors, e.g. avoiding direct and decisive
expressions for reasons of politeness,

• an extensive system of formality with several levels of
politeness forms, honorific expressions, and humble verb
forms depending on the social status, relationship and
other factors of the people involved.

To overcome those intricacies, we have directed our atten-
tion to a new and interdisciplinary approach. We have designed
and implemented a method for finding structurally similar
sentences with the help of an algorithm usually employed in
the field of bioinformatics [4], [5]. The underlying assumption
of our approach is that there is a significant overlap between
the structure of a sentence and its meaning. In this paper,
we show that it is possible to enhance statistical machine
translation results using this assumption. The TRanslation
Enhancement Framework (TREF) [6] utilizes aligned and
clustered sentence pair data to enhance the output of the
statistical machine translation system Moses [7].

Though trained for the Japanese-English language pair, the
system is modular and flexible. An adjustment or extension to
other languages is a matter of changing mere implementation
details and adding the language-specific resources, such as
lexica, parser, corpora, etc. It is important to mention, how-
ever, that our translation framework is specifically designed
and well-suited for languages with radically different surface
characteristics, e.g. European-Asian language pairs.

The rest of this paper is organized as follows: In Sect. II the
research relevant to our work is narrated, before we discuss
TREF in Sect. III. Section IV presents our evaluation method
and the results, followed by a conclusion and future work in
Sect. V.

II. RELATED WORK

The ultimate goal of machine translation, i.e. abolishing
language barriers, is presented by [8] in an entertaining
narration. This ambitious pursuit of a system which will
relieve the lingua franca and enable boundless communication
between cultures is not quite yet in the realm of the possible.
Nonetheless, research efforts towards this goal have been
undertaken. In this section, we outline the research relevant
to our work.

A. Corpora

A vital resource for machine translation are bilingual cor-
pora. Unfortunately, these are very rare, especially for the
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Fig. 2. Translation pyramid

Japanese-English language pair. The currently predominant
ones are the Tanaka corpus [9], the Jenaad corpus [10], and
the Verbmobil treebank [11]. The Verbmobil treebank contains
dialogs from telephone conversations in English, German,
Japanese, and other languages, collected during the speech
recognition research project of Verbmobil. The Japanese part
contains around 160,000 words of text and is written in
Romaji, i.e. the transcription of Japanese script into Roman
literals. The Tanaka corpus consists of roughly 180,000 sen-
tences and has a very broad domain. It has been collected over
several years from various sources and compiled by Yasushito
Tanaka in 2001. The Jenaad corpus is a collection of close
to 150,000 sentence pairs. Extracted from news articles, it
offers a certain consistency in terms of sentence types, while
still offering a wide range of vocabulary and a variety of
grammatical constructs. Because of these qualities, we have
chosen the Jenaad corpus for our work. In addition, it is written
in Japanese script, thereby avoiding potential ambiguities of
the Romaji transcription.

B. Machine Translation

The research in machine translation has ever since included
many different approaches. An overview of different tech-
niques can be obtained from [1]. Their visual classification
is exemplified by the Vauquois’ triangle in Fig. 2 [12]. The
historically first method, located at the very top of the triangle,
is the interlingua approach. It aims towards a language-
independent representation, which mediates between two or
more languages. In contrast, statistical machine translation
is at the bottom of the triangle, where no intermediate in-
formation is considered in the process, and there is a direct
mapping from source to target text, depending on previously
trained statistical data. A good overview of this technique can
be obtained from [13].

Other approaches, which are also described in more detail
in [14], are found somewhere between those two extremes,
and the advantage of each depends on the demands of the
given language pair. The challenges of translating Japanese to

English gave birth to the new idea of corpus-based machine
translation [15]. Apart from its success in translating between
these languages, it further provides the opportunity for en-
hancing language learning environments by presenting the
intermediate steps, i.e. the linguistic analysis of the translation
process, to the learner. This was successfully accomplished
by [16], [17]. The corpus-based method was quickly adopted
by the machine translation community and merged with other
techniques, as for example in [18]. Together with the idea of
[19], that a mapping of grammatical functions and semantic
roles is crucial for the Japanese-English pair, we have decided
to mold these ideas into a new approach.

We have chosen a statistical machine translation method for
a baseline translation in TREF, since it performs well in terms
of translation of individual words and short phrases. It does
not adhere to finding transition rules for syntax ordering and
therefore leaves a good first candidate for the post-editing done
by TREF.

Amongst different tools, we have chosen Moses, since it
is particularly effective when trained with a sufficiently large
bilingual corpus. Moses scores well for structurally similar
languages; however, for language pairs like Japanese-English,
the word order is disarranged, which significantly lowers the
quality of the translation, up to the point where the meaning
of the sentence is irrecognizable. Moses does not consider any
grammatical rules, so the output is syntactically wrong most
of the time. The post-editing and rearranging of the Moses
output aims at addressing this problem. Our method finds the
correct word order for the translation result and produces a
grammatically correct sentence, which conveys the meaning
of its English counterpart.

C. Natural Language Processing

To analyze the tokens of our bilingual corpus, we have used
the MontyTagger from the MontyLingua project [20] for En-
glish, and ChaSen [21] for Japanese. Besides a part-of-speech
tagging capability, MontyLingua offers an end-to-end natural
language processing toolkit. ChaSen is a high-quality part-
of-speech tagger tool for Japanese. Recently, CaboCha [22],
a Japanese dependency parser, which offers an even wider
spectrum of NLP capabilities, has been developed, and we
plan to integrate it into TREF in the near future.

D. Sequence Alignment

The Needleman-Wunsch algorithm for computing simi-
larities in protein building blocks, i.e. amino-acid chains,
was published in 1970 [23]. Quickly, many derivatives and
extensions of this method followed. The basic idea behind
this concept was to depict amino-acid chains as strings of
alphabetic characters, align them to offer the best match
between two strings, and compute a similarity measure [24].
This method was further improved by [25], using a distance
measure in conjunction with dynamic programming. Many
other research efforts found different distance measures to
identify the similarity of sequences. The approach of [26]
is generic enough to be extended to the area of machine
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Fig. 3. Overview of dataflow

translation, therefore we use it in our research effort by treating
sentences from a bilingual corpus analogous to the sequence
alignment of amino acid chains.

III. TREF

The overview of the architecture of TREF is shown in
Fig. 3. The PoS-Tagger/Formatting module tokenizes the input
sentence and assigns PoS tags in a format which is described
below. The sentences in their tokenized format are then aligned
with the clustered corpus to find the target structure, which is
sent to the Comparison and Merging module. This module
takes this input as well as the translation from Moses and en-
hances its translational quality applying a template approach.
The resulting translation can then be evaluated and added to
the corpus. Each step is described in detail in the following
subsections.

A. Part-of-Speech Tagging

The input sentence is sent to either one of the part-of-speech
(PoS) tagger modules MontyTagger [27] or ChaSen [21]. The
result of this process can be seen in Fig. 4 and Fig. 5 for
Japanese and English respectively. The Japanese sentence is
written in Roman transcription for the reader’s convenience.
The tags produced by ChaSen consist of a sentence token,
its katakana representation (one of the Japanese syllabaries,
which indicates the pronunciation of a kanji), and a numerical
representation of the morphological data. The English tags
contain the word itself and the PoS tag as an acronym. After
each sentence token is assigned a PoS tag, the sentence and
its tags are compared with the sentences already stored in a
clustered corpus, which is a customized and enriched version
of the Jenaad Corpus [10]. We have modified it by removing
as much noise as possible, assigned PoS tags to each sentence
token, and stored them in an SQL database. We have kept

石炭の利用拡大は大気汚染をさらに悪化させる
sekitan no ryou kakudai wa taiki osen wo sarani okka saseru

石炭/セキタン/2/0/0 の/ノ/71/0/0 利用/リョウ/17/0/0

拡大/カクダ
イ/17/0/0

は/ハ/65/0/0 大気/タイキ/2/0/0

汚染/オセン/17/0/0 を/ヲ/61/0/0 さらに/サラ
ニ/56/0/0

悪化/アッカ/17/0/0 さ/サ/47/3/5 せる/セル/49/6/1

Fig. 4. Tagged Japanese sentence

expanded use of coal worsens air pollution
expanded use of coal worsens air pollution

VBN NN IN NN VBZ NN NN

Fig. 5. Tagged English sentence

the data with all available PoS tags and additionally created a
reduced and optimized tag set, which provides a quick access
for efficient processing. Other representations and tag sets can
be added easily to satisfy different needs in future work.

B. Aligning and Clustering

In order to identify similar sentences, we have used a
slightly modified alignment algorithm from bioinformatics.
Instead of aligning protein chains, we align chains of words,
i.e. sentences. We have applied relational sequence align-
ment [4], [5] to obtain clusters of structurally similar sen-
tences. The alignment is done according to the Nienhuys-
Cheng distance function.

An example of a distance between the tokens of each
sentence is shown in Fig. 6. If the token and its PoS tag differ,
the distance is 1. In the case of a structural match, the distance
is 0.5, and 0 for a perfect match. The subsequent distance
calculation of an entire sentence is depicted in Fig. 7. Gaps,
which are identified and symbolized with (g) in the example,
are assigned variable gap penalties. In order to achieve better

d(nn(house),nn(house)) = 0
d(nn(house),nn(office)) = 0.5
d(nn(house),dt(the)) = 1

Fig. 6. Distance calculation example

S1 He went to the store to buy (g) milk
T1 PRP VBD TO DT NN TO VB (g) NN

S2 She hurried to the university to attend a lecture
T2 PRP VBD TO DT NN TO VB DT NN

D 0.5 0.5 0 0 0.5 0 0.5 1 0.5

SentenceDistance
1

2 × 9
×(0.5+0.5+0+0+0.5+0+0.5+1+0.5) = 0.19444

Fig. 7. Sequence alignment distance calculation example
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Fig. 8. Clusters in Euclidean space

matching results, we differentiate between gap opening and
gap extension, which allows us to separate subordinate clauses
from otherwise non-matching word sequences.

The similarity measure parameters can be adjusted to fine-
tune the result, depending on the text type and text domain.
By allowing lower similarity values, a higher number of
candidates can be produced, whereas a higher similarity value
reduces the number of candidates. This flexibility can be
utilized for a language learning application to present an
arbitrary amount of similar translations to the student. The
output is then evaluated by the user and added to the corpus.
Once the distances are computed, clusters can be defined
setting a threshold value. This concept is shown in Fig. 8
in a Cartesian coordinate system. Each sentence which has a
distance lower than a certain threshold value is assigned to
a cluster and is therefore considered structurally similar to
sentences in this cluster.

C. Comparison and Merging

The comparison of the query sentence with the clusters
yields several similar structures. At the same time, the query
sentence is processed with Moses to obtain a preliminary
translation. This translation is then used to fill the template
of the structures which have been found in the previous
step. Thereby, a certain number of translation candidates is
produced. The filling of the structure templates from the
aligning step is shown in Fig. 9. In this example, we use the

Fig. 9. Matching

Fig. 10. Structure of the Web framework

sentence: “We welcome the progress achieved in the dialog
between North and South Korea.” The translation by Moses
is: “we in Lebanon hostages freed two recently we welcome”.
TREF transforms this by filling the structure template into
“we welcome Lebanon freed in hostages”. As can be seen,
some tokens are lost in the process of filling the template,
which leaves room for future work and potential for further
improvement of the translational quality.

D. Web Interface

The clustered corpus of PoS tagged sentence tokens in
several representations, as well as morphological information,
is stored in a MySQL database and is accessible through
a Django Web framework (http://www.djangoproject.
com). In Django, all interactive content as well as settings,
modules, and database setup are written in Python, which
made it a good candidate for our system due to its powerful
string and text manipulation capabilities. Further, Django
provides stable Web development and administrative utilities.
In particular, the communication to the database and efficient
Web design tools including HTML code inheritance made it an
ideal developing environment. The structure of the framework
is depicted in Fig. 10. From the main site, the user can navigate
to the translation module, the sentence pair input, the random
sentence output, as well as legends for the PoS tags for English
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and Japanese. The translation module offers an interface,
which upon input of a sentence sends it to the server and – after
the above described translation process – displays the result.
The sentence input module takes a sentence pair input, which
is flagged as a new addition and is checked manually before
being added to the database. The random sentence output is
a first step towards the language learning functionality and
outputs a sentence from the database including its translation,
its tags, and morphological information. We have created a
page for the explanation of PoS tags. The translation of the
original Japanese ChaSen tags into English is, to the best
of our knowledge, the only English ChaSen PoS-tag legend
available.

The framework is available on the Web server maintained by
the authors under the URL: (https://wloka.dac.univie.
ac.at/project/).

E. Showcase
Figure 11 shows an example of the workflow from the input

of a sentence to an output of several translation candidates.
The input ”My name is Yamada.” is tagged and compared
with the clustered data. The PoS tags for the sentence in
this case are: My/POP (personal pronoun), name/NN (noun),
is/VBZ (verb), Yamada/NNP (proper noun). The alignment
detects sentences in the database, which are similar in terms
of words and PoS-tags (see Fig. 6). The translations of the
identified structures are also checked for similarities within
other clusters. This step, which we call structure-to-meaning-
mapping identifies other structures of potential translation
candidates. These structures are sent to the matching and
translation step, where the structures and the output from
Moses are merged to yield the final output, i.e. the translation
candidates.

IV. EVALUATION

To create a testing scenario, we have extracted 1000 out
of the total 150,000 sentences from the Jenaad corpus. The
remaining 149,000 sentences were used as training data for
Moses and for clustering. Due to the long processing time for
each sentence, we have decided to analyze fewer sentences
in detail instead of using standard scoring tools, such as [28]
or [29], which would be more significant for larger amounts
of output. Morover the validity of automated scoring tools
of this kind has been criticized by [14], [30]. Hence our
evaluation was done by an expert who judged each translation
on four categories: word order, word translations, semantics,
and fluency. The categories were equally weighted with a top
score of 25 each (see Fig. 12). A total of 40 sample sentences
were evaluated, and a statistical significance of the result was
verified with a Wilcoxon signed-rank test [31]. The result was
a better score for the sentences processed with TREF with a
score of W=139 over a sample size of N=34 and a P(1-tail)
value of 0.119.

V. CONCLUSION

In this paper, we have described a design for enhancing
state-of-the-art machine translation using sequence alignment

Fig. 11. Translation via Clustering

Input sentence: 我々は、レバノンにおける復興努力を
支持する。

Correct Translation: We support the efforts of reconstruction in
Lebanon.

Moses Translation: we support in lebanon reconstruction
efforts .

Enhanced by TREF: we support lebanon in reconstruction .
Word
Order

Word
Translations

Semantics Fluency

Moses: 5 15 15 5
TREF: 15 15 20 15
Total Score Moses: 40
Total Score TREF: 65

Fig. 12. Example evaluation

from the area of bioinformatics, combined with PoS tag-
ging and clustering of a bilingual corpus. Our results have
proven that similarities in sentence structure can be used to
create templates for translation candidates, in particular for
the Japanese-English language pair. We have described our
implementation of the system and its Web framework. We
have trained the system with the Jenaad Corpus and tested
the system for Japanese-English. The evaluation of the system
yielded promising results. At the time of writing, TREF is
already integrated in another research project focusing on
ubiquitous translation and language learning with the help of
mobile devices.

For future work, we plan to optimize the parameters in the
aligning process to fine-tune the word reordering as well as
adding grammatical parsing steps after the template filling
to improve the syntactical correctness of the sentence. An
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additional dictionary lookup will be integrated to amend word
translations, which could not be processed by the statistical
translation step.

We want to extend the language learning aspect of the
system to offer a Web-based learning platform and improve the
efficiency of the entire system with pre-computing and index-
ing methods. We plan to incorporate a Japanese dependency
parser. The currently active research efforts on the Japanese
WordNet [32] and CaboCha [22] are promising candidates
for an additional extension for TREF as a language learning
platform offering extensive semantic and syntactic information
as well as visual representations of vocabulary.
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Abstract—A Web-based system for human evaluation of ma-
chine translation is presented in this paper. The system is
based on comprehension tests similar to the ones used in Polish
matura (secondary school-leaving) examinations. The results of
preliminary experiments for Polish-English and English-Polish
machine translation evaluation are presented and discussed.

I. INTRODUCTION

T
HE SUCCESS of Statistical Machine Translation, well

illustrated by the popularity of Google translation tools,

has a positive impact on the development of the whole Ma-

chine Translation discipline. This phenomenon brings about

the need for comparing the quality of MT tools and systems

that keep appearing, both in the academic field and on the

commercial market.

In [1] Papineni et al. introduced the BLEU metrics that

counts well-translated n-grams (sequences of n words). Im-

provements of the metrics have been proposed by Doddington

[2] (NIST) and Lavie and Agarwal [3] — METEOR. The

common feature of those approaches is that evaluation is

executed fully automatically, by comparing the text translated

by an MT system to the reference translation, prepared by a

human.

One of the advantages of automatic evaluation is that it

can be used for training. For example, Tenerowicz [4] uses

the METEOR metrics in a genetic algorithm that trains the

probabilistic grammar used in a parser of the Translatica MT

system.

The drawback is its weak correlation with human evaluation.

Turian et al. [5] claim that the most popular MT evaluation

metrics, BLEU and NIST, fail to correlate well with human

judgements of translation quality. In the experiment of Ten-

erowicz [4], a significant number of translations, improved by

the METEOR measure, were estimated as worse translations

by linguists.

One of the reasons behind it is the following common fea-

ture of automatic evaluation tools: they assign points for parts

of sentences, even if the whole sentences are not comprehen-

sible. Points are not assigned for translation adequacy if it is

not mirrored by appropriate word strings (although METEOR

tries to overcome this drawback by scoring synonyms).

On the other hand, in human simple evaluation (ranking

quality of translations or choosing the best one from a given

set, when a source sentence is known) evaluators’ knowledge

of sentence meanings affects the measurement results.

We propose an idea of human evaluation with evalua-

tors being not aware of the source sentence. Evaluators are

supposed to give answers to a prepared set of questions,

knowing only the target text translated automatically. The

evaluation resembles the comprehension test for the Polish

matura (i.e. secondary school-leaving examination) foreign

language exam.

The Matura Evaluation obviously measures the comprehen-

sibility of the translated text as well as its adequacy. The latter

is achieved by preparing the test questions based solely on the

source test.

Please note that our approach does not require evaluators to

be native speakers or experts on the target language.

The idea to use comprehension tests for machine translation

evaluation is not new [6] [7]. What is new is the use of Web-

based application for such purposes.

II. EXPERIMENT SUMMARY

Matura Evaluation is an experiment for human-based eval-

uation of machine translation. Its main idea was to compare

intelligibility and adequacy of different translations of the

same source text, with the correctness of answers being the

measurement criteria.

The experiment was performed using two directions of

translation between Polish and English. Several source texts

were translated by each translation system under test. Source

texts came with about 10 questions. Each experiment partic-

ipant was presented with a random translation of a random

text along with a relevant set of questions. The participants

were expected to answer these questions using the information

provided in the translated text.

It is assumed that if the source text is translated correctly

by an MT system, i.e. all the information from the source

text can be found also in the translation in an intelligible

form, then the participant should easily find the correct answer.

On the other hand, if the sentence meaning is changed in
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the translation, the experiment participant obtains the wrong

information and, hence, chooses the wrong answer. It is also

likely that the relevant information was translated correctly,

yet it cannot be inferred from the whole sentence/paragraph

where the answer is to be found; or that the translation is

difficult to understand. In such a situation the participant is

supposed to mark “Translation impossible to understand” as

an answer.

III. TEXTS AND TRANSLATIONS USED IN THE

EXPERIMENT

Translations were done in two directions between

English and Polish. Nine source texts were used in the

experiment: five in Polish and four in English. Each of

them was translated by each of the three MT systems

tested: Google Translate (http://translate.google.com/ ),

Kompas (http://www.kompas.info.pl/) and Translatica

(http://www.translatica.pl/).

Texts used in the experiment differed in topic and level of

difficulty: some of them were supposed to be more specialised

(e.g. summary of the System of Education Act), other more

general (e.g. an article from Wikipedia on Alice’s Adventures

in Wonderland), yet another were parts of literary works

(Little Prince by A. de Saint-Exupery and The Deluge by H.

Sienkiewicz). The aim of this diversity was to compare the

results for translations of different types of texts. It is well

known that it is much more difficult for an MT system (and

for human translator as well) to translate literary works than

other types of texts, because they contain a large number of

metaphors, which cannot be translated literally.

We decided to use real texts, not artificially crafted for

the purposes of machine translation evaluation. The following

texts were used in the experiment:

1) Polish source texts:

• article from Wikipedia about the book Alice’s Ad-

ventures in Wonderland (1581 words)

• part of the first chapter of The Deluge by H.

Sienkiewicz (2128 words)

• an article Aesthetics of the Pythagoreans (1575

words)

• summary of the System of Education Act (1659

words)

• an article Vanishing Venice (2748 words)

2) English source texts:

• English translation of the first chapter of Little

Prince by A. de Saint-Exupery (1753 words)

• an article about Greater Poland Uprising (826

words)

• an article about the history of St. Patrick’s Day

celebrations (767 words)

• an article by Paul Graham What You Wish, You’d

Known (5083 words)

IV. QUESTIONS

Questions were based on the source texts, but written in the

target language of the translations. About ten questions based

on the source text were prepared in the target language. There

were three/four variant answers prepared for each question but

only one of them was correct.

Questions were supposed to check if some precise informa-

tion from the source text had been preserved during translation.

Therefore a very specific information was usually expected as

an answer to each question.

Various types of questions were prepared for the experiment.

Some of them were supposed to check if a word with multiple

meanings was translated correctly.

For example, in the text about St. Patrick’s Day there was

a question:

Why did the experiment fail in Savannah?

which the answer to could be found in the following para-

graph:

“[...] in 1961, Savannah mayor Tom Woolley had plans for a

green river. Due to rough waters on March 17, the experiment

failed[...]”.

The relevant answer was the correct translation of the word

rough. There were three answer variants:

• surowy

• szorstki

• wzburzony

All of the answers are different (and, in general, correct)

translations of the word rough into Polish. However, only the

third translation fits the context. It turned out that only one

MT system tested (Translatica) translated this word using the

correct meaning.

Other questions checked if the meaning of the sentence,

possibly with more than one negation word, was not changed

(some MT systems have problems with complex negative

sentences). It sometimes happens that two negation words,

related to two different words in the source text, appear one

after another in the translation, thus changing the meaning

of the sentence or making it impossible to understand. A

sentence from the System of Education Act is an example of

negation-related problems in translation. The sentence started

with the clause If the child didn’t go to nursery school, which

was translated correctly by Kompas and Translatica. However,

Google Translate did not manage to translate this sentence

correctly. In its translation, the output sentence started with

If the child went to kindergarten, which totally changed the

meaning of the sentence.

Another type of questions was supposed to check the ade-

quacy of translation of compound sentences, especially relative

clauses – if the logical relation between parts of the sentences

remains the same after translating the source text. However,

these relations were usually preserved in translations.

Preparing the questions for such an experiment is quite

a challenge, because they should check various aspects of

translations. Moreover, it is impossible to check if every

sentence is translated correctly. Due to the time limit imposed

on the participants, there had to be a limited number of

questions to each text. In this experiment we decided that ten

questions for each text would be enough to check the general

understanding and some chosen specific information.
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V. PARTICIPANTS

The Matura Evaluation experiment was carried out through

the Internet. It was prepared in the form of web application

created in Silverlight, so persons taking part in the experiment

could access it through the website. Participants were provided

with random translations of randomly selected source texts and

the corresponding questions. They were supposed to select

answers based on the information from the given translation.

The majority of participants taking part in the experiment

were students (mainly from the Faculty of Mathematics and

Computer Science, but not only). All of them were educated

enough to be able to find the correct answer in the text if it

was translated clearly and correctly enough. Of course every

person has different reading comprehension skills and different

deduction abilities, so this experiment should be conducted

on a large number of participants for credible and meaningful

results. Sometimes it also could happen that the participant

knew the answer to the question even without reading the text.

It was due to the fact that texts used here were not written for

the purpose of this experiment. On the contrary, they consisted

of well known fragments of literature works (The Deluge,

Little Prince), articles describing problems which could be

known to the participants (Greater Poland Uprising, aesthetic

of Pythagoreans etc.). The aim of this experiment was to check

the quality of translations, not the knowledge of people taking

part in it. Therefore participants were asked to choose answers

according to the given text, not their previous knowledge or

guesses.

All the participants were Polish native speakers. As the

experiment tested the translations between Polish and English

in both directions, every participant was supposed to define

their English skills prior to its beginning. Texts in English were

given only to participants who described their English skills

as good or medium. All the other participants were provided

with texts in Polish. Of course the ideal situation would be

to give English translations to English native speakers to be

sure that if they choose the wrong answer, it is because the

text is translated wrongly, and not that the participant’s read-

ing comprehension skills in English are too poor. However,

we wanted to test how an automatically translated text is

perceived by source language native speakers (commercial

Polish-English MT systems are usually reviewed in the press

or on the Internet by Polish native speakers rather than English

native speakers). Therefore, the following solution was used:

an additional answer variant was added to each question -

My English skills are not good enough to provide the correct

answer to this question. It was done in order to prevent

a participant from guessing the correct answer or choosing

the option translation impossible to understand, while the

translation could be actually quite good but in English too

advanced for the participant to understand.

VI. RESULTS OF THE EXPERIMENT

The experiment results are presented in Table I. In the top

row of the table the average results (i.e. the percentage of

correct answers) obtained by each of the tested MT systems are

displayed. As we can observe, all the systems received quite

high rates: from 65.45% up to 74.81%. From these figures we

can deduce that the translations produced were generally quite

understandable, because in average every participant was able

to answer correctly about six – seven questions out of ten. This

result is quite optimistic, because it implies that an average

translation was in about 70% understandable and adequate in

reference to its source text.

All the average results presented in Table I are counted

using weighted arithmetic mean. Weights depend on a number

of times a specific translation was used in the experiment (as

mentioned before, translations and texts were chosen randomly

for each experiment). Table II indicates how many times each

translation of each text was used in the experiment.

When we compare the results obtained by each of the

MT systems in both directions of the translations tested in

this experiment, we can notice quite a difference. Generally

translations from Polish into English received higher marks

than translations in the opposite direction. This is even more

interesting if we keep in mind that all the experiment par-

ticipants were Polish native speakers and, hence, able to

better understand texts written in their mother tongue, Polish,

even after translation. However, the assumption turned out to

be false. Polish translations were not only more difficult to

understand then the English translations, but texts translated

into Polish more often contained wrong information. This

could be because English is more difficult to parse than Polish

and Polish is more difficult to synthesise than English (because

of complex morphosyntactic agreements) and therefore it is

more difficult for an MT system to generate a correct and

understandable sentence in Polish than in English.

VII. RESULT ANALYSIS

The interesting fact is that for some texts translation results

differ significantly between MT systems. The most essential

difference can be observed between the translations into

Polish, e.g. Polish translation of Greater Poland Uprising

translated by Google Translate obtained 73.33% (the best score

for translation of this text), while the same text translated by

Translatica received an average mark of 33.33%. Quite the

opposite results were obtained by these MT systems as far as

translation of the article about St. Patrick’s Day is concerned:

Google Translate received the lowest mark for this translation:

37.50%, while Translatica 84.00%. These both results are

quite objective, because the translations mentioned above were

used in almost the same number of experiments: translation

of Greater Poland Uprising by Google Translate: 5 times,

by Translatica: 6; translation of St. Patrick’s Day by Google

Translate: 4 times, the same amount by Translatica. Translation

from Polish into English did not differ so significantly. The

largest differences in marks occurred in translation of the most

specialised text – System of Education Act. Again Translatica

translated it in the best way, obtaining 89.47% score, while

Google Translate only 66.67%. However, these results cannot

be compared in a very credible way, because translation by
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Translatica was used 6 times in the experiment, while the

translation by Google Translate only 3.

If we want to go deeper in our analysis, we can compare the

number of wrong answers which were given to each question

after reading translations generated by each MT system. There

were two types of answers considered as “wrong”: an answer

which was not the correct one and an answer saying that

translation is impossible to understand. The number of such

answers was counted for each text and for each translation

separately. The most interesting were situations in which one

question was answered almost always correctly when using

one translation, and the wrong answer was provided based on

another translation. Usually it implied that the translation of

the paragraph/sentence with information needed to answer the

question was much worse in the second case.

An example question with sentences from different trans-

lations to illustrate such a situation comes from the article

about Alice’s Adventures in Wonderland. Question no. 8 was

not answered correctly by anyone using translation by Google

Translate, and it was answered correctly by 3 out of 4

participants using the translation created by Kompas:

Question 8: Who was the author of the first [Polish]

translation closest in meaning to the original text?

• Chuck Connors (1965) – The first translation in line with

the original (Google Translate)

• Maciej Słomczyński (1965) – the first translation corre-

sponding to the original (Kompas)

Correct answer to this question is “Maciej Słomczyński”.

Of course no one reading translation by Google Translate

would be able to answer this question correctly because of

changed name (Maciej Słomczyński was translated into Chuck

Connors).

Another interesting example comes from the second chapter

of Little Prince and a question Over how many parts of the

world did the author fly? All the participants reading this text

translated by Google Translate (5 persons) gave the wrong

answer, and all the participants using translation made by

Translatica (6 persons) answered correctly. The assumption

that something was wrong with the translation of Google

turned out to be correct. The original sentence I have flown

a little over all parts of the world was translated by Google

into Mam lotu mało w stosunku do wszystkich części świata,

what gives the wrong understanding that the author has flown

not much.

VIII. CONCLUSIONS

The experiment called Matura Evaluation turns out to

be a good method of human-based evaluation of machine

translation. Results obtained in this experiment show the

correspondence with the quality of translations. However, such

an experiment has to fulfil some requirements for its results to

be credible. First of all, a large number of participants must

take part in the experiment. Moreover, all tested translations

should be used by similar number of participants. There are

also some requirements regarding the experiment preparation:

the texts should be correctly selected, different in style and
difficulty to enable the comparison of translations of different

types of texts.The questions should be clear, prepared based

only on source texts for the results of experiment to be

objective. All answers should be easy to find in the source

text (and, in consequence, in the correct translations), because

this experiment does not check the participants’ reading com-

prehension skills, but the quality of translation.
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TABLE I
EXPERIMENT RESULTS

Google Tr. Kompas Translatica Weighted avg

Weighted average result 65.34% 71.98% 74.16% 70.96%

PL Ý EN translation 78.17% 80.60% 89.25% 83.64%

EN Ý PL translation 58.22% 62.21% 59.83% 59.96%

Polish Ý English translations

Alice in Wonderland 80.56% 70.83% 88.89% 81.41%

Vanishing Venice 80% 90% 93.33% 90.00%

Pythagorean aesthetics 100% 94.44% 90.7% 92.80%

System of Education Act . . . 66.67% 80.43% 89.47% 78.11%

The Deluge – chapter I 80% 78.95% 83.33% 80.64%

English Ý Polish translations

Little Prince 56.25% 64.41% 51.67% 57.51%

St. Patrick’s Day 37.50% 65% 84% 63.64%

What You Wish, . . . 62.50% 62.50% 75% 66.67%

Greater Poland Uprising 73.33% 55.56% 33.33% 53.84%

TABLE II
NUMBER OF EXPERIMENTS PERFORMED

Google Translate Kompas Translatica

Alice in Wonderland 3 4 6

Vanishing Venice 1 2 3

Aesthetics of the Pythagoreans 1 2 5

System of Education Act 3 5 2

The Deluge – chapter I 2 4 3

Total Polish Ý English 10 17 19

Little Prince 5 6 6

St. Patrick’s Day 4 2 5

What You Wish, You’d Known 4 4 4

Greater Poland Uprising 5 3 5

Total English Ý Polish 18 15 20

Total 28 32 39
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Abstract—We present a dialogue system for exercising the
German subordinate clause word order. The pedagogical method-
ology we adopt is based on focused tasks: the targeted linguistic
structure is embedded in a naturalistic scenario, “Making ap-
pointments”, in which the structure can be plausibly elicited. We
report on the system we built and an experimental methodology
which we use in order to investigate whether the computer-based
conversational focused task we designed promotes acquisition of
the form. Our goal is two-fold: First, learners should improve
their overall communicative skills in the task scenario and,
second, they should improve their mastery of the structure. In
this paper, we present a methodology for evaluating learners’
progress on the latter.

I. MOTIVATION

V
ERBAL communication in a foreign language, actual

interaction, is for the language learner the ultimate site

of language acquisition. Dialogue is a source of naturally

occurring comprehensible input as well as useful negative

feedback, reformulations or clarification questions, which may

arise from communication problems and which draws attention

to correct forms. What is crucial is that dialogue is an oppor-

tunity for learners to produce language as well as to modify

their language in response to feedback. All these aspects

of conversational interaction have been shown to promote

learning [1], [2], [3], [4].

The communicative approch to language teaching advo-

cates the use of goal-oriented realistic communicative ac-

tivities, tasks, in the foreign language classroom, in order

to encourage learners to use their developing language [5].

Important definitional characteristics of tasks are: focus on

meaning, well defined communicative outcome, and free use

of linguistic forms. If a specific grammatical structure is the

target of instruction, the latter property of tasks turns out

problematic: because learners are free to use any forms they

want, it cannot be guaranteed that they will use the forms

of interest. To remedy this, focused tasks, encouraging the

use and processing of specific linguistic features, have been

proposed [5]. Focused tasks combine focus on forms with

the communicative approach to instruction by, among others,

exploiting scenarios which are likely to elicit the structures

of interest in an unobtrusive way, promoting thereby their

incidental acquisition.

In this paper we report on a system we built and an

experimental method designed to find out whether computer-

based conversational focused tasks also promote acquisition

of forms. The structure we targeted was the German word

order in subordinate clauses. The goal of the computer-based

communicative task was two-fold: On the one hand, learners

should improve their overall communicative skills in the task

scenario and, on the other hand, they should expand their

mastery of the target structure. We have conducted a prelimi-

nary small-scale experiment with the system we built in order

to assess the feasibility of an in-classroom evaluation. The

learning gains results we have observed so far have, however,

not been statistically significant. In this paper we concentrate

on the system itself and the evaluation methodology in general.

The idea of computer-based dialogue activites for foreign

langauge learning is not new: computer assisted language

learning (CALL) has been an active research field for many

years. With the progress in language technology, the number of

intelligent CALL systems which allow learners to use natural

dialogue has been growing. The study we present is at the

intersection of two fields that are intuitively close: second

language acquisition (SLA) and Natural Language Processing-

enhanced CALL.

A CALL system can be evaluated in terms of learning gains

it generates [6], [7], in terms of its usability (How did learners

enjoy playing with the system? [8], [9], [10]) or its perfor-

mance from an engineering perspective (Did it fail? [11]). We

built a CALL system which implements two established SLA

methodologies (focused tasks and conversational interaction)

and attempt to evaluate whether iteracting with the system

produces learning gain.

Outline The paper is organized as follows: In Section II we

introduce the linguistic form of interest and the task scenario.

In Section III we present two language learning activities

we designed. The architecture of the system is outlined in

Section IV. In Section V we summarise the setup of an

experiment and the results. Section VI concludes the paper.

II. THE TARGET FORM AND THE TASK

For the focused communicative activity we selected a gram-

matical form and a task with the following considerations in

mind: Firstly, we wanted a “non-trivial”, demanding structure,

i.e. a structure of certain complexity, one which is not aquired

at the first stages of learning German. Secondly, a structure for
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Fig. 1. System screenshot; task material (left), dialogue history and input entry field (right)

which we could find a scenario in which it is natural to use,

so that we can create incidental opportunites for the learner

to produce it. Thirdly, it has enough distinguishing features

to be easily tested in a controlled experiment. Finally, in line

with task-based teaching, we wanted a meaningful, realistic

scenario and communicative task, useful for the learner.

Given the above criteria we opted to focus on the German

word order in causal subordinate clauses and framed the usage

of these structures in the context of a "Making appointments"

scenario. We introduce the two parameters below.

A. Form: Subordinate clauses

Subordinate clauses are clauses that are dependent on an-

other clause (main or subordinate). In German, subordinate

clauses are characterized by a specific word order: the position

of the finite verb in a subordinate clause is at the end of the

clause. This position is obligatory. The canonical placement

of the finite verb in the main clause is at the second position.

One of the subordinate clause types is an adverbial clause

in which the subordinate clause, taking the function of an

adverbial, qualifies the action expressed in the main clause by

supplying additional information. An example of an adverbial

clause is the causal clause which provides the reason for what

is said in the main clause.

Examples (1) and (2) below show a causal clause introduced

by the subordinating conjunction weil (Eng.: because) in the

verb-final position and of a single main clause in which the

finite verb muss is in second position:

(1) . . .weil

because

ich

I

arbeiten

work-inf

muss.

must-fin.

’because I have to work’

(2) Ich

I

muss

must-fin

arbeiten.

work-inf

’I have to work’

The specific word order of subordinate clauses is problem-

atic for learners and it has been shown that it is the last to be

acquired by children and adult learners of German [12].

While subordinate clauses are a useful means to structure

content and express relations between different propositions,

they are used much less in oral communication than in written

text. The proportion of subordinate clauses of all clauses

ranges from 0.25 to 0.12 in corpora of spoken language, while

it is 0.5 in written language [13],[14],[15], as cited by [16].

A possible reason for this dispreference is that subordinate

clauses are more complex and thus require more effort to

process, which is harder in spontaneous interaction.

B. Task: Making an appointment

In order to elicit causal clauses, we created a task in

which the learner had to refuse a proposal and, for pragmatic,

politeness considerations (a dispreferred second [17]) would

likely provide a reason for the refusal.

The scenario in which we embed the focus on subordinate

clauses is about arranging a meeting. The task for the learner

is to make an appointment given a set of constraints on the

available times: the learner is provided with a schedule with

a set of occupied and free slots, as illustrated on the left side

of Figure 1, and activites planned in the occupied slots (i.e.

the reasons for refusals).1

1The agenda also includes conditionally busy slots, marked with wenn
(Eng.: if) which can optionally serve to elicit conditional subordinate clauses
characterised by the same verb-final word order.
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get-user-input

if interpretation-found

if no-justification-found

elicit-justification

else

if TF-realized

if TF-incorrect

recast-TF

else prompt-for-next-contribution

else

recast-justification-using-TF

else

output ‘Sorry, I didn’t understand.’

Fig. 2. Dialogue strategy in the free production activity

The system would propose appointment times known to be

occupied on the learner’s schedule, thus expecting the learner

to refuse the proposal and give a reason. However, keeping in

mind that it is not obligatory to provide the reason at all and

that a subordinate causal clause is an optional construction,

in one of the activites we designed (described below) the

system-side of the dialogue was modelled in such a way that

it provided examples of the clauses of interest by embedding

them in reformulation/paraphrasing utterances and giving them

an appearance of implicit confirmation moves.

III. TASK-BASED ACTIVITIES

We designed and implemented two variants of a role-play

type activity framed within the scenario described above: In

both variants it involved a type-written dialogue with the

system we built, with a goal of making an appointment.

The system controls the interaction by means of a state-

based dialogue model and explicitly implements form-focusing

mechanisms: in one variant, this is done as part of the dialogue

model, while in the other, by restricting the input mode.

The dialogue model encodes subdialogues which serve to

elicit the target forms and it provides feedback on forms in

case of learner form errors. The two variants of the activity

differ in the extent of freedom of language production they

offer and the realisation of form-focused feedback: one variant

allows learners to freely formulate their dialogue contributions

(free production) and provides implicit corrective feedback,

while in the other learners are asked to produce only the

target forms (constrained production) and the feedback merely

informs whether the supplied form was correct. We elaborate

on the properties of the respective system variants below.

A. Free language production

In the free-production system, the learner is able to type

their utterances freely without any restrictions on the lan-

guage used. The system implements two input interpretation

strategies: one based on a grammar with mal-rules, and a fall-

back strategy based on keyword matching; details follow in

Section IV. It classifies the learner’s input into one of the

three categories (“TF” stands for “target form”): TF-realized-

correct, TF-realized-incorrect, TF-not-realized. The high-level

dialogue and feedback strategy is summarised as pseudo-code

in Figure 2.2

The system provides implicit feedback in case of learner

errors in the TF by reformulating (recasting) the learner’s

utterance (or parts thereof). Recasts are realised in a way so

as to give them an appearance of implicit confirmation type

of grounding moves, as in S1, below, which corrects the error

made in L1:

(3) L1: *Nein, ich kann nicht, weil ich muss arbeiten.

‘No, I can’t because I have to work.’

S1: Ah, du kannst nicht, weil du arbeiten musst.

‘Ah, you can’t because you have to work.’

The dialogue model encodes three strategies of eliciting

causal clauses if the learner does not use them spontaneously:

(A) If the learner gives a reason for refusal, but does not

produce a subordinate clause the system will recast the refusal

into a subordinate clause and put emphasis on the conjunction

weil by setting it in bold face as illustrated below:

(4) L2: Nein, ich kann nicht, ich muss arbeiten.

‘No, I can’t, I have to work.’

S2: Ah, du kannst nicht, weil du arbeiten musst.

‘Ah, you can’t because you have to work.’

(B) If the learner fails to give a reason in their refusal the

system will ask for one explicitly:

(5) L3: Nein, am Montag um 15 Uhr kann ich nicht.

‘No, I can’t make it on Monday at 3.’

S3: Warum kannst du denn nicht?

‘Why can’t you make it?’

(C) In order to present an example of a causal clause not

as part of a recast, but as an original refusal-reason pair the

system will refuse any learner-initiated proposal with a reason

formulated as a causal clause. If the learner does not initiate a

proposal the system will try to elicit one by asking the learner

what day and time would suit them.

B. Constrained production

In the constrained system the learner’s production is re-

stricted to supplying the target form by putting a set of words

in the correct order creating a dialogue turn in this way. The

words are given in a random order, as in the example below:

(6) S4: Kannst du am Montag um 10 Uhr?

‘Are you available on Monday at 10am?’

L4: Nein, ich kann nicht, weil ( arbeiten muss ich )

‘No, I can’t because I have to work.’

The learner is allowed three attempts to produce the correct

form. In case an invalid form is supplied, the system signals

it with a message ‘That was wrong!’ and subtracts one point

2We omit some system turns signalling non-undertanding due to unknown
words to simplify the presentation.
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Fig. 3. The system architecture

from a learner’s “score” on the activity; correct forms increase

the score by one. The feedback and the score are displayed in a

designated feedback area. After the third unsuccessful attempt

the correct utterance is appended to the dialogue. The system

then generates its next turn based on the dialogue model.

The following section summarizes the architecture and the

implementation of the system.

IV. THE SYSTEM

Both dialogue activities are implemented on the same sys-

tem architecture; we concentrate on the components required

for the free production activity because the constrained pro-

duction activity is its simplified variant.

The system maintains a dialogue with the learner by follow-

ing a dialogue strategy outlined in Section III (see Figure 2).

This involves interpreting the learner’s input, responding to the

learner by selecting a communicative goal according to the

dialogue model and the paedagogical strategy, and realizing

the goal as a surface string. Specifically for the learning

context, the system has to recognize errors in the learner input

and generate feedback on them.

Figure 3 shows the system’s architecture: the modules and

the flow of information between them. We describe each of

the functions below.

A. The task and dialogue model and the dialogue engine

The dialogue model represents the sets of possible turn

transitions: alternating turns produced by the user and the

the system. Task-related parameters, the information about the

slots in the time-table, are encoded in an external data structure

which is imported into the dialogue model.

The dialogue model is implemented as a state machine using

State Chart XML (SCXML) as an underlying representation.

We use the Java implementation of Apache SCXML.3 The

3http://commons.apache.org/scxml

framework also provides a dialogue execution engine which

receives input interpretations and triggers the system responses

according to the given model.

B. Interpretion of learner’s input

In general, interpreting the user input involves mapping a

surface string of an utterance to a meaning representation.

As typical in small-scale dialogue systems, we implement the

system’s language model (the set of linguistic expressions)

as a context free grammar with semantic tags. For parsing,

we use the Java Speech API implementation of the CMU

parser which is part of the Sphinx system.4 The semantic

tags encode two types of information: first, the symbolic

meaning of utterances, and second, information on violations

of grammatical constraints; more on error handling below.

1) Fuzzy matching for unknown words: In order to ensure

robustness with respect to typos and spelling errors the system

first identifies unknown words in the input and tries to map

them to known words by calculating the Levenshtein distance

between the unknown word and known words. Candidates

for replacement of out-of-vocabulary words are those known

words which have a Levenshtein distance within a certain

range normalized by word length.

2) Grammatical error handling: Since the system interacts

with learners, i.e. non-native speakers of German, their input

is likely to contain other errors apart from misspellings, in par-

ticular errors in the target structure. An essential requirement

of the system is to recognize those errors and give feedback

on them. One strategy to deal with errors is to explicitly

integrate anticipated errors into the grammar in the form

of so called mal-rules, i.e. grammar productions which are

outside of the standard rules of the given language. Erroneous

utterances are parsed using mal-rules and the parse result

contains information about the error.

The drawback of this approach is that it is hard to anticipate

all possible errors that might occur. Therefore, our system also

implements a fall-back strategy based on keyword spotting: If

no parse is found for an utterance, we create a semantic inter-

pretation based on content words, using a keyword lexicon. We

encoded a set of mal-rules based on informal prior pre-testing

of the system with beginner learners.

C. Generation of system responses

The system output realization is performed using a template-

based approach. The output is produced by generating a

dialogue move selected according to the dialogue model using

a context free generation grammar. The grammar associates

atomic keys representing communicative goals with sets of

possible realizations. Slots in the generation templates are

filled using feature-value pairs passed as arguments to the

templates along with the communicative goals to be realized.

D. User interface

The user interface is implemented as a Java applet em-

bedded in a website. The applet displays the task material,

4Available at http://cmusphinx.sourceforge.net
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an input field for learner, the dialogue history and additional

buttons for editing the input utterances and selecting specific

tasks. Figure 1 shows the graphical interface including the

task-material (the agenda; left) and a part of a dialogue history

(upper right) with an example of a system recast (as in (3))

and of an elicitation strategy (as in (5)).

V. EVALUATION

In this section we present an evaluation methodology which

we use to evaluate learning gains produced by the system

variants discussed above. The evaluation is based on in-

classroom activities with the system we built.

We have conducted a preliminary small-scale experiment

using the experimental design introduced below, however, the

results we have obtained so far have not been statistically

significant. Therefore, we present the current results only very

briefly in Section V-B.

A. Methodology

Design The experimental design we use is a nonrandom-

ized pretest multiple-posttest design involving students from

German language classes at the university, taught by different

teachers. The classes are split randomly into two sub-groups:

one assigned to the free production condition, and the other

to the constrained production condition. We are interested in

two questions: 1) whether the interactive activities produce

learning gains, and 2) whether the free production condition,

which requires more computational effort (e.g. in interpreting

the learners’ turns), produces more gains than the activity in

which the learners’ production is restricted.

Procedure At the first session, time 1., both groups com-

plete a pretest, then interact with one of the system variants

(repeating the exercise twice), and subsequently complete an

immediate post-test (posttest1). At the next session a week

later, time 2., the groups again perform an in-classroom

exercise with the system in a different configuration of the

schedule and complete another post-test at the end of the

session (posttest2). Finally, time 3., after a couple of week’s

break (five weeks in the pilot study) the groups complete

another post-test (delayed posttest).

After the second session the participants fill out a demo-

graphic/learning history survey (anonymous) and a feedback

questionnaire on the interaction with the system; we ask about

the usability, usefulness, interest in future use, etc.

We provide two different variants of the task for each

participant. The basic scenario frame, a weekly time schedule,

is kept, but the character of the system is changed: In the

first variant, the system takes the persona of a fellow student,

whereas in the second it is introduced as a learner’s supervisor.

The motivation for the latter is that an interaction with a su-

perior might produce behaviour which more closely conforms

to the politeness norms, in this case, providing reasons for

declining a proposal and hence also the target forms. Also the

set of days and times which the system proposes is different

for each exercise. In the first repetition of the activity, the

system makes 5 different proposals, for the second it makes 4

proposals, thus we expect 9 uses of causal subordinate clauses

according to our dialogue script.

Tests We use two types of assessment tests: a timed grammat-

icality judgment test, targeting implicit knowledge, and an un-

timed sentence construction test, targeting explicit knowledge.

Implicit knowledge refers to knowledge accessible through

automatic processing and which learners are intuitively aware

of, while explicit knowledge is knowledge accessible through

controlled processing [18].5

a) Timed grammaticality judgment: Following Ellis [19]

we designed a timed grammaticality judgment test to measure

implicit knowledge. The test items include causal subordinate

clauses of different complexity. The complexity varies as to

the amount of additional material present in the clause, e.g.

objects, modal verbs, negations or additional modifiers.

The test consists of 6 grammatical, 6 ungrammatical test

items and 9 grammatical and 9 ungrammatical distractor

items, including a subset of other subordinate clauses. We

set the time-limit for the test to 10 seconds per item. This

is roughly twice the maximum time a native speaker used.

Ellis timed his test at 20% above the average time native

speakers needed [19]. Han and Ellis used 3.5 seconds as the

time constraint in [20] based on pretesting the items, while

Bialystok used an even shorter time limit [21]. Based on our

own pretest with native speakers, we performed, already the

threshold of 3.5 seconds would have excluded a couple of slow

native speakers. Since we are not aware of research which

explicitly addresses the issue of the time limit on the timed

judgement tasks, we opt for a more generous time-limit.

Each correctly judged item is scored at 1 point, each

incorrectly judged item is scored at 0.

b) Sentence construction: For the explicit knowledge

test, participants are asked to complete sentences given the

beginning of a sentence and a set of unordered uninflected

phrases or words as in the example below:

Item: Ich kann nicht (weil, arbeiten, müssen, ich)

Solution: Ich kann nicht, weil ich arbeiten muss.

‘I can’t because I have to work.’

The test consists of 6 test items for causal conditional

clauses. There is no time-limit. The items are scored at 1 point

if the word order is correct, 0 otherwise. All form errors other

than those in the target structure are neglected.

We created four versions of the tests described above to

be administered at the four times of assessment (pretest,

posttest1, postest2, delayed postest). The versions differ in the

combinations of lexemes, but are otherwise comparable with

regard to complexity of the lexical items used. The assignment

of a test version to a time varies between participants in order

to compensate for unintended differences between versions.

Within each test, items are presented in random order.

5The tests are prepared and administered using Webexp Experimental
Software (http://www.hcrc.ed.ac.uk/web_exp/).
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Fig. 4. Overall results for sentence construction (SC; white) and grammati-
cality judgement (GJ; gray) for both conditions

B. Pilot experiment

We conducted a small-scale experiment, using the setup

described above, in order to assess the feasibility of an in-

classroom evaluation and in order to get an impression of

whether the learners benefit from the system(s). As we had

mentioned earlier the results we have obtained so far have not

been statistically significant in neither of the groups, however,

the usability questionnaires and the feedback we got from the

participants of the study encourage us to pursue the free-form

exercises further. We are therefore planning to conduct another

analogous experiment in the coming fall semester, however, we

will invite learners from German courses at a lower proficiency

level than the groups we had access to for the pilot study.

Below, we briefly outline the current results.

Participants For the pilot experiment we had access to 26

learners from two German language courses. The participants

came from different language backgrounds, were both male

and female, with an average age of 25 years, and had been

learning German for an average of about two years prior to

experiment.6 The courses met twice a week for 90 minute

sessions. The experiment started 6 weeks (ca. 15 instruction

hours) into the course.

The subjects participated in two sessions of in-classroom

exercises with one of the system variants with one week’s

break between the sessions. Each session consisted of at least

two repetitions of the activity in different configurations of the

task material (the time schedule) as described in Section II.

To complete the activity the participants took between 5 and

25 minutes in the free condition and between ca. 2 and 10

minutes in the constrained condition.

With the experiment spanning over a few weeks, subject

drop-out was inevitable. Due to a high course drop-out rate

(42%), at this point we have data for only 15 subjects for all

6Their German proficiency level was classified as ranging from A2 to B1+
CEF level, based on scores on an initial course placement test.

TABLE I
NUMERICAL RESULTS OF THE SENTENCE CONSTRUCTION TEST:

MEANS (M) AND STANDARD DEVIATIONS (SD) FOR PERCENTAGE SCORES

Pretest Posttest 1 Posttest 2 Delayed Posttest

N M SD M SD M SD M SD

Percentage scores
Constrained 7 80.95 20.25 85.71 24.40 90.48 16.26 88.10 20.89

Free 7 83.33 21.52 90.48 16.26 83.33 19.24 90.48 18.90

TABLE II
NUMERICAL RESULTS OF THE TIMED GRAMMATICALITY JUDGMENT TEST:

MEANS AND STANDARD DEVIATIONS FOR PERCENTAGE SCORES

Pretest Posttest 1 Posttest 2 Delayed Posttest

N M SD M SD M SD M SD

Percentage scores
Constrained 7 83.33 15.96 85.71 17.16 86.90 11.64 83.33 17.35

Free 7 77.38 19.07 80.95 17.16 77.38 22.42 88.10 20.89

the four assessment points for both tests: 7 subjects in the

free production condition and 8 in the constrained production.

We removed a set of data for one subject in the constrained

condition who obtained full scores at all the assessment points

obtaining a data set with two groups of 7 subjects.

Analysis Because of the small sample size and because of

the violation of parametric assumptions7 we perform non-

parametric analyses: in order to compare within subject dif-

ferences we use the Friedman test.8 For between groups

comparisons we use the Mann-Whitney U test. We set the

significance level at 0.05.
Results and discussion The overall results are shown in

Figure 4. Because of the small sample size, the skewed dis-

tribution of scores (as seen in the figure) we cannot draw any

ultimate conclusions: In both groups the repeated measures

statistic turned out to be not significant. The reason for this is

likely to be the fact that both of our groups started off with

relatively high scores. There was no significant between-group

difference on the pretest, according to Mann-Whitney U test,

i.e. the groups started off at the same level. However, this

pretest level was at an average of 81% and 83% of the total

scores on the sentence construction test in the constrained and

free production condition respectively, and 83% and 77% in

the free production. That is, the subjects were perhaps too

familiar with the target structure.

Table I and Table II show the percentage scores’ means

and standard deviations for the pretest, posttest1, posttest2,

and delayed posttest for the sentence construction test and

the grammaticality judgement test. The general pattern in

the scores on both tests is the same: Both groups increased

accuracy in the use of subordinate clause word order from

pretest to posttest1, however, while the constrained production

group further increased between posttest1 and posttest2, the

7According to Shapiro-Wilk and Levene tests both the normality assumption
and the assumption of homogeneity of variance were violated on at least some
of the within-subject and/or between-subject variables on either tests in the
pilot study.

8Since we did not obtain a statistically significant result, we did not perform
post doc tests at this time.
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free production group declined. The accuracy then declined

between posttest2 and delayed posttest in the constrained

condition, but improved in the free production condition.

As mentioned above, these differences were, however, not

statistically significant at the level we had set. Neither were

the differences in between-group comparisons of the scores.

Some of the differences were, however, marginally significant

at a more liberal level of 0.1.
As mentioned at the beginning of this section, we do not

draw ultimate conclusions as to the learning gains based on the

pilot study results. We believe that the experiment is definitely

worth re-running in a course at a lower proficiency level than

the one we were working with at this time. We are planning

such an experiment for the coming fall. The free production

system was rated significantly higher on the questionnaire

than the constrained production system and some of the lower

scoring learners did declare that they would like to use such

a system for at-home exercises, were it available.

VI. CONCLUSION

We presented an architecture of a dialogue system for inter-

active computer-based exercises for the German subordinate

clause word order. The exercises are designed based on an

established communicative-teaching methodology of focused

tasks. The system implemets elicitation mechanisms which

cue the learner on using the target structure of interest. In

one exercise variant the target structures are ellicited in an

unobtrusive way, while the other exercise has more of a drill-

like character. We also presented an evaluation methodology

for assessing learning gains upon interaction with the system.

While our small-scale pilot study was not conclusive, we

believe our appoach is worth pursuing further based on encour-

aging feedback from the participants of the pilot study. One

conclusion we might perhaps draw is that the exercise mode

we propose is more suitable at an earlier stage of acquisition

of the form we target, i.e. around the time when the learners

are first introduced to the subordinate clause word order,

rather than being familiar with it already. However, we would

certainly need another experiment to confirm this and we do

intend to conduct a larger scale study using the methodology

we described.

Based on the same architecture and a modified implemen-

tation, we also built another dialogue activity for exercising

the German locative use of the Dative case, framed in a

“Directions giving” scenario. In an analogous pilot study, using

the same evaluation methodology as described in Section V,

we found significant improvement in the use of Dative upon

exercising with our system [22].
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Abstract—The phonemic statistics were collected from several
large Polish corpora. The paper presents methodology of the
acquisition process, summarisation of the data and some phenom-
ena in the statistics. Triphone statistics apply context-dependent
speech units which have an important role in speech technologies.
The phonemic alphabet for Polish, SAMPA, and methods of
providing phonemic transcriptions are described with detailed
comments.

Index Terms—Natural language processing, triphone statistics,
speech processing, automatic speech recognition, Polish

I. INTRODUCTION

The paper describes processing of linguistic data and con-
structing the statistics of Polish phone system by analysing
large amount of text corpora using Cyfronet high performance
computer cluster. There is a trade-off of quality of such
statistics and time spent on calculations. The high performance
computers enable obtaining the linguistic rules from the vast
number of texts in reasonable time.

Statistical linguistics at the phone, word and sentence level
are under considerations for several languages [2], [4], [9],
[1]. The frequency of phonetic units appearance can be used in
several speech processing applications, for example modelling
in automatic speech recognition (ASR). Models of triphones
which are not present in a training corpus of a speech recog-
niser can be prepared using phonetic decision trees [11]. The
list of possible triphones has to be provided for a particular lan-
guage along with phones’ categorisation. The triphone statis-
tics can also be used to generate hypotheses used in recogni-
tion of out-of-dictionary words including proper names or to
provide additional probabilities in speech modelling (Fig. 1).

Some similar statistics collected from a few large corpora:
Rzeczpospolita corpus (containing articles from a newspaper)
[13], literature corpus [12] and Wikipedia corpus [14] (over
250 000 000 words) have been already presented. However, a
space was included in the list of phones in the previous pub-
lications. This was not necessarilly a good decision because
coarticulation happens between words as well. The process of
speaking combines toegether several words and the borders
between words are often indistinguishable on phonetic level.

Context-dependent modelling can significantly improve
speech recognition quality. Each phone varies slightly depend-
ing on neighbouring phones due to a natural phenomena of
coarticulation. There are no strict boundaries between phones
because they overlap each other. It results in interference

Fig. 1. An example of applying biphone statistics to speech recognition.
The graph presents four phone hypotheses for each time slot with different
probabilities (the highest row has the highest probabilities). The recognition
based on audio information only would be dz dz p a aȩ, which is not close to
any Polish word. The best path after including biphone probabilities on edges
is z z e r o, marked with extra dots. The word zero was actually spoken.

of acoustic properties. Speech recognisers based on triphone
models rather than phone ones are much more complex but
give better results [10]. Let us introduce examples of different
ways of transcribing word zero. The phone model would be z
e r o while the triphone one is *-z+e z-e+r e-r+o e-r+*. In
case a specific triphone is not present, it can be replaced by
a phonetically similar triphone (phones of the same phonetic
group interfere in a similar way with their neighbours) using
phonetic decision trees [11] or biphones (applying only left or
right context) [8].

II. ALGORITHM

Sophisticated rules and methods are necessary to obtain the
phonetic information from an orthographic text data. Tran-
scription of text into phonetic data was applied by PolPhone
[3] using extended SAMPA phonetic alphabet with 39 symbols
(plus space) and pronunciation rules for cities Poznań and
Kraków. Then the spaces were removed and our own digit
symbols corresponding to SAMPA symbols were used, instead
of typical ones in the aim of distinguishing phones easier while
analysing received phonetic transcriptions. Stream editor (sed)
was applied for this tasks.

Afterwards, statistics can be simply collected by counting
the number of occurrences of each symbol, pair, and triple
in an analysed phonetic transcription, where each character
represents a phone. It was conducted using Matlab.
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TABLE I
PHONES IN POLISH (SAMPA [3]), WHERE 1 % CORRESPONDS TO

AROUND 11 190 000 OCCURENCES. THE LAST COLUMN PRESENTS THE
RESULTS OBTAINED FROM MUCH SMALLER CORPUS A FEW DECADES AGO

[6] (N.A. - NOT APLICABLE)

SAMPA example transcr. % [6]
a pat pat 9.584 9.3
e test test 9.108 10.2
o pot pot 8.994 9.1
t test test 4.489 4.4
r ryk rIk 4.674 3.6
n nasz naS 4.443 4
i PIT pit 4.359 3.9
j jak jak 3.796 4.5
I typ tIp 3.648 4.1
v wilk vilk 3.782 3.5
s syk sIk 3.638 3
u puk puk 3.345 3.4
p pik pik 3.263 3.1
m mysz mIS 2.988 3.5
k kit kit 2.976 2.7
d dym dIm 2.888 2.2
l luk luk 2.642 2.1

n’ koń kon’ 2.088 2.6
z zbir zbir 1.947 1.8
w łyk wIk 1.636 2.2
f fan fan 1.683 1.5
g gen gen 1.547 1.5

tˆs cyk tˆsIk 1.692 1.5
b bit bit 1.497 1.5
x hymn xImn 1.427 1.1
S szyk SIk 1.215 2
s’ świt s’vit 0.965 1.5
Z żyto ZIto 0.944 1.2

tˆS czyn tˆSIn 0.955 1.2
tˆs’ ćma tˆs’ma 0.662 1.3
w∼ cia̧ża ts’ow∼Za 0.673 0.7

c kiedy cjedy 0.698 n.a.
dˆz’ dźwig dˆz’vik 0.554 0.8
N pȩk peNk 0.329 0.8

dˆz dzwoń dˆzvon’ 0.261 0.2
J giełda Jjewda 0.260 n.a.
z’ źle z’le 0.195 0.2
j∼ wiȩź vjej∼s’ 0.112 0.1
dˆZ dżem dˆZem 0.040 0

The necessity of investigating large text corpus pointed to
the use of the Polish phonetic transcription system PolPhone
[5], [3]. The transcription process is performed by a table-
based system, which implements the rules of transcription.
Matrix T ∈ Sm×n is a transcription table, where S is
a set of strings and the cells meet the requirements listed
precisely in [3]. The first element t1,1 of each table contains
currently processed character of the input string. For every
character (or character substring) a table is defined. The first
column of each table {ti,1}mi=1 contains all possible character
strings that could precede currently transcribed character. The
first row {t1,j}nj=1 contains all possible character strings
that can proceed. All possible phonetic transcription results
are stored in the remaining cells {ti,j}m,n

i=2,j=2. A particular
element ti,j is applied as a transcription result, if ti,1 matches
the substring preceding t1,1 and t1,j matches the substring
proceeding t1,1. The longer context is always prefered for
transcription, to increase accuracy. Additional tables handle
exceptions.

TABLE II
MOST COMMON POLISH BIPHONES. 1% CORRESPONDS TO AROUND 11

190 000 OCCURENCES. THE THIRD COLUMN PROVIDES INFORMATION ON
AN INDEX OF A PARTICULAR BIPHONE IN ŁOBACZ AND JASSEM

STATISTICS [7]

biphone % [7]
je 1.7253 1
ov 1.1829 12
na 1.1632 3
st 1.0791 7
po 1.0479 10
ra 0.9189 14
ro 0.9155 21
on 0.8756 18
n’e 0.8438 2
ta 0.8035 4
va 0.8012 33
ar 0.7545 48
ko 0.7337 25
er 0.7237 44
an 0.6991 20
en 0.6768 27

biphone % [7]
ej 0.6620 13
do 0.6459 34
or 0.6413 103
ja 0.6367 5
te 0.6229 9
ne 0.60803 57
em 0.60411 11
at 0.60024
li 0.58227 68
to 0.58148 8
re 0.5705 92
al 0.5654 35
aw 0.5595 32
no 0.5410 19
od 0.5386 71
ka 0.54 39

TABLE III
THE REST OF MOST COMMON POLISH BIPHONES. 1% CORRESPONDS TO

AROUND 11 190 000 OCCURENCES

biphone %
eg 0.529
n’i 0.526
vy 0.526
av 0.523
go 0.515

ow∼ 0.506
ty 0.506
za 0.497
ny 0.493
os 0.489
es 0.489
jo 0.488
ol 0.485
am 0.480
sp 0.473
ma 0.470
pr 0.458
Se 0.456
en’ 0.453
le 0.449

an’ 0.449
ci 0.447
ot 0.445

biphone %
ek 0.445
vj 0.442
in 0.434
aj 0.427
pS 0.425
ad 0.423
tu 0.421
op 0.419
as 0.415
ed 0.410
da 0.409

tˆse 0.401
mi 0.394
ap 0.388
ez 0.387
nt 0.386
ku 0.383
la 0.383
yx 0.378
ak 0.373
wa 0.370
ru 0.368
mj 0.368

biphone %
vo 0.366
ep 0.361
ev 0.360
et 0.356

atˆs 0.355
el 0.349

ym 0.345
Ze 0.345
ve 0.342
is 0.339

om 0.337
wo 0.333
vi 0.332
de 0.326
n’a 0.326
uv 0.321
az 0.321
ok 0.316
s’e 0.310
mo 0.307
ur 0.305
ob 0.304

The phonetic alphabet used in PolPhone does not differen-
tiate h and χ. However, it does differentiate w∼ and j∼. It can
be seen as an unusual phonetical decision, but we are forced
to use the existing tool as it is.

Several Rzeczpospolita (Polish daily journal) and Wikipedia
articles were used as input data in our experiment. Due to their
character, they contain quite many names and places, including
foreign ones, what may influence the results slightly. The
corpus consists also of several literature books in Polish. Some
of them are translations from other languages, so they also
contain foreign words. The whole corpus consists of around
267 000 000 words of over 3 000 000 word tokens.
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TABLE IV
MOST COMMON POLISH TRIPHONES. 1% CORRESPONDS TO AROUND 11

190 000 OCCURENCES. THE THIRD COLUMN PROVIDES INFORMATION ON
AN INDEX OF A PARTICULAR TRIPHONE IN ŁOBACZ AND JASSEM

STATISTICS [7]

triphone % [7]
ova 0.3801 10
ego 0.3655 2
sta 0.3287 9
vje 0.3159 1
pSe 0.2969 6
mje 0.2503 5
cje 0.2484
ovy 0.1942
jon 0.189 79
ent 0.1842 76
pro 0.1807 41
ost 0.1785 19

ontˆs 0.1749
sci 0.1735
est 0.1734 8
ana 0.1722 21
ove 0.1712
pra 0.1681 33

triphone % [7]
nyx 0.1673
spo 0.1627 96
an’e 0.1586 16
pol 0.1538

os’tˆs’ 0.1533 138
jej 0.1514 168
tur 0.1448 25
jer 0.1433 86

jow∼ 0.143
ovj 0.1404
ona 0.1381 38
ist 0.1371 204

en’e 0.1354 14
sto 0.1347 31

an’a 0.1347
ktu 0.1311
ter 0.131

s’c’i 0.130

III. RESULTS

The frequency of phones is quite similar to the presented
in [6] (Table I). The comparison to the other statistics [7]
is not simple, because they include a space. It should be
mentioned here, that it is an acoustic space, which we could
rather call short pause. It means, that it does not appear
between all words, but only where a speaker took a breath. A
general correlation can be seen, however, the exact order of
the statistics differs quite a lot (Tables II and IV).

The total number of around 1 119 000 000 phones were
analysed with 39 tokens being specified. Exactly 1 397 bi-
phonetokens (Fig. 2 and Table II) for 1 521 possible combi-
nations were found, which constitutes 91.8%.

38 708 triphone tokens (see Table IV) were detected. The
list of the most common triphones is presented in Table IV.
With 39 phone tokens there are 59 319 possible triples. It
leads to a conclusion that around 65% of possible triples were
detected as triphones. It corresponds very well to Young [10],
who estimates that in English, 60-70% of possible triples exist
as triphones. It allows to make an assumption that all or nearly
all triphone tokens were detected in our experiment.

Some values are similar to statistics given by Jassem a
few decades ago and reprinted in [1]. We applied computer
clusters, so our statistics were calculated for much more data.
On the other hand, Jassem’s work was based on manual
transcription, while ours uses an automatic method to provide
phone transcription, which might be less acurate.

Our results were compared with [7]. The phone statistics
are quite similar, because they can be extracted from a small
corpus and be representative. Because of this similarity we
believe that the grapheme-to-phone automatic method we
used has quality close to hand transcriptions done by [7].
The biphone statistics from [7] are less correlated to ours,
with triphone ones quite different. We concluded that with
correlation on uniphone level, the differences for biphones and

TABLE V
REST OF THE MOST COMMON POLISH TRIPHONES. 1% CORRESPONDS TO

AROUND 11 190 000 OCCURENCES

triphone %
jeg 0.130
apo 0.130
nov 0.129
epo 0.129
jed 0.127
ajo 0.126
ast 0.124
tov 0.124
van 0.123
ina 0.122
pov 0.122
ali 0.122
yst 0.121
pje 0.120
ena 0.120
scj 0.120
pSy 0.118
dov 0.118
ale 0.116
ste 0.116
ovo 0.115
van’ 0.114
kon 0.113
tor 0.112
kov 0.110
str 0.110
pod 0.108
zna 0.108

triphone %
ado 0.108
ont 0.107
odo 0.106
any 0.106
ora 0.106

ntˆse 0.106
ata 0.105
ska 0.104
pot 0.104
neg 0.103

ratˆs’ 0.103
awa 0.102
oli 0.102
tem 0.102
rav 0.1016
rov 0.1009
nej 0.1008
en’a 0.1002
opo 0.0996
naj 0.0991
mja 0.0989
jen 0.0978
ako 0.0976
oku 0.0968
art 0.0965
ane 0.0965
rod 0.0964
nym 0.0963

triphone %
tra 0.0946

n’em 0.0941
era 0.0940
n’ej 0.0938
jen’ 0.0929
end 0.0928
ano 0.0922
ejs 0.0922
stf 0.0920

min 0.0912
ami 0.0912
nte 0.0909
rek 0.0905
val 0.0902
n’ik 0.0895
avj 0.0892
gra 0.0890
ada 0.0886

atˆs’j 0.0885
sko 0.0884
an’i 0.0881
eta 0.0881
jez 0.0876
ate 0.0873
tan 0.0862
ama 0.0852
oje 0.0849
nap 0.0843

triphones are due to much larger corpus which was analysed in
our work. Biphone and triphone statistics from [7] are probably
quite dependant on transcriptions which were used in their
experiment. Our experiment was conducted on much larger
corpus so it is much more data independent.

Besides the frequency of triphone occurrence, we are also
interested in distributions of their frequencies. These are
presented in logarithmic scale in Fig. 3. We have found around
2 200 triphones which occurred once, around 1 200 which
occurred twice, and 900 three times. There are quite a lot of
triples which occured few times but also there are generally
much more triples than for a similar experiment with a space
as a phone because there are new triples on words connections.
Some threshold can be set and the rarliest triphones can be re-
moved as errors caused by unusual Polish word combinations,
acronyms, slang and other variations of dictionary words,
onomatopoeic words, foreign words, errors in the process of
introducing phone transcriptions and typographical errors in
the text corpora.

Zipf’s law states that given some corpus of natural language
utterances, the frequency of any word is inversely proportional
to its rank in the frequency table. In the case of triphones it
seems to be not the case. The changes in frequency between
the common triphones are smaller then would be expected
from Zipf’s law, while the changes between rare triphones are
larger. This type of distribution is very good from practical
point of view. It can be estimated that triphones which are in
the right part of the Fig. 3, where differences are very sharp
are errors.
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Fig. 2. Frequency of biphones in Polish

Spaces appear between written words but they rarely apear
in spoken language. However, pauses can indeed occur be-
tween, e.g., longer phrases. Our statistics were collected using
phonemic transciption based on written texts. One would
say that a better way would be to use transcriptions made
directly from audio records. However, in that case the amount
of investigated material would be significantly smaller what
would have impact on quality of the statistics, especially the
triphones.

Entropy

H = −
40∑

i=1

p(i) log2 p(i), (1)

where p(i) is a probability of a particular phone, is used as a
measure of the disorder of a linguistic system. It describes how
many bits in average are needed to describe phones. According

to Jassem in [1], the entropy for Polish is 4.7506 bits/phone
but including a space. From our calculations, the entropy
for phones is 4.7322, for biphones 8.6832 and 12.1987 for
triphones. The fact that they do not follow a 1:2:3 proportion
is an indication of some level of correlation.

IV. CONCLUSIONS

250 000 000 words from different corpora: newspaper arti-
cles, Internet and literature were analysed. Statistics of Polish
phones, biphones and triphones were created. They are not
fully complete, but the corpora were large enough, that they
can be successfully applied in speech processing applications.
The collected statistics are the largest for Polish, one of the
most common Slavic languages, of this type of linguistic
computational knowledge. It has several phones different than
English and the statistics of phones are also different.
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AITOR ÁLVAREZ, ARANTZA DEL POZO, ANDONI ARRUTI: APYCA: TOWARDS THE AUTOMATIC SUBTITLING OF TELEVISION CONTENT IN SPANISH 569



1=�	1D���D"���D��""�����D ���D��D����������FF�DE������D
���������D�������D����������8D� �D�"D����D���D��F����D��D���D
��������D���DE�������DE���������D�"D���D�E����D�����F(D�����#
��D���D��D�����D��D���DF���������D���F����D�"D���D�����������D
��$�D���D���DF���D���D��������D���DE��!����D�����D�EE��������D
���D��""�����D������2���D��EF����D���DE��������D��D����D��#
���FD��D���D"�FF� ���D���������D

 F C�C�!������D������	���"D#����	��D�

1�������DE�����D���D��������D��D���F�����D ���D�����D���D
���D����#����E�DE�������D��D���D����������D��D���D�F�������D
����F�D������D���D�����������D���D�F�������DE��������D��#
�E����!�F��DA����!��D���D��""������(D���D���#�����������D��D
����D��� ���D���D���D�"D�D ���D���D���D�����D�"D���D��$�D���D
����D��'��D��D�DE�������FD��������DE�����DDD
�� D �� D ��E������ D �� D ��E������ D �� D ���� D E���� D ���� D �!�� D �"D

�������� D E����� D �� D ��� D �F ��� D ������E��� D �� D ��������!�D
����'�(D�����D��F��������ED��D�!�����D��D����D������DD

$F C�C�!������D�%��������"D#����	��D�

1�������DE�����D���D���D�F ���D����������FF�D�������D��D
����D���D��������D ���D����������(D���E�D��D�E����D��"F���#
����D����D���D���D�F ���D��F����D��D����D��������!�D�����������D
���������D�������D���������D�����D��DE�������D��"��������D
���D��FED����F!�D����DE���F���D
��� D ��EF������� D �F������� D ������� D ��������!� D �������D

���������� D ����� D �� D 	1�� D �F����"���� D ������� D  ��� D ���D
A��'���D6�!��������D"��DN�� F����D1��F����D?A6N1@D���FD
4-35� D ����� D ��""����� D �F����� D ��!� D ���� D ����8 D 7��F����<(D
72�������<D���D7�������<D#D������E������D��D���D�����D ����D
�D ���D��D"�FF� ��D��D��F����(D2�������D���'D��D�������(D��#
�E����!�F��D6���D�F���D��D�������D��DE�������D"�������D�$����#
���D"��D����D ���D�"D���DD�F��$�D=������D���E��D4-*5D�����D
���D=�����D=�������D:������D6$��������D���F D?==:6@D4/+5�D
-/-DE�������D"�������D���D�$�������D������D����D ����D�����D
"�������D���D����F�D��F����D��8D

�AB���CDEFD ���D��������D���D�����F����D��������D�"D����D
 ���D���D ���D��������D���D�$��������D��D��������(D���D����#
����D���D�����F����D��������D�"D���DF���D!� �FD���D�����D��#
"���D�D ���D��������D���D�F��D���������D

��C���F	 ��!���F D ��""����� D ��E�� D �" D:+ D "������� D ��� D ���#
E����(D�����D��D���D���F�C��DE����D��������D

���D���#��	����&� �D �����D���F���D���D�������(D��$����(D
����(D���DF���D:+D!�F���D�"D����D ���D���D��"F���D���DE����D
������

�'�A���D	 � #��	����&� �D �������D ���D��!�����D�" D ���D:+D
�������D �����D���D!�����D�������D�"D���D ����DE��������D���D
"�FF� ���D�D���������D���D�������(D��$����(D����(D"����D
���DF���D���F�C��D:+D!�F���D�"D����D ���D���D���E����D���D
���E����D��D�����D�"D���D"�FF� ���D ���(D�����DF��D��""��#
�����D���D�������DD

�������#��	����&� �D���DF���D�F�E�D!�F��D�"D�D ���DE��������D
�D��������D���D���D"����D�F�E�D!�F��D�"D�D ���D"�FF� ���D�D
��������D���D�F��D��F��F�����D

��E����F	����F��D��D���D:+D"�������(D�D!������D�"D������D��#
F����D�����D"�������(D��!�����D"�������(D���D�F�E�D"�������D
���D���E����(D�����D!������D�����F�C�����D��������D
6���D ���D��D���D��������D���E��D ��D�����FF�DF���F��D��D

��F���D��D���D�"D���D�����D�F�����D��"����D���!��D

(F C�C�!������D�)�D����	���"D#����	��D

���DF���������D�F�������D���D���D����DE��E���D��D���DE���#
����D���D��������D�F��������(D����D����������D���������D���#
����������D�"D���D�����������D��$��D���DE��F���E��D����D��D
��!�F�ED����D����F�D���D����D�����D��D� �D��E��D�"D�������#
���8D����������FD���D���������F�D
��D���D���D����(D�DE������F�����DE���#�"#�E����D?=�)@D���#

���D�����D��D0�����DD��'�!DD���F�D?0DD@D���D����D��#
!�F�E��D��D�����D��D����������FF�D����������D����D ����D��D
���D����D �������D��D�DE��E�������D F�$���F D��������D ���� D ��#
�F����D���������D�"D����������FD����������D�"D �����D��D��#
������(D���������D��F��D��!�D����D��!�F�E��D��D������D������#
������D�"D����������FD����������(D��"���D��D�"���D ����D��D��D
����DF�'�F�D��D��!�D�������D���������D�����������D
�� D ��� D ����� D ����( D ��� D���� D "��2���� D ��� D�������"�FD

���������F D�F������DE������ D ��D ��� DD�F��$� D=������D���E��D
��"���D��D�"���D ����D��D��D����F�DF�'�F�D��D��!�D�D���������D
�������D��������D��!�D���� D ������"���� DA���� D��D ���� D ��#
"��������( D ��������� D ��F�� D �� D ������ D ��������!� D ����������D
��!�D����D���������D
���DF�����D�EE�����D���D����D"����D��D��D����D������D����D

���D"�����D���D��D���D���������D������F���D��������(D�����D��#
���������D������D���DF���D��D����������FD������������������D
 ����D ��'��D���D��������D����������FD���������D��F���D

*F C�C�!������D����!�D���"D#����	��D�

���D�F���FD1=�	1D�)�D������D��D����F��D��D�������D����D
�����D���� D ���D ��E��D ��$�D���D�� D����E������F�D���������D
����D���������D��������D�����D���D�"D���D����F��D��������8D
��������(DE�������D���9��DF����������D
1D��������D����FD���D�F��D����D��!�F�E��(D ����D��'��D

��� D E���������� D ��� D ���"������ D�������� D E��!���� D �� D ���D
�����D����F��D���������D���!�D���D��!��D�D"���FD����F�D�����D
��D�����D �������D������������ D�� D������F( D �"D � �D����F��D
������D�DE����D��D�D ���D��������D ���D������D���"������(D
 �D��'�D��D��D�D���FDE�����D����D�EE�����D�$EF����D���D���#
EF����������D�"D���D�����D!���D��""�����D�������D�"D��"����#
����D����D"��D���D���������D�"D���������D���������D

C� ��������C������	��D�E�CF�

����D����F�D����D�� D����������D ���D��������D�����F D��#
�������D��D���D�E��'��D����������(D��D����D����D�E��'��D���D��D
��������D�D��""�����D������F�D��F����D
1=�	1D����D���DB��D;)E'�����C�����D�E��D������D���FD

4-E5 D �� D ��F!� D ��� D ���' D �" D �E��'�� D �����C������ D )����F� D ���D
E������������D�����D./DD�FD:��2�����D	�E����FD	��""�������D
?D:		@D���F�����D���""������D	+D��D������(D���E����D ���D
���D)E���$DKD���F�D4/.5�D-+D��D ���� �D���D��EF����D ���D
��D�!��F�ED�"D.+D���D	�E����FDD���D�����F�������D?	D�@D��D

570 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



���D�EEF���(D���D��D���D��������D��D��������D���D�����D����D�"D
���D�����C�����D���'�D
���D�����C�����DE������D��������D�"D�����D����DE������D��#

������������D�����FD������DE�����D������E������D��D�������D
����������D���D��������D"����(D�����D��������#�����D��������#
����D�������D ����D�������D���DC�����F����DB�'�F�����D��#
���D?CB�@D���DA�������D��"��������D	��������D?A�	@�DCB�D��D
���E����D�����D"�FFD��!�������DC��������D���������D��D�F��#
���D ���� �D�"D"�!�D�������D���D"�FF� ��D��D�D������DOA�	D
E���(D ����D�F��D����D"�FFD��!�������DC��������(D��D"���D���#
������!�D��������D�"D���D����D�E��'���D
����(D�����J�����D��������D�"D���D����D������D���D�E��'#

��D���D�������D��������D��D�F������D�����D�D�����������F D��#
�F�������!� D �F�������� D �F�������D ���D � D ���EE��� D���������D
�����D��D���DOA�	D�������D
:���FF�( D%������ D �������� D �� D E��"����� D �� D �������� D ��#

E��!��D��������������D6���D�F�����D��D����F��D��D�D���#�����D
0DD(D��E��������D��D�DCDDD ���D3D���E������D���D�D��#
�����FD��!�������D�����$DF������D��D6$E��������#D�$���C�#
����DD�$����#B�'�F�����D?6D#DB@D�!�� D���D��������D�"D
���D�F������D���DF��#E���F��D��� ���D� �D0DD�D��D"�$��D�$#
E��������FF��D

�%� ���6C�1����D�:D	�D=��6��)D����D1D�6D�D1==B�	1�����D
�6)	��=����D�:D�06D=�����Q=6D

1=�	1 D �� D � D E������E� D �������� D �� ���� D ��� D ���������D
��������E����D�"D�%D�������D��D)E�����D ����D����������D���D
������F�����D���������D��D���DE��!����D��������D�"D���DE�E��D
���D����D��D���!�D���DE��"�������FD������F���D��D�D���FD��D"���F#
�����D���D��������D���D�������D�"D������F���D���D"�FF� ���D���#
�����D��������D���D����D"�������D���D������������D�"D���D��#
!�F�E��D����D�EEF��������D

�� +��	�����

���D��E��D��D�%D�������D��D���D"���D�"D!����D��D������D��D
��EE����D����D��""�����D"������(D���F�����D���D����D�����#
����D����D��D��F�!�����DE��������(D����D��D����$,���$-*,���� �
���.�A�

���D���E��D��D�D �FF#"�����D)�BD?������@D��D)��D������F�D
"�F�(D ����D���E����D���D��$����D������D�"D����������D�F#
F� ��DE��DF���D���D���F����D��F����D��D��""���������D�E��'����D
����#�E������D��D�����D��D���D���������D ���D ����#����E�D
���D���������D�������D�����������D�"D������(D�����D������F�D
"�F��D���D��D����F�D������D"������D�����D���������FD��"� ���D
"�� D ������F� D����������( D���� DA��	1=)( D:1AD��F���$� D ���D
)�����F���(D)�����F�DA��'���E(D����D
���D������F�����D��!�F!��D��!�D����D����E��D����D�����D

��������� D "��������F�����8 D ��������E����( D ����#�E������ D ���D

 

:��D.8D)�����D������D��E����
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TABLE I.

AVERAGE RECOGNITION RATE IN THE WEATHER FORECAST CORPUS
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Abstract—A good data model designed for e-Commerce or
e-Government has little value if it lacks accurate, up-to-date
data [22]. In this paper data quality measures, its processing
and maintenance in IBM InfoSphere MDM Server and IBM
InfoSphere Information Server is described. We also introduce
a notion of trust, which extends the concept of data quality and
allows businesses to consider additional factors, that can influence
the decision making process. In the solutions presented here,
we would like to utilize existing tools provided by IBM in an
innovative way and provide new data structures and algorithms
for calculating scores for persistent and transient quality and
trust factors.

I. INTRODUCTION

MANY organizations have come to the realization that
they do not have an accurate view of their business-

critical information such as customers, vendors, accounts, or
products. As new enterprise systems are added, silos are
created resulting in overlap and inconsistency of information.
This varied collection of systems can be the result of systems
introduced through mergers and acquisitions, purchase of
packaged applications for enterprise resource planning (ERP)
or customer relationship management (CRM), different variant
and versions of the same application used for different lines of
business or home grown applications. Data in these systems
typically differs both in structure and in content. Some data
might be incorrect, some of it might just be old, and some
other parts of it might show different aspects of the same entity
(for example, a home vs. a work address for a customer).

Master Data Management (MDM) is an approach that de-
couples master information from the applications that created
it and pulls it together to provide a single, unified view
across business processes, transactional and analytical systems.
Master data is not about all of the data of an organization. It
is the data that deals with the core facts about the key entities
of a business: customers, accounts, locations and products.
Master data is high value data that is commonly shared across
an enterprise – within or across the lines of business. MDM
applications, such as IBM’s InfoSphere Master Data Manage-
ment Server, contain functionality to maintain master data by
addressing key data issues such as governance, quality and
consistency. They maintain and leverage relationships between
master data entities and manage the complete lifecycle of the
data and support multiple implementation approaches. MDM

system itself is designed to support enterprise in the master
data processing, integration and analysis.

As very important, quality of master data requires special
attention. Different aspects or dimensions of quality need to be
considered and maintained in all processes of the enterprise.
Trust scores, introduced by this paper, can provide important
information to the decision makers. Our approach to the
quality of data is slightly different than described so far in
the literature [4], [6], [9]. Our goal is to provide the user
with the estimates of data quality and trust. Trust in this case
is the aggregated value of multiple factors, and is intended
to cover quality and non-quality aspects of master data. We
are not making the attempts to build fixes nor enforce any
quality policy. The information provided by us is intend to
identify weaknesses of data quality or trustworthiness. The
data quality enforcement should be then improved based on
this information.

This paper focuses on the creation of measures, or trust
factors, that serve to determine the trustworthiness of data
being managed by MDM applications, specifically those being
introduced in IBM’s InfoSphere MDM Server. We would like
to define here the model for data quality and methods of their
processing in MDM. This new notion involves creating trust
scores for trust factors that enhance the notion of data quality
and the more broad quality-unrelated features such as lineage,
security, and stewardship. All these have one goal – to support
businesses in the decision making process, or data stewardship
by providing information about different aspects of data. We
would like to be more focus in this work on the quality aspects
of data, especially the accuracy, which is one of the most
commonly used quality dimension in the literature [2], [4],
[12], [16], [20], [21], [26], [29], [31].

This paper is organized as follows. Section II presents the
underpinning principles of Master Data Management (MDM),
related concepts as well as the tools we used to prepare the
trust scoring prototype. Section III provides a short overview
of data quality and introduces the notion of trust. Section
IV presents structures and methods used to acquire and store
information about one of the most commonly used qualoity
factor – accuracy. Section V describes our approach to accu-
racy estimation in SQL query processing.
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II. MDM AND INFORMATION SERVER

Master data management is a relatively fast growing soft-
ware market. Many customer acknowledge they have data
quality and data governance problems and look for solutions
to these problems. Crucial parts of such MDM solutions
are data quality and data trust mechanisms [8], [10], [23].
In this section we present the MDM environment and the
comprehensive approach to data trust and data quality that
utilizes tools provided by IBM.

A. Definitions

Master Data Management (MDM) provides the technology
and processes to manage Master Data in an organization.
Master Data is the data an organization stores about key
elements or business entities that define its operation. An
MDM solution enables an enterprise to govern, create, main-
tain, use, and analyze consistent, complete, contextual, and
accurate master data information for all stakeholders. Master
data is typically high value information that an organization
uses repeatedly across many business processes. For these
to operate efficiently, this master data must be accurate and
consistent to ensure correct business decisions. Unfortunately
in many organizations, master data is fragmented across many
applications, with many inconsistent copies and no plan to
improve the situation.

Master Data Management (MDM) products differs from
traditional approaches to the masted data, that include the
use of existing enterprise applications, data warehouses and
even middleware. It is not domain-centric approach such as
CRM application for the customer domain or ERP application
for the product domain. Some MDM products decouple data
linked to source systems so they can dynamically create a
virtual view of the domain, while others include the addi-
tional ability to physically store master data and persist and
propagate this information. Some products are not designed
for a specific usage style, while others provide a single
usage of this master data. Even more advanced products
provide all of the usage types required in today’s complex
business-collaborative, operational and analytic-as out-of-the-
box functionality. These products also provide intelligent data
management by recognizing changes in the information and
triggering additional processes as necessary. Finally, MDM
products vary in their domain coverage, ranging from spe-
cializing in a single domain such as customer or product to
spanning multiple and integrated domains. Those that span
multiple domains help to harness not only the value of the
domain, but also the value between domains, also known as
relationships. Relationships may include customers to their
locations, to their accounts or to products they have purchased.
This combination of multiple domains, multiple usage styles
and the full set of capabilities between creating a virtual view
and performance in a transactional environment is known as
multiform master data management.

Achieving a high level of data quality is key prerequisite
for many of the MDM objectives. Without high quality data
the best analytics and business intelligence applications are

still going to deliver unreliable input to important business
decisions. Another key aspect of the management of the master
data is achieving a high level of trustworthiness in the data.
It is a key factor for customers to have reliable information
about the data. Information about the quality, the origin,
the timeliness and many other factors influence the business
decisions based on the provided data.

The introduction of data governance in the organization is a
vital prerequisite to come to more trusted information. Moving
to master data management can be the cornerstone of a data
governance program. It is important however to note that at
the same time, moving to MDM cannot be successful without
data governance.

Data governance is defined as ”the orchestration of people,
process and technology to enable an organization to lever-
age information as an enterprise asset” [15]. It manages,
safeguards, improves and protects organizational informa-
tion. The effectiveness of data governance can influence the
quality, availability and integrity of data by enabling cross-
organizational collaboration and structured policy-making.

B. MDM Tools

We will present here some tools provided by IBM that are
very useful in terms of quality assessment and management.
All of them are parts of the IBM InfoSphere platform.

IBM InfoSphere MDM Server is an application that was
built on open standards and the Java Enterprise Edition(JEE)
platform. It is a real-time transactional application with a
service-oriented architecture that has been built to be scalable
from both volume and performance perspectives. Shipping
with a persistent relational store, it provides a set of predefined
entities supporting the storage of master data applicable to
each of the product’s predefined domains. It also includes the
MDM Workbench – an integrated set of Eclipse plug-ins to
IBM Rational Software Architect/Developer that support the
creation of new MDM entities and accompanying services,
and a variety of extensions to MDM entities. IBM InfoSphere
Information Analyzer that profiles and analyzes data so that
the system can deliver trusted information to users. The Infor-
mation Analyzer (IA) is used to scan or sample data stored in
diverse sources to assess its quality. MDM also uses some
complementary tools: IBM InfoSphere QualityStage, which
allows us to define rules to standardize and match free-form
data elements which is essential for effective probabilistic
matching of potentially duplicate records, and IBM WebSphere
AuditStage, which enables us to apply professional quality
control methods to manage the accuracy, consistency, com-
pleteness, and integrity of information stored in databases. We
also use statistics provided by IBM InfoSphere DataStage to
compute chosen quality and trust factors.

This set of tools provides a comprehensive approach to data
quality and data trust management. This approach not only
resolves some problems during the data acquisition but also
allows us to control the level of data trust and to give up-
to-date information about the trustworthiness to a user. This
comprehensive approach is novel. Moreover our solution does
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not require any specialized hardware or operating system and
is able to cooperate with any commercial data base systems.

1) IBM InfoSphere MDM Server: The InfoSphere Master
Data Management Server has a new feature allowing users to
define and add quality and trust factors to the data of their
enterprise. This new data structure enables the user to store
metadata required to compute scorings for trust and quality of
data. Provided wizards allows user to modify the data model
in a simple way.

2) IBM Information Server: IBM Information Server ad-
dresses the requirements of cooperative effort of experts and
data analysts with an integrated software platform that pro-
vides the full spectrum of tools and technologies required to
address data quality issues [1]. It supplies users and experts
with the tooling that allows the detailed analysis of data
through profiling (IBM InfoSphere Information Analyzer and
IBM InfoSphere AuditStage), cleansing (QualityStage) and data
movement and transformation (DataStage). In this paper we
concentrate on data profiling and analysis handled mostly by
Information Analyzer (IA), AuditStage (AS), and partially on
QualityStage (QS).

IA, as an important tool of data quality assessment (DQA)
process, aids the exposing technical and business issues. The
technical issues detection is a simpler part of the process based
on technical standards and covers important problems includ-
ing different or inconsistent standards in structure, format, or
values, missing data and default values, spelling errors, data
in wrong fields, and buried information in free-form fields.
Business quality issues are more subjective and are associated
with business processes such as generating accurate reports.
They require the involvement of experts.IA helps the expert in
systematic analysis and reporting of results, thereby allowing
him to focus on the real problem of data quality issues. This is
done through tasks like column analysis, key analysis(Primary
and Foreign Key) and cross-table analysis.

a) QualityStage: IBM InfoSphere QualityStage (QS)
complements IA by investigating free-form text fields such as
names, addresses, and descriptions. QS allows users to define
rules for standardizing free-form text domains which is essen-
tial for effective probabilistic matching of potentially duplicate
master data records. It provides user with functions such as
free-form text investigation, standardization, address verifica-
tion and record linkage and matching as well as survivorship
that allows best data across different sources to be merged.

b) AuditStage: IBM WebSphere AuditStage (AS) en-
ables user to apply professional quality control methods
to manage different subjective quality factors of informa-
tion stored in databases such as accuracy, consistency or
completeness. By employing technology that integrates Total
Quality Management (TQM) principles with data modeling
and relational database concepts, AS diagnoses data quality
problems and facilitates data quality improvement effort. It
allows performing assessment of the completeness, validity
of critical data elements and business rule compliance. Au-
ditStage is very useful tool for assessment of the consistency
factor allowing cross-table rules validation.

III. THE NOTION OF TRUST

Trust is an extension of data quality. We are looking for
additional factors because data quality is not the only factor
influencing the trustworthiness of data and these two concepts
are not necessarily correlated. Low-quality data may be trusted
in some situations and high-quality data may have low trust-
worthiness in other. The value of trust strongly depends on the
user requirements and usage context. In this section we discus
a data quality and we describe the notion of trust.

A. Data Quality

The data quality concept has been widely discussed in
literature [2]–[4], [6], [9], [11], [19]–[21], [25], [27], [28],
[32], [33] usually in the context of a single data source. Some
work tough has been also done in the context of integrated data
[5], [7], [12], [13], [18], [24] emphasizing the importance of
data quality assurance in this area. Batini and Scannapieco [4]
have given three examples of organizational processes where
DQ aspects are particularly important.

• Customer matching – it is a common issue in organi-
zations where more than one system with overlapping
databases exists. A typical result is an inconsistent and
duplicate information.

• Corporate house-holding – is a problem of identifying
members of household (or related group). This context-
dependent issue is widely described in [30].

• Organization fusion – is the issue of integration legacy
software in case of organizations or units merge.

The definition of the quality that we are using in this
work originates from the one provided by Naumann [18] as
an attempt to provide an operational definition of DQ as an
aggregated value of multiple IQ-criteria (Information Quality
Criteria). IQ-criteria are there classified into four sets:

• Content-related – intrinsic criteria, concerned with the
retrieved data,

• Technical – criteria measuring aspects determined by
software and hardware of the source, the network and
the user,

• Intellectual – subjective aspects of data that shall be
projected to the data in the source,

• Instantiation-related – criteria related to the presentation
of the data.

We follow the Naumann’s approach by defining data quality
as a aggregated value of multiple DQ-factors. Later we will
extend this definition introducing the trust notion.

B. Trust Definition

Following Naumann’s definition of data quality, we define
trust (data trust, DT) through factors that influences the
trustworthiness of data.

Definition 3.1 (Data Trust): Trust is the aggregated value
of multiple Data Trust factors.
This definition provides flexibility when defining trust for
a specific industry and user requirements. The trust factor
(DT-factor) may be a DQ-factor, or non-quality (NQ) factor.
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Fig. 1. Sample database schema representing enrollment of students into courses

Here we concentrate on data quality factors, and especially on
accuracy dimension. However other factors like data lineage,
security or trust of data source can be considered.

C. Accuracy dimension

Accuracy is included by most data quality studies as a key
factor [2], [4], [12], [16], [20], [21], [26], [29], [31]. Although
the term has an intuitive appeal, there is no commonly
accepted definition of what it means exactly [29]. Ballou and
Pazer [2] describe accuracy as ”the recorded value being in
conformity with the actual value.” Kriebel [16] characterizes
accuracy as ”the correctness of the output information.” Thus,
it appears the term is viewed as equivalent to correctness.

In [4] accuracy is defined as ”the closeness between a value
v and a value v′, considered as the correct representation of
the real-life phenomenon that v aims to represent.” The simple
example can be the name of the city Toronto, the value v =
Tronto is incorrect (inaccurate) and v′ = Toronto is correct
(accurate).

Parssian et al. [20], [21] formalize the notion of accu-
racy and propose quality metrics to assess the quality of
basic queries. However definition proposed by Parssian et al.
describes accuracy on the higher level of granularity. They
consider the tuple as a whole, we in a contrast considering
each attribute separately.

The accuracy may be calculated in three possible ways:
1) Inspection by expert – the expert reviews records and

marks inaccurate ones;
2) Automatic or Semi-Automatic inspection – the system

refine set of candidate records based on some predefined
set of rules. Expert may or may not review and correct
the result;

3) As a distance function utilizing dictionary sets – we may
calculate the minimal number of operation required to
transform the value v into the closest dictionary entry
v′. Based on that calculation experts may identify low
quality entries and apply changes to improve quality.

In all cases we consider only measurement. Experts and
system is not allowed to perform any changes in data content.
Moreover the (semi-)automatic inspection may be done only if
some patterns apply to the field or dictionary may be defined.
Examples of fields for which we can define some accuracy
rules are SIN, postal code or phone numbers where some
common rules apply. The dictionary, sometimes called code
table, may be defined for fields like city, country etc. However,
there are fields where we are unable to define neither rules nor
dictionary. I.e. notes defined as a text field may contain any

string. Moreover it is not possible to confront in the automatic
way the stored data with real world to confirm the accuracy.

The accuracy and inaccuracy of data may be perceived in
many different ways depending on the domain. At this point
we will consider two approaches error bar and boolean. The
first one, borrowed from engineering, gives some flexibility but
is applicable only to ratio- or interval-scaled types [14]. The
second one considers the value strictly in ”black and white”
– it may be accurate or inaccurate, one or zero, and there is
nothing in between.

1) Error bar: In many areas of science, especially in
physics and engineering, the metrology defines a way of
calculation of measurements’ error and its propagation in
calculations. We can see data stored in database as such
measurements’ results taken with some error and can define
inaccuracy of data as the relative error. Value of this error is
normalized. Such definition applies to numerical fields, ratio-
and interval-scaled, where the distance between two values
is meaningful, and expresses the relative distance between
stored value and real world value. For text fields we can define
distance using number of atomic changes required to transform
our value into real world value divided by length of real world
value.

Accuracy defined in this way however is applicable only
to limited types of attributes (preferably numerical) and in
specific domains. In general this kind of interpretation is in-
applicable in database environment, where we are not provided
with any information about inaccuracy of stored data.

2) Boolean accuracy: Boolean approach originates from
the idea or rather assumption that each stored record has some
source in the real world, and that this source can be ”linked”
in an unambiguous way to the stored tuple. In such case we
consider the value accurate if the value of stored instance is
equal to the value of its real world source. This approach
bounds the instance and source, however does not provide any
flexibility. The stored instance is either accurate or inaccurate,
and there is nothing in between of those extremes, even though
this approach can be applied widely.

3) Hybrids: The third approach merges two ideas. We
allow our stored instance to vary slightly from the real world
source but the result remains boolean. The stored value v is
considered accurate in this case if |v − v′| ≤ ǫ, where v′ is a
real world value and ǫ is some predefined, acceptable variation.
This variation may also be expressed as a relative value (i.e.
percentage). Then value is accurate if |v−v′|

v′ ≤ ǫ.
In the following consideration we restrict the calculation

methods to boolean interpretation of the accuracy; however
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TABLE I
SAMPLE DATA IN TABLES STUDENT, COURSE AND ENROLLMENT FROM THE DATABASE FROM FIGURE 1. GRAY FIELDS CONTAIN INACCURATE VALUES

Student

CID Name Surname DoB
111111111 AAAAAAAA AAAAAAAAAA 1971-01-01
222222222 BBBBBBBB BBBBBBBBBB 1981-01-01
333333333 CCCCCCCC CCCCCCCCCC 1973-05-02
444444444 DDDDDDDD DDDDDDDDDD 1971-09-10

Course

CID Title Year Term
CSE2222 Software Tools 2009-10 F
CSE2222 Software Tools 2009-10 W
CSE2222 Software Tools 2009-10 S
CSE1111 Data Bases 2009-10 F

Enrollment

SID CID Year Term Mark
111111111 CSE2222 2009-10 F A
222222222 CSE1111 2009-10 F B
333333333 CSE2222 2009-10 F A
222222222 CSE2222 2009-10 W C

hybrid interpretation may be used as well. The only require-
ment is that method should be defined before, so we can use
it to determine the accuracy of data.

D. Accuracy – Definitions

The base concept of the accuracy here is the confrontation
of stored values with their real world sources. We assume
that each tuple can be unambiguously linked with the real
world element through the accurate key. If we can identify this
real world element, then we can compare stored values and
real world values to determine the accuracy of stored values.
This real world element is called source. The linkage with
real world entity is a key property in accuracy semantic and
is necessary to provide the interpretation of derived accuracy
values. We are using the distinction between keys and mea-
sures used commonly in warehouses. We would like to provide
the definitions for both those types. The key attribute can be
seen as a link connecting stored data with source entities. The
ability of unambiguous identification of the source by the key
is the base for accuracy calculation.

Example 1 (Accuracy interpretation): Let’s consider the
sample schema presented on Figure 1. This schema consists
of three relations:

• Student(SID,Name, Surname,DoB)
• Course(CID, Y ear, Term, T itle)
• Enrolment(SID,CID, Y ear, Term,Grade)

There are defined also two foreign key constraints on the table
Enrollment:

• FK(SID) – where SID is a key in Student relation
• FK(CID, Year, Term) – where CID, Year and Term are

compound key in Course relation
The accuracy of any field in Student relation can be deter-

mined only if we can determine the real world source. This
determined value can be also interpret only in presence of the
key. For example, let’s consider student with SID=111111111.
The accuracy of the Surname can be determined only by
comparison of stored value and source value. If the source
value is different than the stored one we say that stored value
is inaccurate.

Now considering student record with SID=333333333,
which is marked as inaccurate, we are not able to link this

entry with source. In such situation we cannot compare stored
values with source, because source is unknown.

Base on the above example we see that we have to distin-
guish two types of accuracy:

• accuracy of key – determines the accuracy of the entire
row,

• accuracy of measure – is determined by two factors: the
accuracy of the key and the source (by comparison of the
stored and source values)

In this example we also see that inaccurate key breaks the link-
age between stored entity and source entity making impossible
the assessment of the accuracy of measures.

Definition 3.2 (Accuracy of key): The key attribute is accu-
rate if and only if it unambiguously identifies the source object.
If the key is a composite the accuracy is calculated for the
entire key, and is inherited by each key element.

Example 2 (Accuracy of key): Let’s consider relations
Student and Curse presented by Table I. Relation
Student has a key attribute SID. It can be the same number
that appears on the students id and it allows us to identify a
student in unambiguous way. If we cannot identify the student
(i.e. there does not exist student with chosen SID) all data
related to this key will be inaccurate. Relation Course has
a compound key that consists CID, Year and Term. This
triple allows us to identify courses. If one of those elements
is inaccurate (i.e. term is equal ’T’ which is incorrect value),
entire key is inaccurate and all data related to this key is
considered as inaccurate. Moreover, if SID or one or more
key elements from Course are inaccurate, then all related
entries in Enrollment will be inaccurate.

The accuracy of measure is dependent on the accuracy of
the key. The accuracy of the measure is based on the idea that
the data to be accurate should match source data.

Definition 3.3 (Accuracy of measure): We consider the
measure accurate if and only if the key of the tuple (x.X0)
is accurate and measure’s value (x.Xi) is equal to the real
world value (x′.Xi) identified by the key of the tuple that
both key and measure belong to.

Acc(x.Xi) =

{
1 if x.Xi = x′.Xi ∧Acc(x.X0) = 1
0 if x.Xi 6= x′.Xi ∨Acc(x.X0) = 0

(1)
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IV. ACQUISITION AND PROCESSING OF ACCURACY

Trust and quality processing described below is one of
the most novel aspects of our work. An important advantage
of our approach is the use of existing set of tools, slightly
modified or extended to serve in the new context. We extended
these tools by creating data structures to store and process
meta-data describing data quality and trust. We have designed
mechanisms for assessing accuracy of data. Our approach is
view-based estimation of accuracy of a SQL answer.

In this section we will explain how the information about
the accuracy of data is gathered and processed. We will use
the view-based model to estimate the accuracy of data in each
view’s attribute, then the estimated accuracy will be inherited
by view’s attribute elements.

A. Quality Data Structures

MDM provides a mechanism that enables an extension
of the existing data with trust/data quality factors. These
extensions may be defined as persistent object and stored in
the database or be as transient objects calculated at run time.
We would like to use this mechanism and employ it to tag
stored data with the accuracy score.

B. Views

Thinking about the accuracy of data we can easily notice
that checking each value and confronting it with the source
is not applicable approach, especially in the context of huge
governmental or commercial databases. From the other hand
big picture defined by some general statistical analysis is often
not enough. Our idea inspired by Motro and Rakov’s work
[17] is employing views over base tables to represent external
knowledge about the quality of data.

Definition 4.1: View is a intentional or extensional set of
tuples chosen from base table.
In other words the view can be defined by specifying a query
or by specifying an extension – set of tuples – by pointing
directly members of this set.

Views can overlap. It means that one tuple from the base
table can be a member of one or more view. We assume
also that each tuple is a member of at least one view. This
assumption can always hold, because the entire base table can
be seen as one, very general view.

We preserve the relational semantic of view, which can be
seen as a set of attributes (in exactly the same way as a table).
For each attribute then, the accuracy metric can be calculated.
This metric expresses the statistical likelihood of choosing
accurate value. The value of this metric is inherited by all
elements of the attribute.

Value of the accuracy metric is calculated base on accuracy
measure. When operating on sufficiently small set, we can
test each value to calculate metric, otherwise sampling and
statistical methods can be used to determine the likelihood of
choosing accurate value.

The view overlapping rises some problems. Without detailed
knowledge of error distribution we are not able to assess the
accuracy of the intersection of two views. As an intersection

we understand a set that is a subset of both views. In such case
we assume that smaller view provide us with more detailed
information hence we will use its metrics to tag tuples from
the intersection.

Example 3 (View-based accuracy): Let’s consider the rela-
tion Course (Figures 1 and I). Let’s also assume that we have
information that the accuracy of entries inputed for the summer
term 2009-10 have lower accuracy than average. Base on that
knowledge we define view V containing all courses having
Term=’S’ and Year=’2009-10’. For each attribute we calculate
two metrics: one general, which covers entire attribute, the
second one over view V . Each value of the attribute is tagged
with appropriate value – if it is covered by view V , it is
tagged with metric calculated for the view’s attribute, if not,
the general metric is used.

C. View elements tagging

In previous subsection we have defined accuracy metrics,
which are calculated for each attribute of the view. Here we
will explain how view’s elements are tagged with the accuracy
scores (value of accuracy metric).

Let’s remind the assumptions we have made: (1) Views
may overlap; (2) Inaccurate elements are distributed over
attributes in uniform way. Value of the accuracy calculated
for the attribute of the view is inherited by each element of
the attribute. Those tags can be aggregated at the end of the
processing. The average calculated over all tags will be an
equivalent to the weighted average over views. We will use
values assigned to elements rather than view in the estimation
of the accuracy of query answer.

V. QUERY PROCESSING WITH ACCURACY

The trust alone is just yet another piece of data given to the
user. The really important question is What can be done with
this information? Lets consider now some use cases showing
usage of the trust in the system.

We have shown that the trust score can be incorporated
in our meta-data and linked with each field in the database
if desired. This information can be then returned to the
user. Even though this information is very detailed, it is not
practically useful in all cases. Without algorithms to propagate
trust in the query processing, we can only annotate a tuple and
return it to the user. However we can build some statistics over
this information that can be used later.

One of the problems that are currently unsolved is propaga-
tion of trust scores in the query processing. We are currently
working on methods allowing us to estimate the trust of the
result of the SQL operator based on the estimated trust of
entry set. We are using estimates in this context because it is
significantly less expensive than reaching out each time for
the data.

Analyzing the quality of the query response, the key opera-
tion to be considered is selection. All other operations, except
projection, rely somehow upon selection. For example join
operation can be expressed as Cartesian product followed by
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TABLE II
DIFFERENT CASES OF THE ACCURACY DEPENDING ON THE AGGREGATION AND TYPE OF SELECTION

With aggregation Without aggregation
Count Other

Non-trivial Acc(Xi) · 1 Acc(σ) ·Avg(Acc(Xi)) Acc(σ) ·Acc(Xi)
Trivial 1 · 1 1 ·Avg(Acc(Xi)) 1 ·Acc(Xi)

selection and group-by operation can be seen as a bunch of
selections followed by aggregations.

The accuracy of measure can be determined and interpreted
only in the presence of the accurate key. Because of this strong
relation between key and accuracy of measures, the latter can
be seen as functionally dependent on the key.

Definition 5.1: The accuracy context is a set of key at-
tributes allowing for an unambiguous assignment of accuracy
for a field of specific entity or aggregate over a set of entities.

Example 4 (Context preservation): Let’s consider the rela-
tion Student (Figure I.) and two queries:

• SELECT * FROM Student
• SELECT Name, Surname, DoB FROM Student

Both queries return all records from the relation Student. The
first query however returns entire relation (all attributes) when
the second query eliminates the key of the relation (SID). As
a result of the elimination of SID from the answer we are
unable to connect the arbitrary element from the output with
its source entity, hence we cannot calculate the accuracy.

A. Considered query types

In this work, the following types of queries will be consid-
ered:

• equi-selects – we consider the equi-select with the key of
selection being an attribute which has nominal or ordinal
type, preferably a relation key;

• range selects – can be done over attributes which have
ratio- or interval-scaled type (the distance between values
has a meaning) or over ordinal attributes (the order has
a meaning), but not over nominal attributes;

• select with aggregation – both equi- and range select can
consist the aggregation. We have found two subsets of
this type of queries:

– count – the value of the attribute (if not NULL) does
not influence the result;

– other aggregates – values have an influence on the
result, the scale of the impact depends on the aggre-
gate function.

When considering range selects following problem arises:
some ranges may be defined in a way that the answer is entire
relation. We consider this class of queries because even though
is seems that some comparison is required to determine if tuple
should be returned, in fact, no comparison is necessary.

Example 5 (Trivial range selection): Let’s consider the
relation Student and following range query:

SELECT * FROM Student
WHERE

DoB BETWEEN 1900-01-01 AND 2100-12-31

The range of DoB is from 1971-01-01 to 1981-01-01. We
clearly see that the WHERE clause of the query covers entire
relation and because of that the query is semantically equiva-
lent to the query SELECT * FROM Student. In such case,
comparisons are not necessary to derive the answer.

B. Accuracy components

We have identified two main components of the accuracy
of the selection’s result. The first one is the accuracy of the
attribute factor, denoted as Acc(X) where X is an attribute.
Including this component seems to be natural and obvious.
The second component is the accuracy of selection, denoted
as Acc(σ), which expresses the likelihood that an arbitrary
tuple has been accurately selected. It is the likelihood that
the arbitrary element from the selection key is accurate. This
component has to be covered and propagated over all derived
attributes.

We have to explore how those components interfere in
different types of queries. It can be easily noticed that selection
component will not appear in trivial selections since we cannot
make any mistake. On the contrary in the query employing
counting operation the accuracy of attribute being counted
does not meter because we are interested only in the number
of elements, not the exact values. Table II gathers all cases that
we have identified. It also presents our preliminary proposition
of calculation of the accuracy of the selection’s result. It is
based on the assumption that attributes are independent in
terms of errors’ distribution. In such case we can see the
accuracy of derived element as a result of two independent
events: accurate selection and accurate value of the considered
attribute.

VI. CONCLUSIONS

Measuring data quality and data trust is one of the key
aspects of supporting businesses in decision making process
or data stewardship. Master Data Management in other hand
supports sharing data within and across lines of business.
In such case trustworthiness of the shared data is extremely
important. Our investigation has resulted in consistent method
of gathering and processing quality and trust factors.

In this work we have presented the IBM InfoSphere MDM
Server and elements of IBM Information Server such as
DataStage, QualityStage, AuditStage and Information Ana-
lyzer, and their ability to handle data quality and data trust. We
have also presented the new notion of data trust. The process
of gathering and computing data quality and trust factors has
been described and explained using example.
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This work covered only the introduction to the accuracy pro-
cessing. We consider select as a most basic operation, which is
necessary to proceed with other operations and though should
be explored soon. We have proposed the data model for the
accuracy storing and processing. In the future we are going
to cover in our consideration all SQL operators including
accuracy neutral operators (Cartesian product, projection) and
other accuracy sensitive operators (join, group-by and set
operations). We suspect that projection and Cartesian product
are accuracy-neutral because those operations does not relay
upon accuracy of input. They do not ”touch” data values.
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-Learning – Applications (EL-A) symposium is orga-
nized  within  a framework  of  the International  Multi-

conference on Computer Science and Information Technolo-
gy  (IMCSIT),  and  focuses  on  development  of  e-learning 
technologies and their different application areas. 

E

The EL-A will provide an international forum for experts 
from the academia, the R&D sector, and the industry to dis-
cuss and exchange current results and new ideas based on 
the ongoing research and experience.

We are seeking the submission of high-quality and origi-
nal research papers that have not been previously published 
and are not under review for any another conference or jour-
nal. Submissions will be reviewed by at least two referees 
on the basis of the originality of the work, the validity of the 
results, chosen methodology, writing quality and the overall 
contribution to the field of e-learning.

Topics include but are not limited to:
• Reusable Learning Objects – good practices and 
issues
• Learning  Management  Systems  and  Learning 
Content Management System
• Authoring Tools for Online-based Education
• Design and Development of Online Courseware
• Digital  rights  management  and  access  manage-
ment
• Best Practices  and experiences  of Online-based 
Education
• Global Trends in e-Learning
• Open Source and Open Content
• Semantic web in e-Learning
• E-Learning 2.0
• E-Learning as a Social Activity
• Collaborative e-Learning – tools
• Communication Technology Applications in On-
line-based Education
• Use of Multimedia in e-Learning
• M-Learning
• Virtual Reality Applications in Online-based Ed-
ucation
• Use of Gaming in e-Learning
• Scientific Virtual Laboratories.
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$�F�����D����$�D�����D���E���D�E�D"�D��F��$D����D����DF��F�!

����E��#�D�F���$D�F����D&'B(�

G� C�@7A3D�A�BDC3)�	5��BD1�)@36��+

�� �D�BC�����B���ABC�EF�D��AB�FE����F�B���F����

C���E�D���%�F DE�E�����-DE�D��D��D��������$-D��D�����D���$D

��DE�E��0�D"��������F�D�������-D��D$���F�"�DF��E��������D"�!

�%��� D"�����F� D�F D �� D ���$ D ���������E� D"�����F� D �� D ��� D���!
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%�F �D���D�E��D��E�D���������E�D"�����F�D���E���D�������D���$D

 ��%��$��D"����D��D���D"E���D��D ���D�F������$DF���EF��� D)D

"���D��D���������E�D"�����F-D�F��D���DC�)D�����D��D#��%-D�E�D

ED����D����FE����D#E����D)�DED������D����FE����D��E��F�D���D��D

$��F��D#E���D�E�D"�D���$�D��D���D"��������F�D���D��D$��F��D

#E���D$������D���D���"�FD��D��� �D������$DE�D����D"����D��D���D

����FD%�F$�-D���D��D$��F��D#E���D��FF�����$�D��D���D���"�FD

��D���D��� �D�F��D����FD"����D��D����D"����D�����D��� �D�E�D"�D

��E��$D��D"���F���D�FD��D������D���D�E��D��E�DED"���D�E�D���D

����D��D$��F��D#E���D��E��-D��E�D�E��D����FD"�����F�DF��EF$D

����D"���DE�DED#E��E"��D����DC���D"���D�E�D"�D������D��D�!

��EF����D&'<(�

��D���$D��� �D������$DE�D���D"���-D���D����FD"����D�E#�D��D

"�D��EF���$DE�$D��� �D�F��D����FD"���F����D�E#�D��D"�D�������!

�$�D)��D�����D��� �D��F�DED����E�D���%�F -D%����D�E�D"�D#���!

E��0�$D��D���D��F�D��DED�FE��DE�$D��E�D�E�D"�DE�E��0�$D%���D

C�)D�����$��D��D ��%��$��D"����D%���D���D����D��D$��F��D

����FE����DEF�D����$D��D���D"��������F�-D�����D"����D����$D"�D

���$D��D�!��EF�����

���D����F�D"��������F�D�E�D"�DF��F������$DE�DED$�F����$D

�FE��-D��DE��D�FE��D��$�D,����D"���/D�E�D�E#�D���D����D���D��D

$��F��D��E��F�-D"��DE���D���D���D$��F��D��E��F�DE�$D���D���D

$��F��D����FE�����D���D���D$��F��D#E���D$������D���D���"�FD

��D��� �D�F��D����D"���D��D���D����FD"�����D��DED"���D�E�DED����D

���D$��F��D#E���- D��D��E��-D��E�D�E��D��� �D������$D���D��D

E�����FD"����DEF�D�E���F�$D��D����D"����D����D�E��D��DE���D��!

��F��FE��$D��D���D$���F�"�$D�FE��%�F �D5���D���D$��F��D#E�!

��D���E���D��E��-D��E�D���D"�����F-D����������D���D"���-D�E�D

��F��$DED���D��F����D���D"��������F�DE�$D��E�D��D�E�D�E��!

�F�$D�E��D����F������D��� �DE�$DED���D��D����F�E����D��D���D

"����DC�D����D"���D�E�D"�D������D��D�!��EF����DE�D%���D&'<(�

1�FD$�F����$D�FE��D���DE��D$��F��D#E���D��FD��$�D�E�D"�D

�E����E��$DE�DED���D��D��D$��F��DE�$D���D$��F��D#E�����D)��D

$��F��D����FE����D�E�D"�DE���D���$D��D"���D��EF�����D�F������D

��D����$D"�D���$DE�DEDE$$�����E�D�F���F���-D�����F����D���D#E�!

��D��DED"���D��FD�!��EF�����

��D����DEF�����D���D������D"���D��EF�����D,C�C/D�FE��%�F D

��D�F�����$D��D��E"��D���F�D��D�E �D���D�F�����D��D��EF�����D

��D���D"��������F�D�E���FD��E�D%���D��EF��D�����D$���F�"�$D��D

���D�F�#����D��E���F�D���D������D��D����D�FE��%�F D��D�F�!

�����$D ��D1��D2� D �� D ����D �FE��%�F DE�� D ���D����FE����D��E!

��F��- D$���F�"�$DE"�#�-DEF�D���$D��D���$D���D����D#E��E"��D

 ��%��$��D"�����

�� �D�BC�����B���ABC�EF�D��AB�FE����F�B��	���C

��� D ������ D "��� D ��EF����� D �FE��%�F D�������� D�� D ���FD

��$����>D�ADC�EF��D����-DC�)D)�E��0�F-D���%�F DG���E�!

�0�FDE�$D+!�����DA���� D)��D��D ����DEF�D%�F ���D��DED����D

�E���F- D���� D���D������D��D���D��$���D��D���D�����D��F D���D

��.�D����

���D��F��D��$���D��DC�CD�FE��%�F D��D�ADC�EF��D�����D

�AD��E��D��E�D����D��$���D��D��EF�����D��FD���D"����DE�$D��FD

��� �D����������D�����D"����� D���D��� �D"��%���D"����DEF�D

���$�$D��FD���D��.�D����-D����DC�)DE�E������

�� D ��� D�F������$ D �FE��%�F D ��� D"��� D��EF����� D�F�����D

��EF��D�F��D���$���D���D"���D����D%���DED"���D��EF�����D����� D

���FD�E�D��D$�����D���D�������$D�E����F�D��FD����D��EF���D����D

�E����F�D��D��������$D"�D���D�FD��F�D"���D�E��D�FD����D�E���D

)$$�����E�D�F���F�ED�E�D�����$�DED����DFE���D�FDED"���D�E�!

��E���D)���FD��E�-D�F��D���D�"�E���$D"����-DE��D"���F���D��� �D

EF�D�E���F�$DE�$D����D�E���$D��D���D��.�D����D��D���DE�E������D

��D�"�E��DED"����FDF�����-D����D"����FD��������$D���%�F -D���D

"���F��� D ��� D�E���F���D�E�D"�DF���E��$D��#�FE� D ������D���D

�����E�D����D��D"����D��FD�E��DF���������D��DEDF�����D����D�F��D���D

�F�#���� D F���������� D ���� D ��E�� D ��E� D ��%�� D ����$ D "����D

,������$D"�D��� �D�F����E����D�F��D���D�����E�D"���D����/ DEF�D

E$$�$D��D���D����F��$�E��DF������D���D���"�FD��D��� D��EF��D

�����D�E�D"�D���D��D���D�EFE����F�D��D���D��$����D���D�AD

C�EF��D����D�E�D"�D����������$DE�DED�����E��0�$D��F����

��� D ��.� D C�C D �EF�- D C�) D)�E��0�F D �� D ��� D��$���- D ��D

%����DC�)D�����$�DEF�D���$D��D��F�D���D���%�F D�FE��DE�$D

����D��D���$D����F�E��D���%�F D��$���D1�F��-DC�)D)�E��0�FD

E�E��0�� D ��� D ���� D�� D"���� DE�$ D ��� � D���������� D ����-D�"!

�E���$D�F��D���D��F��D��$����D)��D���D$E�ED��D��F��$D����D���D

$�F����$ D �FE��- D F��F�������� D �"�E���$ D ����E� D ���%�F D ��D

"����� D����DC�)D)�E��0�F D���$�D���D��$�� D%���D���D����D

#E����D��D��D$��F��D����FE����DE�$D���D���D$��F��D����FE����D

��E��F��D���D��$��D%���D���D����DE��D$��F��D����FE����D��E!

��F�D�E�D"�D����$D��.�-DE�DED���D��D�%�D�F�#����D����FE����D

#E�����D���D��$��D%���D���D����D����FE����D#E���D�E�D"�D��!

�����$D��D�%�D�E���F��D���FD�E�D������D���D��$��D%���DED$�!

�F��D�F�E��FD��E�D���D�������F�$D��F�����$D#E���D�FD��D�E�D

������ D�D��$��D%���D���D�������D$��F��D#E���-D%��F�D�D ��DED

�������F�$D���"�FD��D��$���

��D���D��FF���D#�F����D��D���DC�CD�FE��%�F -D7E*� D&'=(D

%�F �DE�DC�)D)�E��0�FDE�$D���%�F DG���E��0�F�D��������!

�E����D��D�����D�%�D�����D��D��D���F��D���DF���F����$D��D����D

����D�����D���D�E�D���DE�����FD����E�D���%�F DE�E�����D�����-D

�� �DBFE��#�0D&'C(-D�D&2;(D�FD������D&2'(�

��� D �E�� DC�CD �FE��%�F D ���� D �� D+!����� DA���- D��$���D

�F��������D���D���E�DF������D��D"���D��EF��D��D���D���F�

G�� )77A�	)����D�1D�53DC�CD1�)@36��+

�� �E�EB E�D�F��A

1�FD���D��F����D��D����DF���EF��D��D��DE�����$D��E�D�����!

��E�D�FE��%�F D���FD%E���D��D��EF�DE"���D�!��EF����D�����$�D

E�$D�FE�����- D��D"����DE"��� DJ�!��EF����JD,7��� D�!��EF����/D

E�$DJ$���E���D��EF����JD,7��� D�E��0E���D�ED�$���:�LM/D%�F�D

��EF���$ D ��F� D�E�E D�E���F��� D%E� D��F��F��$D ��D)�F�� D E�$D

@E�D��D2;';�D�E�ED�E���F���D��EF��$D%���DE�D�����E�D����D��D

"���� D E�E��F�$ D �F�� D E D �����E��0�$ D "��� D ��EF�� D ����- D $�!

��F�"�$ D �� D ������� D �G�)� D��� D��EF�� D%E� D ������$ D �� D"����D

%F����� D �� D7����� D����� D���� D��EF����� D �����$�$D �%�D�E��!

1��D2�DC�����D����DC�EF�����D�FE��%�F D������

��
�������

��	A�B�CD
EFF�	

A��
��B�����

����F��
����B�����

����F��
��B�D

�F���
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��F���-D$�����$D"�D�E��DN�!��EF����ODE�$DN�E��0E���D�ED�$��!

�:�LMO�

���D�"�E���$D����D��D"����D%E�D����D�E��E���D#�����$D%���D

���D%�"D"F�%��FD,1�F���.D%E�D���$/D��D#�F���D���D#E���D��D

��� D ��%��$�� D ��E��F�$� D	����F��E� D"���� D%�F� D ���� D ����D

1�FD���D��F����D��D����DF���EF��D���D��E��D�E����D��D7�����D

"���� DE"��� D�!��EF����D%E� D���E���D������� D)���F D ���������D

���D�����E�D����D�F�E����-DE��D"����D�F��D����D����D%�F�D#�����$D

E�E��D��D�E���FD���D"���F���D��� ��D)�$D����D����D%E�DF���E��$D

���� DE�E��- DE� D �� D%E� D�.��E���$ D �� D ������� DG���D ��� D ��F��D

��$���D��D���DC�CD�FE��%�F -D���D�ADC�EF��D����-D�������$D

���D%�F D%���D���D���%�F D����-D����E�����D���D����D��D"����D

E�$D��� �D����������D�����D"�����

�� �E�EB��E��C�C

���D�"�E���$D"����DE�$D��� �-D����D�AD���F���-D%�F�D����D

��F%EF$�$D��D���DC�)D)�E��0�F-DE�$D��E�D��D���%�F DG���!

E��0�F�D)�D��D��D��������$DE"�#�-D7E*� D%E�D���$D��D����D�.!

E����D��DE�E��0�DE�$D#���E��0�D���D���%�F � D���DF��������D

���%�F D��D�F������$D��D1��D8�D�� D��F��$D���D��E�D���F�D��DED

#�F�D��E��D���"�FD��D"����DE"���D�!��EF����D%F�����D��D7��!

���D��D���D"��������F��D���DF��������D���%�F D�FE��D��D���D�!

��EF����D"����D���%�F D��D%�E ��D��������$-D��D���D$������D

��D���D���%�F D��D#�F�D��E��D,;�;A/�D���D�#��D����DED������D

�E����D��D�����D����������D��FD���%���D$����F���DE������D��D��!

���D���DC�CD�����

���D ��F�� D ���� D�� D���%�F DE�E����� D �� D ���$��� D ��� D��$��D

%���D���D�������D��D$��F��D#E����D1��D8D�F������D���DF�����D��D

����D����D,�F���D�����DF��F������D���D"���D%���D���D�������D��D

$��F��D#E���- D"���D������ DF��F����� D ���D�����$D��E���- DF�$D

������DF��F�����D���DF��E�����D"����/�D�E"��D'D����E���D���D

��#�D��$��D%���D���D�������D��D$��F��D#E�����D���D��F��DE�$D

�����$D������D��D����D�E"��D����E���D���D$E�ED�"�E���$D�F��D

C�)DE�E�����>D��$�D���"�FD,!!/DE�$D���D��D$��F��D#E���-D��D

�� D ��D$��F�� D����FE����D��E��F� D,"��/� D1����%���D�%�D���!

����D����E��D"���D�E��DE�$D"���DE$$F����D���D�����D������D

���%�D���D������D��D�E��E�D���� ���D��D���D"���D�������D��D

*�$��D���DE�E����D��F D��E��D��D��E��F���D����EF��� D����D��!

��������D%E�D$���D��D#�F���D���DC�)DE�E�����DF������D��D���D

�E"��D'D���D����D#E��E"��D,%���D���D�������D��D$��F��D���!

�FE����D#E���/D��D���D��$�D���"�FDA�D@E��E�D���� ���D���%�D

��D��DED#�F�D%���D%F�����D"���DE�$DED���$D���F��D��D ��%�!

�$���D��D����D�E��FDE����FD�D�������D���D��F��DE�$D���D�����$D

"���D����$D"�DE����D�E����D���$D��D��E��F���D����EF���D���D

��F��D�����%���D"����DE���D����E���D������D����F�E����DE�$D

����FD�EF��D����$D"�D���$DE�DED����������EF�D�����F��D

���D�����$D����D��D���%�F DE�E�����D��D���$���D���D��$��D

%���D�������D���D$��F��D#E����D1��DFD���%�D���DF�����D��D����D

����D,�F���D�����DF��F������D���D"���D%���D���D�������D���D$�!

�F�� D #E���- D "��� D ������ D F��F����� D ��� D �����$ D ��E���- D F�$D

������DF��F�����D���DF��E�����D"����/�D�E"��D2D����E���D���D

��F��D��$��D%���D���D�������D���D$��F��D#E�����D���D��E����D

��D���D�E"��D�������D��D���D�E��DE�D��FD�E"��D'-D%���D�.���!

����D��FD���D�����$D������-D����E�����D���D$��F��D#E����D��FD

��$�� D ,#���/� D��� D��F�� D"��� D �� D ���� D�E����F�- D"��� D���!

"�FD<-D�E�D���D�������D���D$��F��D��D���D�F������$D�.E����-D

"��E���D���DE����FD�F��EF�$DEDF���D"���F����D��D����D�E��FDE�!

���FD�D�������DE��D��F��D"����D����$D"�D���$D��D��E��F���D���!

�EF��-D"��D���D�����$D,���"�FD'/D��D����D������D����D,ED#�F�D

���$D"���DE"���D�������#�D�������/�

����D$���F�"�$D�����D��D��EF�����D,��FD���D�������D��D$�!

�F��D#E���DE�$D��FD���D�������D���D$��F��D#E���/D��#�D���$D

F������D��F D���E"�����$D�E� D�� D ��%��$��D"����D���$���� D ��D

��E��D��E�DED���FD�E�DE���D�E �D����DE������D���DF�����D��D���D

E��D$��F��D#E���-D%����D�E�D"�D���D��.�D����D��DE�E������D���D

F�����D��D�F������$D��D1��DAD,�����D����F�D�� �D��D1��DF/�D���D

"���D"����D��D����D��E������E����DEF�D�F������$D��D�E"��D8�D���D

F�����D��D����D��E������E����D��D���D���"��E����D��D���D"���DF�!

�����D��D��F��DE�$D�����$D��E���D��DE�E������D��D������D���-D��E�D

��D��D���$D�F���F����

����DF���EF��D���%�DE$$�����E���D��E�-D�F��D���D�����D��D

#��%D��D�F������$D�����$D��D"���D��EF�����-D���D����������D

�E ��� D"��%��� D"���� D �� DE D#�F�D ����F�E�� DE���#���D�� D ���D

"���DE����F�� D���D��F�D�����������D�F��DE�$D��D���D"���-D

���D��F�D�E����D���D�������E�D���$���D%���D���$DE�$D���D����D

"����

���D������D��$��D#���"��D��D1��D8-DEF�D"����D%���DED#�F�D
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he Large  Scale Computing in Grids (LaSCoG) work-
shop originated in 2005, and when it was created we 

have stated in its preamble that:
T

“The  emerging  paradigm  for  execution  of  large-scale 
computations,  whether they originate as scientific or engi-
neering applications,  or for supporting large data-intensive 
calculations, is to utilize multiple computers at sites distrib-
uted across the Internet. In particular,  computational Grids 
are  collections  of  distributed,  possibly  heterogeneous  re-
sources which can be used as ensembles to execute large-s-
cale applications.  While the vision of the global computa-
tional  Grid  is  extremely appealing,  there  remains a  lot  of 
work on all levels to achieve it.”

While, it can hardly be stated that the issues we have ob-
served in 2005 have been satisfactorily addressed, a number 
of changes has happened that expanded the world of large-s-
cale  computing.  Today  we  can  observe  emergence  of  a 
much more  general  paradigm for  execution  of  large-scale 
applications, whether they originate from scientific or engi-
neering areas, or they support large data-intensive calcula-
tions. These tasks utilize computational Grids, cloud-based 
systems and resource virtualization. Here, collections of dis-
tributed, possibly heterogeneous resources, are used as en-
sembles to execute large-scale applications. 

This being the case, we have decided to keep the LaSCoG 
workshop tradition alive, but to co-locate it with a confer-
ence which will have an appropriately broader scope. This is 
how the Workshop on Scalable Computing in Distributed 
Systems (SCoDiS'10) emerged. 

The LaSCoG-SCoDiS'10 pair of events shares a joint Pro-
gram Committee and is envisioned as a forum to promote an 
exchange of ideas and results aimed at addressing sophisti-
cated issues that arise in developing large-scale applications 
running on heterogeneous distributed systems.

Covered topics include (but are not limited to):
• Large-scale algorithms and applications
• Cloud computing
• Symbolic and numeric computations 
• High  performance computations  for  large  scale 
simulations 
• Large-scale distributed computations 
• Agent-based computing 
• Data models for large-scale applications 
• Security issues for large-scale computations 
• Science portals 
• Data visualization 
• Performance analysis, evaluation and prediction 
• Programming models 
• Peer-to-peer  models  and  services  for  scalable 
Grids 
• Collaborative science applications 
• Business applications
• Data-intensive applications

• Operations on large-scale distributed databases
• On-demand computing
• Computation as a service
• Federation of compute capacity
• Virtualization supporting computations
• Self-adaptive computational / storage systems
• Volunteer computing
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Abstract—GridSpace 2 is a novel virtual laboratory framework
enabling researchers to conduct virtual experiments on Grid-
based resources and other HPC infrastructures. GridSpace 2
facilitates exploratory development of experiments by means of
scripts which can be written in a number of popular languages,
including Ruby, Python and Perl. The framework supplies a
repository of gems enabling scripts to interface low-level re-
sources such as PBS queues, EGEE computing elements, sci-
entific applications and other types of Grid resources. Moreover,
GridSpace 2 provides a Web 2.0-based Experiment Workbench
supporting development and execution of virtual experiments by
groups of collaborating scientists. We present an overview of the
most important features of the Experiment Workbench, which is
the main user interface of the Virtual laboratory, and discuss a
sample experiment from the computational chemistry domain.

I. INTRODUCTION

MODERN life sciences, particularly simulations in bio-
chemistry, genetics and virology, impose significant

requirements on underlying IT infrastructures. Such require-
ments can be loosely grouped into two general domains:
demand for computational resources and demand for new soft-
ware tools facilitating effective, productive and collaborative
exploitation of such resources by a vast range of beneficiaries.
While the key goal of supporting scientific experimentation
with computerized infrastructures remains the provision of
large-scale computational and data storage facilities [1], it is
equally important to supply scientists with tools enabling them
to collaboratively develop, share, execute, publish and reuse
virtual experiments.

The presented Virtual Laboratory, first conceived as part of
the ViroLab project [2] and currently being extended within
the scope of the PL-Grid project, aims to respond to these re-
quirements by supplying software which permits the execution
of virtual experiments. Experiments can be written in popular
scripting languages and executed on the distributed resources
provided by HPC institutions participating in the project.
The goal of the Virtual Laboratory is to a propose a model
and facilities for exploratory, incremental scripting – already
omnipresent in e-scientific research – and make it reusable and
actionable for entire communities. Our framework bridges the
gap between the oft-inaccessible high performance computing
infrastructures and the end users (i.e. domain scientists),
accustomed to running calculations and collating experimental

data on their desktop computers. Rather than persuade the
scientists to change their daily habits, we want to provide
an environment which meshes seamlessly with their style
of work, yet extends their experimentation and collaboration
potential with the capabilities of high-performance computing
clusters.

Our experience gathered in the course of developing the
ViroLab Virtual Laboratory for virologists [2], [3], [4], the AP-
PEA runtime environment for banking and media applications
in the GREDIA project [5] as well as the GridSpace environ-
ment for running in-silico experiments, has been augmented
with user requirement analysis conducted during the initial
phase of the PL-Grid project, involving groups of scientists
from various domains such as physics, chemistry and biology.
The Virtual Laboratory presented in this paper should be
considered as an evolution of the approach undertaken in the
ViroLab project. The new virtual laboratory is focused on
interactive and exploratory programming [6], together with a
Web 2.0 interaction model.

This paper is organized as follows. In section II we compare
our concept with other approaches. After describing our moti-
vation in section III we introduce the main concepts of Virtual
Laboratory in section IV while its architecture is discussed in
section V. In section VI we introduce GridSpace platform,
which is the base technology which implements the virtual
laboratory. Section VII contains an overview of the most
important features of the Experiment Workbench, which is the
main interface of the Virtual laboratory. Further on, we provide
a description of the steps which the user undertakes while
working with the Virtual Laboratory (section VIII), together
with use cases. The conclusions and future work can be found
in section IX.

II. RELATED WORK

Scientific workflow systems are important tools for devel-
opment and execution of e-science applications [7]. Thanks
to the well-defined workflow and dataflow models in systems
such as Taverna [8] or Kepler [9] it is possible to graphically
design applications which can then be executed on remote
infrastructures. Scientific workflows can be subject of ex-
ploratory programming, as in the case of Wings project [6],
as well as of collaborative sharing, such as in the case
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of myExperiment social networking website [10]. The main
drawbacks of workflow systems are related to the fact that
contrary to programming languages, abstract workflow models
are often insufficient for describing the required application
flow.

Scripting environments are becoming increasingly important
in scientific applications and modern petascale systems. An
example of this evolution is Swift Script [11] – a dedicated
language designed to describe large-scale computations, in-
volving massive data processing. An important feature of Swift
is its mapping between data files and programming language
variables, which facilitates input/output processing. Scripting
can also be used for debugging and instrumenting parallel
applications [12]. Our approach is similar in the sense that
we intend to use scripting to describe the high-level workflow
of the application while retaining interactivity and enabling
multiple interpreters to be combined together.

The need to integrate diverse applications, data sources
and technologies emerges not only in scientific applications,
but also in enterprise systems [13]. Enterprise Service Bus
solutions such as ServiceMix or GlassFish, aim to facili-
tate such integration in the Web service context [14]. The
BPEL workflow language can also be applied to scientific
applications [15]. However, we believe that such enterprise
workflow systems are too heavyweight for simple exploratory
programming, where a scripting approach seems to be more
appropriate.

The GridSpace environment, which is the foundation of
the ViroLab Virtual Laboratory [4], has beed developed by
our team to support complex applications running on e-
infrastructures such as clusters, Grids and Internet-accessible
Web services. One of the goals was to support heteroge-
neous middleware systems using the Grid Object abstraction
layer [16] and facilitate access to distributed data sources.
Additional important features include support for collaborative
work including tools for application development, sharing,
reuse and Web-based accces. Moreover, provenance and result
management components provide semantic descriptions of
data and enable users to view experiment execution histories.
The limitations of GridSpace include its relatively high archi-
tectural complexity and the fact that only the Ruby scripting
language is supported.

III. MOTIVATION AND GOALS OF THE VIRTUAL
LABORATORY

The main features of Virtual Laboratory result from the ex-
perience gained during the ViroLab project, the requirements
of external users, as well as from discussions with potential
users of the PL-Grid project. The main high-level objectives
are as follows:

• To provide an environment which facilitates dealing with
scientific application throughout its entire lifecycle (de-
velopment, deployment, operation, maintenance);

• To reflect and support the day-to-day work of scientists
who need to deal with software tools – workflows, proce-

dures (including informal ones), scripts, etc. – enhanced
by modern Web 2.0 tools;

• To addresses exploratory programming and a specific type
of applications called experiments.

• To support collaborative work of teams of scientists in a
Web 2.0 model.

The specific goals of Virtual Laboratory are based on the
analysis of e-science applications and discussions held with
their authors. The main contributions come from the fields
of bioinformatics and computational chemistry. Requirements
include:

• Support for different scripting languages – particularly
Ruby, Python, Perl and awk;

• Provisioning of tools for publishing and reusing applica-
tions/experiments;

• Support for dynamic workflows – as each step of an
experiment may depend on the results of previous steps,
some workflows cannot be entirely predefined. Moreover,
some experiment steps may involve batch jobs;

• Support for parameter-study research, conducted either
on the level of a single tool or an entire workflow;

• Support for logging experiments and ensuring their re-
producibility;

• Providing easy access to scientific software packages;
(the suites most commonly used in PL-Grid include
Gaussian, GAMESS, TurboMole and ADF1);

• Direct access to local PBS systems without an additional
grid middleware layer;

• Support for creating and using format converters for
different tools, as well as adapters for different data
sources (not necessarily databases);

• Secure management of user credentials and other sensi-
tive data.

In addition to these requirements, the virtual laboratory
needs to satisfy several non-functional and more technical
requirements, which are described in more detail in section VI.

IV. VIRTUAL LABORATORY CONCEPTS

The key concept associated with the Virtual Laboratory is
the experiment. As defined in [3], an experiment is a process
that combines data with a set of activities (programs, services)
which act on that data in order to produce experiment results.
it is important to distinguish the experiment plan – a specific
piece of software, written using scripting languages – from the
experiment run (execution of the experiment). The key feature
here is that the experiment may represent a complex workflow,
going beyond simple, repeatable manual execution of installed
programs.

The experiment plan combines steps realized by a range of
software environments, platforms, tools, languages etc. It is de-
veloped, shared and reused collaboratively by ad-hoc research
teams. The experiment is composed of collaboratively owned
libraries and services used (called gems) and experiment parts
(called snippets). Gems are used to represent either program
libraries, such as BioPython [17], or applications such as
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Gaussian [18] or external services, such as the ones from
EBI [19]. Snippets refer to separate pieces of code, either
in scripting languages, such as Python or Bash, or in other
domain specific languages or input file formats, such as used
by Gnuplot or Gaussian.

The key paradigm of the enhanced version of virtual labora-
tory, namely exploratory programming, involves experimenta-
tion – step-by-step programming where steps are not known in
advance but rather defined on an ad-hoc basis, depending on
the results of previous steps. The experiment may need to be
re-enacted numerous times, with some ad-hoc customization
introduced dynamically, once workflow execution has already
commenced. Experiment execution cannot be fully automated
and requires continuous supervision, validation or even inter-
vention. This implies a dynamic nature of experiment plan
– certain decisions need to be taken at runtime (e.g. code
provided from input data). Nevertheless, experiment execution
has to remain traceable, verifiable and repeatable.

Due to its focus on exploratory programming, the virtual
laboratory is best suited for a try-evaluate-decide process,
without losing the context of the experimentation, as opposed
to applications with well-known implementations. The vir-
tual laboratory aims at composing and automating higher-
level, time-consuming workflows that combine existing soft-
ware. This property contrasts with applications which perform
“atomic” processing. Another interesting feature involves sup-
port for novel combinations of existing software modules, data
sources and computational capabilities which may result in
valuable utilities, as opposed to well-defined workflows which
are already addressed by existing software.

V. ARCHITECTURE OF VIRTUAL LABORATORY

Fig. 2 presents the architectural overview of the Virtual
Laboratory. It is divided into four layers: the Experiment Wok-
bench layer, available to the user as a set of Web applications,
the Experiment Execution Layer which forms the runtime
environment of the platform, the Gem Layer which includes
all generic and application-specific libraries accessible to the
experiments, and the Grid Fabric layer, with all the resources
and middleware needed to access them.

The topmost layer is formed by a Web portal which
constitutes an entry point for the whole Virtual Laboratory.
This gives users access to the Virtual Laboratory from any
workstation equipped with a web browser. This layer exposes a

portal which is intended as a common, tool-rich workbench for
all Virtual Laboratory researchers where they can perform their
daily experimentation, collaborate, communicate and share
resources (including reusable code). This layer is accessible
to end-user browsers via the HTTPS protocol. File Manager
is responsible for easy access to data files, Experiment Console
allows editing and running experiment snippets, Credential
Manager helps handle passwords, certificates and other se-
crets required by some parts of experiments, and Graphical
Experiment Builder is intended to construct more complex
experiments graphically.

Further down lies the Experiment Execution Layer where
consecutive parts of experiments, provided by the users
through the Portal, are evaluated in the context of a partic-
ular user account on an experiment host machine. A single
experiment can invoke multiple interpreters, such as Python
or Ruby. The key concept here is that an experiment can be
developed in a piecewise fashion. Individual experiment parts
are executed by an experiment interpreter which preserves
state (namespace, runtime values) between evaluations. Conse-
quently, experiment development and execution may overlap,
and the activities of writing and executing code are inter-
twined. Such an approach admits introspective, interactive,
explorative and dynamic experimentation recorded as exper-
iment code. Moreover, interpreters are executed in separate
processes, which provides better isolation and fault tolerance
(i.e. a crash o a single interpreter does not influence the
others). The Experiment Workbench Layer and the Experiment
Execution Layer are in constant communication via the SSH
protocol family. We also intend to allow direct user access to
the Experiment Execution Layer though bare SSH and SCP.

The next layer consists of Gems which are libraries/mod-
ules/utilities invoked by experiments at runtime. The Gem
Layer provides APIs for experiment developers, enabling
programmatic access to underlying resources (Grid, clusters)
and functionality exposed in the form of libraries or services.
There are gems which are generic, such as the one which
provides access to PBS batch system, or application specific
ones, such as Gaussian.

The Grid Fabric Layer forms the lowest level of the in-
frastructure. It consists of grid resources available to Virtual
Laboratory users, including clusters accessible through PBS,
grids available through their dedicated middleware packages
(e.g. gLite), external services (e.g. Web Services) and data
sources (e.g. RDBMSs) which the users may explit of in the
course of their research activities.

The entire Virtual Laboratory operates in a Single Sign On
(SSO) mode, according to the accounts defined in the external
authentication system and incorporating security policies in-
volved in accessing Grid middleware. In the case of PL-Grid
installation, it uses PL-Grid LDAP directory so that the virtual
laboratory is automatically accessible to all registered PL-Grid
users.

The four layers of the Virtual Laboratory are distributed and
spread over physical computational nodes. The Experiment
Workbench Layer operates on the so-called Portal Host. The
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Experiment Execution Layer and the Gem Layer reside in one
or more Experiment Hosts, which can be one of the front-end
machines (user interfaces) of the clusters. The Grid Fabric
Layer spans many distributed computational resources. The
Portal Host and the Experiment Host may reside on distinct
machines (in order to improve scalability); however they may
also operate on a single host when system compactness is more
important.

VI. GRIDSPACE – IMPLEMENTATION

The presented Virtual Laboratory, is based on the core
technology, called GridSpace, first conceived as part of the
ViroLab project [2] and currently being extended within the
scope of the PL-Grid. While still supporting the earlier version
of the GridSpace framework, in GridSpace 2 we implement the
new functionalities which focus on interactive and exploratory
programming [6], together with a fully Web-based user inter-
action model.

In addition to the requirements specified in section III,
there are some technical goals, which were not satisfied by
earlier versions of the Virtual Laboratory. They include support
for multiple scripting languages and more interactive and ad-
hoc scripting capabilities. Non-functional requirements such as
performance, maintability and ease of use have also been taken
into account, motivated by the need to deliver production-
quality software to be deployed on the PL-Grid national
infrastructure.

It is important to note that GridSpace is a generic envi-
ronment rather than a specific application. This means that
it can be used to set up a specific instance of the Virtual
Laboratory in support of a specific application domain. It can
be applied whenever existing software modules, interpreters

etc. need to be combined with other components. The learning
curve involved in porting an application to the platform should
be minimized.

Another feature of GridSpace is that it exploits Web 2.0
mechanisms by facilitating application development, operation
and provisioning. This means that the entire experiment devel-
opment and execution cycle is accessible from within a web
browser, and moreover, experiments and their results can be
shared among community members.

VII. CURRENT FEATURES OF THE EXPERIMENT
WORKBENCH

The main features of the current version of the Experiment
Workbench include:

• File management
• Dedicated visualization openers
• Interactive interpretation of experiment script snippets
• Storing and sharing experiments using XML format
• Secure management of user credentials (passwords, cer-

tificates etc.)
The main exeriment workbench window is shown in Fig. 3.

The file management tab is seen on the left, while the right-
hand part of the application screen is taken up by the experi-
ment console consisting of several experiment snippets. Above
the console, in a separate window, a plugin for displaying
graphical data is shown.

In addition to the basic features available directly in the
Experiment Wokbench there are additional mechanisms which
can be used in more advanced experiments. The first one
is WebGUI, which allows experiments to expose dedicated
Web interfaces. Another – semantic integration – enables the
construction of domain-specific models and data exchange
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Figure 3. Experiment Workbench screen, including experiment snippets and a sample result plot.

formats to facilitate colaboration and data sharing between
experiments and users.

A. File management

At the present stage of development, the GridSpace 2 plat-
form provides basic but stable functionallity which presents
a sound basis for further expansion. The most fundamental
feature is to enable users to manage their files on an ex-
periment host through an HTTPS interface, enabling basic
file system operations as well as uploading, downloading
and accessing files via URLs. Data elements and experiment
files are assigned globally unique URLs, which facilitate
access, annotations and linking resources in a weblike manner.
The URLs are given as: https://experiment.workbench.name/
experiment.host.name/files/username/path/to/a/file. The Exper-
iment Workbench handles these URLs by accessing the remote
experiment host in the scope of the authenticated session.
An SSH connection is established with the host, using the
provided login/password pair. Following authentication, the
workbench performs all file system operations via SCP/SFTP
on behalf of the end user. Therefore, authorization relies on
file access policies of the operating system residing on the
experiment host.

B. Visualization openers

Files served by the Experiment Workbech can be down-
loaded to the end-user’s desktop or viewed and edited within
a web browser using so-called openers. The mechanism fol-
lows and extends the idea URL-accessible files by introduc-

ing the HTTPS GET param "opener", yielding URLs such
as https://experiment.workbench.name/experiment.host.name/
files/username/path/to/a/file?opener=openerName. The Exper-
iment Workbench handles such requests by serving a page
with an embedded opener applet instead of the file itself. The
opener applet is configured on the fly, using the input URL, so
that it is able to get and put a file using the above mentioned
HTTPS interface. As the opener applet launches within the
web browser, the authenticated session context (implemented
using cookies) covers its function as well.

C. Interactive interpretation of experiment script snippets

The Experiment Workbench implements the exploratory
programming paradigm through interactive interpretation of
experiment parts called snippets. A snippets is an atomic
planning and execution unit of an experiment. Exploratory
development involves experiment planning and execution, both
of which start at the same time and proceed in parallel. During
the exploration process snippets can be incremetally added
to the experiment plan, which, in turn, can be incrementally
executed in a snippet-by-snippet manner. If the experiment
plan calls for a change in a snippet which has alrady been
evaluated in a run, the experiment needs to be reexecuted or
rolled back (the latter functionality is, however, a challanging
issue which will be addressed in the scope of further research).

D. Storing and sharing of experiments using the XML format

The experiment plan is modeled as a sequence of snippets.
Each snippet is associated with an interpreter required for its

ERYK CIEPIELA, DANIEL HARĘŻLAK ET AL.: EXPLORATORY PROGRAMMING IN THE VIRTUAL LABORATORY 625



execution. Interpreter specification includes a command, a set
of environment variables and a prompt character sequence
which is required in order to enable identification of script
line evaluation completeness. Interpreters can be intaractive
(capable of evaluating snippets line by line) or batch-oriented
(the whole snippet is sent to the interpreter followed by an
EOT character, upon which the environment waits for output).
Any executable capable of operating in one of the above modes
may be configured as a GridSpace 2 interpreter. The idea of
an experiment file is that it presents a complete and standalone
artifact sufficient for performing the experiment run. As long
as it is contained in a single file, it can be associated with
a global URL, which makes the experiment an addressable,
shareable and linkable resource within the Web 2.0 space.
Along with snippet code and interpreter specifications, the
experiment XML file contains metadata including the name of
the experiment, its description, its creation date, author names
and comments. In addition, each snippet may specify a list of
so-called secrets, i.e. data elements (such as passwords) which
represent user credentials. This data should not be stored in
experiment files but instead retrieved from the local user’s
wallet each time a given experiment is run. The Workbench
provides a user-friendly way to manage secrets and use them
in experiments while the GridSpace platform facilitates secure
storage of credentials and other sensitive data.

A sample experiment XML file in a simplified notation
is shown in Fig. 4. It includes a metadata tag, where user
comments can be added during experiment evolution. An
interpreter definition is presented in line 26 where it is possible
to specify the command to initiate an interactive session using
PBS. In lines 31–36 of this “hello world” example we can see
the sample code in the specified languages.

E. WebGUI

In order to enrich user experience a WebGUI integration tool
is available. It provides well-defined frames for incorporating
external web applications in the experiment execution flow.
The tool enables experiment creators to plan interactions with
the end user and either retrieve additional data or present
intermediate experiment results. For integration with external
web applications simple JSON communication is used, which
makes the process of creating new or modifying existing web
applications straightforward. For less demanding experiment
creators who do not wish to create or reuse external applica-
tions, a generic web UI implementation is available. Through
a simple JSON-based definition, available from the experiment
code, a graphical interface can be spawned and presented
during experiment execution. This implementation allows for
building web forms using standard controls (e.g. text fields,
text areas, radio boxes, etc.) In addition, a rich text editor
control is available.

F. Semantic integration

Among the goals of the Virtual Laboratory, as stated in
Section III, is the provision of a generic technology, supporting
scientists from specific application domains. Since each of the

1 experiment:
2 metadata:
3 expname: Hello Experiment
4 author: plgciepiela
5 description:
6 Demo example that prints out hello messages.
7 comments:
8 comment:
9 author: plgciepiela

10 payload: Very simple example, just demo.
11 interpreters:
12 interpreter:
13 cmd="bash --noprofile --norc"
14 interactive="true"
15 name="Bash 3.00"
16 prompt1="$
17 " prompt2="&gt; "
18 envvar: name="PS1" value="$ "
19 interpreter:
20 cmd="/software/local/bin/python"
21 interactive="true"
22 name="Python 2.6.4"
23 prompt1="&gt;&gt;&gt; "
24 prompt2="... "
25 interpreter:
26 cmd="qsub -I -q plgrid -S /bin/bash -v PS1=$"
27 interactive="true"
28 name="PBS - Bash 3.00"
29 prompt1="$"
30 prompt2="&gt; "
31 snippet: id="1" interpreterName="Bash 3.00"
32 code: echo "Hello, Bash"
33 snippet: id="2" interpreterName="Python 2.6.4"
34 code: print("Hello, Python")
35 snippet id="3" interpreterName="PBS - Bash 3.00"
36 code: echo "Hello, Bash via PBS"

Figure 4. Sample “Hello world” experiment XML file (tags are represented
as bold text for clarity).

in-silico experiments supported by our platform comes from
a specific field of science, the need for domain-specific data
models is clear. The semantic integration concept [20] is a
method of building application-specific data models and cross-
combining them with protocols and tools developed for the
application environment. In other words, semantic integration
helps scientific developers support structures and taxonomic
characteristic for a given field of science via generic storage
mechanisms and generic information exchange protocols.

The incorporation of semantic integration in the presented
Virtual Laboratory provides a means of storing data and meta-
data for bioinformatics applications (such as protein pocket
finding), as well as for computational chemistry applications
running Gaussian and GAMESS. In the former case it is used
to store and publish several gigabytes of data produced in
high-throughput computations involving numerous proteins.
In the later case it helps store and exchange metadata for
the output files generated by various chemistry packages.
Since the Virtual Laboratory application pool is still being
extended, we can expect that the semantic integration solution
will eventually cater to other scientific domains as well.

VIII. WORKING WITH GRIDSPACE AND EXAMPLES OF
USAGE

Virtual Laboratory defines a specific model of interacting
with applications. The main procedure for preparing an exper-
iment is as follows:
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1) The user identifies a procedure (process, workflow) that
involves manual use of a number of software pieces
which could benefit from (semi-)automation, making
them easy to use for the user and for the research team.

2) The user writes this procedure in a stepwise fashion
where each step is decided upon by viewing the outcome
of previous steps.

3) At each step the user takes advantage of one of a num-
ber of programming languages, platforms or programs
which are the most suitable for the current purpose.

4) Following each step the user may open the retrieved files
with the available tools (e.g. display a graph, visualize
molecules, show text content etc.)

5) The user can retrace his/her steps in order to find the
best path to the solution.

6) The user can save the current sequence of steps (i.e. the
experiment) and open it later for further development.

7) Having discovered the right sequence of steps, the user
can save the experiment again and specify the group of
users who will be allowed to run or further modify that
experiment.

8) The user can send a link to the experiment web appli-
cation to his/her group.

9) The link leads to a page where, following successful
login, other users can run the web application or open
it in an experiment editor.

10) The user can enrich experiments with custom graphical
user interfaces which collect input and display results.

As an example of use we can present an application from the
chemistry domain involving the study of aqueous aminoacid
solutions. The analysis process is a workflow which involves
multiple steps realized using many tools, languages and li-
braries. First, Packmol [21] is used to perform molecular dy-
namics simulations for animoacid aggregation in the presence
of water. The resulting solution is visualized with Jmol [22]
and can be manually checked prior to further processing, i.e.
computing a spectrum using the Gaussian [18] tool. In order to
extract spectrum-related information from the Gaussian output
file we need to use the CCLIB [23] library written in Python.
Finally, spectrum information can be visualized as a plot using
GnuPlot.

In addition to the above, many other programming lan-
guages and tools can be configured in the Experiment Work-
bench and thus made available for experiment developers.

Our sample installation of the Experiment Workbench sup-
ports a set of interpreters and tools including Bash 3.00,
Python 2.6.4, Perl 5.8.5, Ruby 1.8.7, Packmol, Gaussian 09
and Gnuplot 4.0. All interpreters can be launched directly
on the experiment host or through the Torque Portable Batch
System.

IX. CONCLUSIONS AND FUTURE WORK

In this paper we have presented the main requirements,
concepts and current status of the Virtual Laboratory based
on GridSpace platform. Although based on experience gained

in the course of the ViroLab project, GridSpace 2 consti-
tutes a novel framework. Its main advantage is support for
exploratory programming, where each experiment consists of
snippets programmed interactively in multiple programming
languages using a web console. The Experiment Workbench
allows interactive experiment development, file manegement
and experiment sharing. The Virtual Laboratory also supports
web-based graphical user interfaces and semantic integration.

GridSpace 2 has been made available for the users of
the Pl-Grid project for beta testing. Preliminary feedback
from bioinformatics and computational chemistry applicaiton
domains shows promising results. The final release and in-
tegration with the PL-Grid infrastructure is planned for the
end of 2010. The continuously updated beta installation of the
Virtual Laboratory has been made available to the PL-Grid
users and is accessible at the Virtual Laboratory website [24].
More information about the GridSpace 2 technology, including
demos and presentations can be found at [25].

Future work will focus on enhancing the usability and
security features. One of the planned enhancements involves
development of a graphical tool for constructing experiments
with hierarchical snippet trees. Another will provide handling
of multiple security credentials to facilitate access to hetero-
geneous middleware systems and data sources. We are also
adding support for more application-specific gems, interpreters
and visualization tools to extend the range of supported
application domains.
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Abstract—The paper proposes a model which allows integra-
tion of services published by independent providers into scientific
or business workflows. Optimization algorithms are proposed
for both distribution of input data for parallel processing and
service selection within the workflow. Furthermore, the author
has implemented a workflow editor and execution engine on
a platform called BeesyCluster which allows easy and fast
publishing and integration of scientific and business services.
Several tests have been implemented and run in BeesyCluster
using services for a practical digital photography workflow
with and without budget constraints. Two alternative goals are
considered: minimization of the execution time with a budget
constraint or a linear combination of cost and time.

I. INTRODUCTION

S
ERVICE integration has become the main focus in dis-

tributed environments. Firstly, Service Oriented Architec-

ture (SOA) promoting loosely coupled services interacting

with each other, secondly Open Grid Service Architecture

in the context of grid computing laid fundamental concepts

for modern distributed applications. In both cases, workflow

management systems using Web Services and grid middle-

wares allow composition of individual services into complex

workflows. In the classic approaches, tasks are either mapped

to available resources or available services are assigned to

tasks so that QoS metrics for particular tasks or for the

whole workflow are optimized. This can be minimization of

the execution time with a budget constraint on the costs of

resources or services used. Furthermore, many of the practical

workflows are data-intensive and require data partitioning

for parallel processing. From this point of view the author

proposes a model with data partitioning for parallel execution

and service selection, both important for practical workflows.

From the infrastructure point of view, it is desirable for a

service provider to publish scientific or business services easily

and instantly, define prices and other QoS parameters as well

as be able to manage the service. For the client, it is important

to be able to integrate such services from various providers.

This requires selection of best services considering imposed

QoS constraints and the goal followed by execution of selected

services. The author has implemented these in BeesyCluster

which satisfies all of these requirements for scientific and

business environments.

II. RELATED WORK AND MOTIVATIONS

Firstly, task scheduling considers mapping of workflow

tasks to available resources so that workflow execution time is

minimized [1], [2]. In the classic problem, task execution times

are known in advance, neither data flows nor other metrics

such as costs are usually considered. Some works take into

account execution costs of particular resources [3]. Paper [4]

considers resource requirements for tasks of the workflow.

Secondly, in scheduling in utility grids [5] or workflow

scheduling in grids [6] for each task ti we distinguish a

set of services Si out of which only one service is to be

chosen to execute ti. Other attributes such as service costs

are considered [7]. As considered by [8] and [5] the goal is to

find the best assignment of ti → (sk, t
st
ik) where sk is a service

able to execute task ti and tstik is the starting time of execution

of task ti on service sk. Execution of ti and tj on one sk
must not overlap and the workflow execution time should be

minimized while keeping the cost of selected services below

a predefined minimum. In the context of typical business

interactions, the QoS service selection/workflow composition

problem is stated. Compared to the scheduling problem, many

more quality attributes are considered without dependencies

between or overlapping of services executing different tasks.

The goal is to select proper services so that a function of

QoS metrics such as: execution time, cost, availability [9],

[10], [11], accessibility [10], fidelity [12] or conformance [10],

security [10], reputation [9] is minimized possibly also with

additional conditions imposed on some of them [11], [13]. For

instance, the cost of using the services must not exceed the

given budget.

There exist several workflow management systems for grid

computing. Paper [2] describes and compares Gridbus, Ke-

pler [14], Pegasus [15], Triana [16], P-GRADE [17], Di-

rected Acyclic Graph Manager (DAGMan), ICENI, GridFlow,

GrADS, Askalon, UNICORE, Taverna, GridAnt. These grid-

oriented systems mainly use middlewares such as Globus

Toolkit, Grid Application Toolkit or other resource manage-

ment systems etc. for running jobs. More business oriented

environments focusing on execution of BPEL or semantic

service discovery and compositon such as Meteor-S [18]

usually do not offer support for HPC environments although

[19] presents how to use BPEL for grid environments.
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Such workflow management systems support data paral-

lelism and various operations on the data [20], [21]. In

Gridbus, input parameters can be defined as parameter values,

files or data streams [20]. In Process Networks in Kepler

the workflow is driven by data availability and can be used

for parallel processing on distributed systems [22]. Since

the service may receive data as it runs and possibly from

various predecessors, data processing can be defined in many

ways on the input data. In the one-to-one composition pattern

successive portions of input data from two input sources

are processed pairwise [21]. Paper [21] demonstrates that

MOTEUR can handle one-to-one and all-to-all patterns as well

as workflow, data and service parallelism and is compared

to Taverna, Kepler and Triana which lack some of these

features. [23] optimizes workflow makespan also considering

the possibility of dynamic deployment of services on various

resources to save large data communication costs.

From the point of view of the model, the contribution

of this work is a combined model (Section III) with both

data distribution for parallel computing by parallel tasks and

selection of services to optimize various QoS goals and meet

QoS constraints. The consumer constructs a workflow i.e. a

complex scenario composed out of simple tasks. It is assumed

that the workflow graph can contain both sections with parallel

tasks for among which input data is distributed for parallel pro-

cessing. In this case each task has a single service assigned to

it. Also, the graph may contain tasks with alternative services

out of which one needs to be chosen to perform the given

task. As an example, the workflow shown in Figure 1 allows

parallel processing of several input digital RAW images by

several filters. These can be executed by services created from

free applications such as dcraw, RAWtherapee or possibly

offered by companies who offer own paid image processing

software. A comparison of RAW converters is available at

http://www.photozone.de/conclusion-on-goin

g. It finally produces a Web album out of images previously

processed in parallel. The problem is to find both: data distri-

bution – partition input data for parallel processing by parallel

paths to speed up workflow execution and service selection – a

service to execute each task – for each task ti there may be one

or more services (sij) capable of executing the task at price per
unit of data cij (one out of two web album generation services

s19 0, s19 1 can be chosen for task t19). The goal is to minimize

one of the following: vMIN T C BOUND – minimization of

the workflow execution time with a constraint that the total

cost of selected services does not exceed the given budget or,

vMIN TC – minimization of a linear combination of workflow

execution time and the total cost of services. Services may be

offered by independent providers for potentially various prices

and each service is installed on a particular cluster or server

of a predefined speed. Incompatibility between formats used

by various providers is considered as additional cost in the

model. If there is a budget constraint set then more tasks will

be sent along cheaper paths and more expensive paths will not

be used. What is important, the model proposed by the author

and presented in Section III considers alternative approaches

as to how data is passed between tasks. As discussed in

Section III-A, either the next task starts when all data has been

processed by preceding tasks or processing data in streams

for overlapping communication and computations is proposed.

In [24] the author has presented how to choose services at

runtime for highly changeable environments rather then before

workflow execution considered in this work.

From the infrastructure point of view, the contribution is the

author’s implementation of the model in BeesyCluster (Sec-

tion VI) taking advantage of features of the latter. Secondly,

the paper demonstrates usefulness of the solution for a real

world workflow application (Section VII). BeesyCluster is the

middleware for the workflow system described in Section VI

in this work. BeesyCluster differs from other middlewares as it

accesses services published by users through user accounts via

SSH. This means that contrary to many other systems adding

new clusters or registering new user accounts is a matter of

seconds as requires just corresponding entries in the database

regarding access. Similarly, each user can become a provider

by publishing their parallel or sequential applications installed

on various clusters as services in a matter of seconds in the file

manager in BeesyCluster. This allows publication of scientific

services from HPC clusters as BeesyCluster hides low level

details like queueing systems. Also, businesses can publish

services from their own servers attached to BeesyCluster. This

also brings pricing for not only business but also scientific

services and allows composition of both types.

III. MODEL OF THE WORKFLOW SCHEDULING WITH DATA

DISTRIBUTION

Consequently, the author proposes a model with data dis-

tribution in which a directed graph G(V,E) represents a

workflow where nodes V correspond to tasks while edges E
denote task dependencies. There is at least one starting node

with initial data and one termination node which terminates

computations. The model allows: a sequence – for connected

tasks, a service connected to the successor will be executed

only after the service selected for the predecessor has com-

pleted (t1 and t2 in Figure 1), fork – services associated with

tasks following the forked task can potentially be executed in

parallel (if run on separate processors – e.g. t1, t4, ..., t16 in

Figure 1), join – the service selected for the task to which

other tasks are connected will be executed only after each of

the predecessors has finished (in Figure 1 t19 will execute only
after t3, t6, ..., t18 have finished).

The model distinguishes the following: a set of services

Si = {si0, si1, ..., si(|Si|−1)} out of which only one must be

selected to execute task ti, cij – cost of processing a unit

of data by service sij , Pij – the provider of service sij ,
Nij – the node service sij runs on while spn the speed

of node n, dinij and doutij are the size of the input data and

the size of the data produced by service sij bound with

doutij = fti(d
in
ij ). di denotes the size of data processed by

task ti. dijkl denotes the size of data to be sent from service

sij to service skl. fti denotes how the size of output data for

task ti depends on the size of input data. Then the required
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Figure 1: A Parallel Digital Photo Workflow with Budget Constraints

constraints on these variables would include: di =
∑

j d
in
ij ,

dinkl =
∑

i,j:(vi,vk)∈E dijkl , d
out
ij = fti(d

in
ij ). d

in
ij > 0 for only

one selected service sij for task ti. Output data from a task can

be sent and/or partitioned into input files of successors. In par-

ticular, the following alternatives are possible: All Fork (AF)

task i.e. tij : ∀k:tk∈Succ(ti)d
out
ij =

∑
l dijkl or Distribute Fork

(DF) task i.e. tij : d
out
ij =

∑
l,k:(vi,vk)∈E dijkl. Then assuming

tcomm
ijkl (dijkl) = tstartupNijNkl

+
dijkl

bandwidthNijNkl

– communication

time of data of size dijkl sent from service sij and skl,
texecij (dinij ) – the execution time of service sij , t

tr
ijkl – additional

time for data conversion between output/input formats if con-

nected services are offered by various providers, tsti : i ∈ |V |
– the time at which service sij chosen to execute ti starts

processing it, we have ∀i,k:(vi,vk)∈E tstk ≥ tsti +
∑

j t
exec
ij +∑

j,l t
comm
ijkl +

∑
j,l t

tr
ijkl . t

exec
ij will be larger than 0 only for

one j. Similarly, for the given i and k tcomm
ijkl and ttrijkl will be

larger than 0 only for one pair of l and k since only one service

per node i and one per node k will be selected. Additionally,

tworkflow = ttermination not∃q(vtermination, vq) ∈ E
We consider two alternative minimization goals where

tworkflow is the time when the last service finishes:

1) min vMIN T C BOUND = tworkflow while adding a

constraint on the total cost i.e.
∑

dinij cij < B where B
is the budget (problem MIN T C BOUND).

2) min vMIN TC = αtworkflow +
∑

dinij cij (problem

MIN TC), α > 0.

A. Data Processing

For data processing and communication between tasks, three

possibilities are considered:

1) synchronized: as assumed above, before execution of the

given task starts, all data processed by previous tasks must

be sent and ready,

2) overlapping: instead of ti → tj we can introduce parallel

paths ti → tj′ , ti → tj′′ , ..., ti → tj′n such that every

tj′l is in fact the same task as tj and has the same

services assigned to it as tj and a constraint that the

same service is chosen for every one of them. Instead

of passing whole data di to tj ,
di

n can be passed to every

following task independently. This means that services

for tj′l will be executed faster. Secondly, if copying to

every tj′l is delayed compared to tj′l−1 this results in

overlapping communication and computations.

3) streaming: after receiving a unit of data, each task pro-

cesses it and passes to a following task(s) and does so

for every unit.

IV. ALGORITHMS

The author has proposed and implemented three different

algorithms to solve the problem:

1) genetic algorithm (GA) – a chromosome encodes both

the assignment of services to tasks and data distribution

among tasks. The algorithm does not impose linearity

on the constraints but it comes at the cost of slower

convergence compared to MGALP described next.

2) mixed genetic algorithm and linear programming

(MGALP) – where the genetic algorithm is used to

determine the assignment of services to tasks and fast

linear programming [25] is used to determine optimal

data distribution for the given schedule; a chromosome

encodes just the assignment of services to tasks,

3) mixed integer linear programming (MILP) – the author

adopts MILP traditionally used for solving the service se-

lection problem and extends it for scheduling and solving

data flows. The algorithm solves the problem optimally

but at a high computational cost for large problem sizes.

Similarly to [9], [18], [26], integer variables denote which

service is selected for the particular task while real or

integer variables sizes of data sent between tasks.

GA and MGALP are much faster for larger graphs at the

cost of lower quality results. Due to space limitations, only GA

is presented in more detail. For large workflows, the algorithm

may take more steps to arrive at an acceptable data distribution

or even such that make constraint
∑

dinpij cij < B satisfied for

goal MIN T C BOUND. To make the starting solution better,

for each of the initial chromosomes, linear programming was

used to help find better data flows and following iterations

used only crossover and mutation operators.

Each chromosome consists of the representation for the

schedule shown in Figure 2.

1) the first |V | numbers contain indexes of selected services

for each task i.e. 0 ≤ ei < |Si| 0 ≤ i < |V |. Initial
values are chosen by a random selection of services for

each task i.e.: ei = random() mod Si;

2) the last |V | numbers contain ordering of the |V | tasks.
Namely, assuming tasks tk, tl are executed on one

processor (i.e. services on one processor are chosen to

PAWEŁ CZARNUL: MODELLING, OPTIMIZATION AND EXECUTION OF WORKFLOW APPLICATIONS 631



e0 ... e|V |−1︸ ︷︷ ︸
ei – service for ti

e|V | ... e|2V |−1︸ ︷︷ ︸
ei – task id

Figure 2: GA’s Representation
e(3|V |−1)(|Succ(t|V |−1)|−1)

e|2V |(|Succ(t0)|−1) ... e(3|V |−1)...

e|2V |0 ... e(3|V |−1)0

e|2V |

OO

... e3|V |−1

OO

Figure 3: GA’s Representation for Flow Distribution

execute them), tl is executed after tk iff ei = k ej = l :
i < j i ≥ |V |. Initial values are chosen randomly out of

following tasks starting from the initial task. In the next

step its successors are added to the pool of the tasks from

which in the next step one will be chosen randomly and

the procedure is repeated.

Additionally each chromosome contains a distribution of

doutij into data of the following tasks. For DF tasks data

from ti is simply copied to each task in Succ(ti). For AF

tasks the structure shown in Figure 3 is used. For task ti,
since data is divided into all following tasks, there is an

array of |Succ(ti)| e(2|V |+i)j elements for this task such that∑|Succ(ti)|−1
j=0 e(2|V |+i)j = 1 and doutij e(2|V |+i)y =∑
tk:tk is y-th successor of ti out of tasks in Succ(ti)

dijkl
which denotes how output data for task ti is split into input

data of following tasks.

Crossover for service selection works as follows – a pivot

(task) is selected randomly and services for tasks smaller than

the pivot are taken from the first chromosome and for larger

from the second chromosome. The order is taken from one of

the two chromosomes with probabilities 0.35 and a new one

is generated randomly with probability 0.3 (Figure 4). The

algorithm for data distribution is shown in Figure 5. Function

SetRndDistr assigns the flow to only one successor with

probability 0.5 or divides it into more following tasks with

smaller probabilities. This ensures that the algorithm can both

direct the flow to a small and a large number of following

tasks.

e0 e1 ...

		

pivot

... e|V |−1 e|V | ... e|2V |−1

with prob=0.35

��

e0 e1 ... ... e|V |−1

		

e|V | ... e|2V |−1

with prob=0.35		
e0 e1 ... ... e|V |−1 e|V | ... e|2V |−1

generate a new one with prob=0.3
OO

Figure 4: Crossover for Service Selection

Mutation for service selection is applied as follows – a

new service is selected for a task with the probability of 0.1

and a new order is generated with the probability of 0.02.

Function SetRndDistr is invoked for a new distribution

with probability 0.05.

e|2V |
with prob=0.35

��

... e|3V |−1

with prob=0.35

��

e|2V |
with prob=0.35		

... e|3V |−1

with prob=0.35		
e|2V | ... e|3V |−1

SetRndDistr(e i) with prob=0.3
OO

...

...

SetRndDistr(e i) with prob=0.3

OO

Figure 5: Crossover for Data Distribution

This version can be adjusted to use only integer data sizes

by rounding dijkl values which result from e|2V | to e3|V |−1

distributions to integer numbers such that constraints III are

satisfied and successive evaluation of the chromosome using

integers.

V. OPTIMAL VS HEURISTIC ALGORITHMS

The author has run the three implemented algorithms for

workflow graphs with varying numbers of nodes (tasks) and

services assigned to each task. The main goal is to assess

workflow sizes for which the MILP algorithm is able to

return an optimal solution within a reasonable time limit of

20 seconds. For the given number of nodes, out of all possible

edges between the nodes, 10% are chosen randomly. Then all

nodes without predecessors are connected to the initial node

and all without successors connected to the terminating node.

For this particular test service costs are random from the [0, 40]
range, service execution coefficients eij : feij(d) = eijd are

random from the [0, 4] range, the time coefficient α = 100.
MILP is able to solve only small problems with a small

number of tasks and services optimally. Since e.g. solving for

MIN T C BOUND is NP-hard, heuristic algorithms need to

be used for large workflows. Since it is not possible to compare

to an optimal algorithm, for MGALP and GA, we measure

the improvement the algorithm is able to make over an initial

value (for goal MIN T C BOUND or MIN TC) for the first

chromosome of the population vinitial i. The improvement is

computed as follows:

impr[%] =
100

sc

sc∑

i=1

vinitial i − vfinal i
vinitial i

(1)

where sc denotes the number of simulations. It must be noted

that both for GA and MGALP the initial chromosomes are set

using random schedules and data distribution computed using

linear programming. This allows GA to have a reasonable start

for tuning using only crossover and mutation. vinitial i is al-

ways obtained by taking the value from the initial chromosome

of the population. For MIN T C BOUND it may not meet

the cost bound though. If this is the case, vinitial i is obtained
using linear programming minimizing the cost and taking the

workflow time obtained for the minimum cost (if the minimum
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cost is lower than the bound set). In the experimentsB is set to

bestcost+ worstcost−bestcost
4 where bestcost is the minimum

possible workflow cost without considering the workflow time

and worstcost is the cost corresponding to minimization of

only workflow execution time.

Figures 6 and 7 present which algorithm is best for a

workflow with a particular number of tasks and services

marked on the two axes respectively. Each algorithm is given

20 seconds and results are compared. Each measured number

is an average from 50 runs for a particular input data set.

MILP is best for small graphs as it generates optimal results.

For larger graphs, either MGALP or GA are preferred. Colors

denote the ratio of improvement over the initial solution of

GA divided by the improvement for MGALP. The range of

input data for which MILP completes in 20 seconds (marked

as OPT) and thus is best is limited (white color). Light areas

correspond to workflow sizes for which GA gives better results

than MGALP.

Figure 6: Comparison of OPT, MGALP, GA within

20 seconds vs Task Count and Average Service Count

MIN TC

Figure 7: Comparison of OPT, MGALP, GA within

20 seconds vs Task Count and Average Service Count

MIN T C BOUND

VI. MODELLING, SCHEDULING AND EXECUTION OF

WORKFLOW APPLICATIONS IN BEESYCLUSTER

The author has created an environment for modelling,

scheduling and execution of workflow applications implement-

ing the proposed model and algorithm. It is embedded in

BeesyCluster. The latter is a JEE-based front-end and middle-

ware which allows publishing and consuming services offered

by various providers and consumers from locations managed

by them. BeesyCluster, designed and co-developed by the

author, was deployed at Faculty of Electronics, Telecommuni-

cations and Informatics, Gdansk University of Technology for

integration of clusters and laboratories. It is used for research

and teaching high performance computing.
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Figure 8: BeesyCluster Architecture

BeesyCluster allows the registered user to access accounts

on various clusters or servers via WWW/Web Services (Fig-

ure 8). [27] presents details and performance of the Web

Service interface. The system accesses these accounts via SSH.

It allows to manage resources on these accounts allowing

copying, editing files, management of directories and archives

in a versioning system, compilation, queueing and even run-

ning applications interactively in a graphical mode via the

browser.

Advantages of this complete environment with workflow

support are as follows:

• the user can publish a sequential or a parallel (e.g. MPI)

application from his/her user account as a service This

brings business features to the scientific environment,

• companies can publish commercial applications as ser-

vices from their servers,

• such services can be incorporated into workflows as

described by the model,

• if the service is deployed on a cluster with a queueing

system (e.g. PBS, LSF), the latter will be used transpar-

ently to the user,

• support for a complete workflow creation and execu-

tion cycle i.e.: workflow editing using a GUI, workflow

optimization (service selection and data distribution),

workflow execution in the real distributed environment.

The author has implemented a workflow editor in Beesy-

Cluster shown in Figure 9 implementing the model proposed

in Section III. It allows to define a workflow graph including

tasks and dependencies, assign services to tasks, define input

data which will be partitioned for parallel execution as well

as one of the optimization goals. Data sizes including the size
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Figure 9: Workflow Editor in BeesyCluster

of input data and data flowing between services correspond

to the numbers of files flowing between the services. Data

distribution policies mentioned in Section III-A are possible.

To run a workflow, BeesyCluster launches one of the algo-

rithms implemented by the author to determine services for

tasks and data distribution and executes the selected services

handling data transfers between clusters and servers on which

the services are installed. [24] and [28] present implementation

details of the workflow execution engine which is also used

in this work. However, [24] focuses on just-in-time service

selection while [28] on incorporation of a checkpoint/restart

mechanism for execution of scientific workflows.

VII. COMPUTE AND DATA INTENSIVE DIGITAL

PHOTOGRAPHY WORKFLOW

The workflow shown in Figure 1 was modelled and tested

in BeesyCluster. It shows a scenario in which there are three

filters applied on input RAW images to generate a final

web album to be published in the photographer’s portfolio.

Optimization problems include: partitioning a set of input

images among services installed on nodes of various speeds,

a trade-off between the budget for the execution and the

execution time (some services are more expensive than others).

1) Testbed Environment and Services: The environment

consists of 16 nodes installed at the Faculty of Electronics,

Telecommunications and Informatics, Gdansk University of

Technology. The speeds of all the nodes used are identi-

cal for this application. One BeesyCluster server located at

https://lab527.eti.pg.gda.pl:10030/ek/

AS_LogIn was used.

The following services were used to execute the

tasks (Figure 10): RAWTOTIFF – conversion from a

RAW format to TIFF: each service is performed by

script dcraw -T $1 using the well known dcraw

(http://cybercom.net/∼dcoffin/dcraw/) converter,

LEVELS – level adjustments so that whites, blacks and middle

tones are mapped correctly: each service is performed by script
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Figure 10: A Parallel Digital Photo Workflow with

Several Paths per Node
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Figure 11: A Parallel Digital Photo Workflow with

Budget Constraints

convert $1 -normalize $1 using the ImageMagick

(http://www.imagemagick.org/script/index.

php) tool, RESHAQ – resizing, sharpening and saving as a

97% JPEG image for further generation of a web album: each

service is performed by script convert $1 -resize

600x400 -sharpen 1x1.2 -quality 97% $1.jpg

using the ImageMagick tool, WEBGEN – generation of a

Web album: two services are installed on only one node (are

alternative) and performed by applications album (http:

//marginalhacks.com/Hacks/album/) and jigl

(http://xome.net/projects/jigl/) respectively.

2) Workflow Configurations and Results: The following

configurations were tested (optimization goals are noted):

MIN TC: parallel (Figure 10) – each filter is cloned into

up up to 16p (p ≥ 1) functionally equivalent ti+3k k ∈
{0, 1, ..., 16p− 1} i ∈ {1, 2, 3} tasks (Figure 10 also shows

nodes the services are installed on). If p = 1 then each node

waits for its batch of data to start processing. If p > 1 there

are p services for each filter on a given node and it is possible

to start processing faster as a smaller batch of input data can

reach the service faster. Execution of services on one node

is serialized. Each batch is processed independently allowing

computations on the given node to start faster at the cost

of running and managing more threads responsible for more

paths. Since the cost of each service was set to the same value

in this configuration the algorithm effectively minimizes the

total execution time. Figures 12 and 13 present execution times

and speed-ups obtained for 40, 160 and 560 input images
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Figure 12: Digital PhotographyWorkflow: Execution Times [s]

Figure 13: Digital Photography Workflow: Speed-up

(500MB, 2GB, 7GB of input data) respectively and from 1

to 16 nodes thus 1 to 16 paths.

As expected better speed-ups are obtained for a larger

number of input images. For 560 images there is a comparison

between p = 1 and best p for the given configuration. In the

latter case, the time is lower as services can start processing

earlier. BeesyCluster first sends a smaller batch to each service

on a different node, then proceeds with following batches

effectively overlapping communication and computations. It

can be noted that the gain is much smaller for a larger number

of nodes because the communication/transfer times between

the tasks are much smaller for these configurations. Secondly,

the node with the initial data may be a bottleneck for a large

number of following tasks.

MIN T C BOUND: parallel with budget constraints on the

selection of services (Figure 11) – in this example the goal is to

obtain the shortest possible execution time assuming the total

cost of selected services does not exceed the given threshold.

The literature proposes [29], [30] several pricing methods

for services. Following the simplest strategy of charging

per processor second and assuming the computational time

Table I: Services and Cost per Processor Second for Testbed

Clusters
cost per second

Cluster services node count day night

1 s1 0 to s24 0 8 20 10
2 s25 0 to s36 0 4 10 20
3 s37 0 to s48 0 4 15 15

can be divided between clusters we obtain the same cost

irrespective on the number of processors used [31]. However,

if costs per processor can vary, we are faced with a non-trivial

cost-performance trade-off. Similarly to [30] the author has

distinguished services installed on three logical clusters with

8, 4 and 4 nodes with prices for a processor second as shown

in Table I. The prices vary depending on the time of day. Two

configurations were tested: clusters 1 and 2 (total of 12 nodes),

clusters 1, 2 and 3 (total of 16 nodes) both during the day and

the night. For each configuration the total allowed budget (for

the parallel paths) is varied from the minimum cost allowing

full parallelization to through 0.9 to 0.8 of this cost. Figures

14 and 15 show that if the budget is limited then the more

expensive paths are not used which results in higher execution

times. For day simulations, services from cluster 1 will be

ommitted first, for night simulations services from cluster 2.

VIII. SUMMARY AND FUTURE WORK

The paper formulated a problem on how input data should

be distributed among parallel tasks and how services should

be selected for other workflow tasks so that a QoS goal

is optimized while possibly other QoS constraints are met.

Both the model, algorithms and an execution engine were

implemented in BeesyCluster allowing to consume distributed

services from various providers. As an example, a data and

compute intensive digital photo workflow was executed in

this environment. It has been demonstrated that the solution

achieves good speed-ups and is able to select services in such

a way that the execution time is minimized and the total

cost of selected services does not exceed the budget. Clearly,

the environment can be used for other workflow applications

which can be easily constructed from distributed services

deployed in BeesyCluster.

Further work will include testing more complex workflows

in more distributed environments with services installed on

distant clusters.
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Abstract—The paper presents a concept, implementation and
real examples of dynamic parallelization of computations us-
ing services derived from MPI applications deployed in the
BeesyCluster environment. The load balancing algorithm invokes
distributed services to solve subproblems of the original problem.

Services may be installed on various clusters or servers by
their providers and made available through the BeesyCluster
middleware. It is possible to search for services and select
them dynamically during parallelization to match the desired
function the service should perform with descriptions of services.
Dynamic discovery of services is useful when providers publish
new services. Costs of services may be incorporated into the
selection decision. A real example of integration of a given
function using distributed services has been implemented, run
on several different clusters without or with external load and
optimized to hide communication latency.

I. INTRODUCTION

PARALLEL computing has come a long way from dedi-

cated parallel applications to grid computing allowing to

couple clusters to perform distributed computations. Tradition-

ally, parallel computing has been performed either on shared

memory machines or within dedicated multi-node clusters.

For the former, threads or processes may be spawned and

communicate using shared memory which is supported using

e.g. Pthreads [1], Java threads [2], OpenMP [3]. For clusters,

MPI [4] and PVM [5] allow development and running parallel

programs using the message passing paradigm for communica-

tion. For fast communication between processes on one node

MPI can use shared memory. MPI implementations may offer

various support for threads. Furthermore, computational codes

may be wrapped into services, discovered and integrated for

distributed computations at a higher level.

Section II investigates existing approaches for paralleliza-

tion among clusters and proposes a framework for multi-

level parallelization through dynamic discovery of services in

BeesyCluster that can make use of specific features of the

latter. Section III presents a concept and an algorithm for

parallelization of computations using BeesyCluster services

while Section IV presents experimental results including the

ability of the solution to hide latency of Web Service calls.

Finally, Section V presents a summary and future work.

II. RELATED WORK AND MOTIVATIONS

Grid systems like CrossGrid [6] or Clusterix [7] use grid

middleware such as Globus Toolkit [8] to allow the user to

manage, access and share various resources. Grid middlewares

allow controlled resource sharing and offer uniform interfaces

to access various resources in various administrative domains.

In turn, parallelization among clusters has become easier espe-

cially for the master-slave or divide-and-conquer paradigms as

previously used within clusters [9], [10]. Such parallelization

is possible either by running grid-enabled MPI applications or

composing distributed services.

Grid-enabled versions of MPI such as MPICH-G2 [11],

PACX-MPI [12], BC-MPI [13] allow one application to run on

more than one cluster using TCP for inter-cluster and usually

faster Infiniband or Myrinet within each cluster. MPICH-

G2 uses Globus for job control as can PACX-MPI and

LAM/MPI [14] to couple remote clusters. BC-MPI can use

BeesyCluster [15] for this purpose [13].

There exist several frameworks that allow management of

distributed processing and computations. The MW toolkit [16]

allows development of a master-worker style application that

works in the distributed environment of Condor. [17] studies

load distribution methods for a master-slave scheme on a

multi-cluster architecture. Tuning of master-slave applications

on grids is analyzed in [18]. Nimrod/G [19] allows resource

management and scheduling in a global computational grid.

It introduces a concept of computational economy that allows

the user to specify the cost and the deadline for the work or

negotiate for resources to do the job.

Grid or Web Services can be used as a front-end to HPC

resources [20]. This allows parallelization using services. [21]

and [22] contain an interesting comparison of performance

of a computationally intensive application run on MPI and

using Web Services as workers rather than front-ends to HPC

resources. The latter showed higher execution times but has

advantages in case of firewalls and better interoperability

in heterogeneous environments. A methodology to migrate

from MPI to Web Service base applications is shown in

[22]. [23] implements an Application Management System

into an MPI application and its ability to balance load in a

computational grid is demonstrated for an application which
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partitions initial data for parallel execution on a three site grid.

[24] demonstrates an approach to find and use grid services for

parallel solving of matrix multiplication – although sequential

in the workers. The framework allows to specify priority QoS

parameters like accuracy, speed, bandwidth.

In this paper, using BeesyCluster and combining features

of the previous works, the author proposes a dynamic master-

slave parallelization approach able to discover and invoke

computational services spawning MPI applications on HPC re-

sources. The algorithm finds and invokes ready-to-use possibly

geographically distributed computational services derived from

MPI applications published by possibly independent providers

from various clusters/servers incorporating possibly changing

costs of such services. The solution focuses on efficient

parallelization of computations among the services with hiding

communication latency and parallelization on clusters using

MPI. Although the master-slave paradigm has been widely

used in parallel programming and distributed processing on

grids as discussed above, the contribution of this work is that

the proposed scheme benefits from particular features offered

by the BeesyCluster middleware:

• parallel and sequential applications created by users can

be published instantly as services within BeesyCluster

and made available as Web Services accessible from

outside BeesyCluster. The publisher can grant rights to

other BeesyCluster users to run the service and defines

QoS parameters such as cost the client needs to pay to

invoke the service. When a BeesyCluster client invokes

the service, the cost is subtracted from their account. Our

latest work [25] shows how thousands of existing Linux

applications distributed in packages such as deb or rpm

can be published in BeesyCluster and thus be available

to be used in the proposed load balancing scheme.

• searching for services that might then be used in the

load balancing scheme. Currently, each service deployed

in BeesyCluster is described in the database as well

as in a UDDI registry based on JUDDI and used by

BeesyCluster. The latter may be queried using the UDDI

API. We have also implemented [25] an intelligent search

mechanism based on the similarity of the service de-

scription and user query that uses Apache Lucene. For

instance, a user might request services for numerical

integration and those with best matching descriptions are

returned.

• incorporation of possibly changing costs when discover-

ing and selecting services.

• access to the services is restricted only to BeesyCluster

users to whom it has been granted. Also, services of-

fered by various providers can be integrated in one load

balancing scheme.

• in case of parallel applications run on clusters with

queuing systems such as PBS, LSF, LoadLeveler etc.,

BeesyCluster can handle queuing transparently to the

client.

BeesyCluster (Figure 1) is a middleware and front-end

to several clusters and allows users to access their system

accounts on clusters or servers using a web browser or web

services [26]. BeesyCluster features an easy-to-use WWW

interface with a file manager with drag and drop in the browser,

ability to launch graphical or text sessions with remote clusters

through a browser. Among others, users can publish own MPI

applications from their system accounts as services (Figure 2)

and assign a price for invoking the service and access rights to

particular users or groups. The service can then be invoked on

the cluster the provider has installed it through BeesyCluster

via a web browser (Figure 3) or Web Services [26]. Beesy-

Cluster uses SSH to access clusters (Figure 1). Moreover,

such services can be combined into workflows [15]. Since the

standard MPI and PVM allow parallelization within a cluster,

an MPI or PVM application may be published as a service

(also studied in [27] instantly with a few clicks (Figure 2, [26])

and used as a part of a framework for balancing work between

clusters by passing distinct data sets to particular services.

BeesyCluster co-developed by the author hides the underlying

queuing (PBS, LSF etc.) system on the cluster the application

was installed on.

III. CONCEPT AND ALGORITHM FOR PARALLELIZATION

OF COMPUTATIONS USING BEESYCLUSTER SERVICES

For composing services, usually a workflow graph G(V,E)
is defined [28] where V is a set of vertexes denoting tasks

while E is a set of edges denoting dependencies between the

tasks. Out of a set of services for each task one is to be chosen

so that certain QoS goals are optimized. As an example, this

could be minimization of the workflow execution time with

an upper bound on the total cost of selected services.

In this paper, we focus on multi-level parallelization of

computations in a dynamic master-slave fashion using ser-

vices published by independent providers from potentially

geographically distributed clusters. Each service is a parallel

MPI application.

The parallelization framework is implemented on the client

side and thus does not depend on grid middleware and allows

access to several BeesyCluster servers handling local computer

centers in different administrative domains. The main steps of

the strategy are shown in Figure 4:

1) Providers publish parallel MPI applications as Beesy-

Cluster services (Figure 2). In case the cluster on which

the application runs uses a queuing system, its usage is

handled by BeesyCluster and hidden to the user. Providers

specify costs which will need to be paid by the client

when invoking particular services. Each BeesyCluster

user has a virtual purse, can earn on own services used

by others. A description of each BeesyCluster service is

stored in BeesyCluster’s own UDDI registry based on

JUDDI. Thus the balancing thread can query for services

using SOAP.

2) The client queries BeesyCluster for services capable

of performing the given function [25] also taking into

account the costs of available services. The client re-

ceives a list of capable services. The recently developed
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Figure 1: Architecture of BeesyCluster

Figure 2: Publishing a Parallel MPI Application as a Service in BeesyCluster

Figure 3: Running a Service Published by Another User and Derived from an MPI Application (WWW)

module in BeesyCluster allows for advanced search and

matching of service descriptions to the user textual query

[25] using the Apache Lucene engine. For the desired

function expressed in the natural language (e.g. numerical

integration etc.), BeesyCluster returns a list of services

with numerical matching scores. Furthermore, the afore-

mentioned balancing algorithm can choose services with

greatest clusterspeed/(1 + cost) ratios.
3) The balancing thread (Listing 1) divides the initial data

into a predefined number of parts set by the programmer.
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Figure 4: Interactions in the Solution

The thread also checks the speed of each cluster or server

on which the services are installed. The balancing thread

launches a new thread (Listing 2) for each part which

then calls a Web Service in BeesyCluster.

4) The Web Service implementation within BeesyCluster

starts an MPI application on a cluster remotely using ssh.

5) The framework launches a second instance of the Web

Service for each service which is delayed compared to

the first one to hide the communication latency upon

termination of the first one.

6) As for the first one, the Web Service in BeesyCluster

invokes the MPI application.

7) Then after the first application has terminated, another

one is launched (Listing 1) while the one launched as

second is still running. This way the cluster is kept

busy. The framework proceeds until all data has been

processed.

In the integration example considered in this paper the data

part corresponds to a range to be integrated.

The algorithm can handle irregular problems taking different

amounts of time on data sets of the same size. Examples of

such applications include adaptive quadrature integration or

αβ searches [9].

IV. EXPERIMENTAL RESULTS

A. Testbed Application and Environment

As an example, a parallel program for integration of a

given function on the given range was used. Initially, the

balancing thread divides the range into a predefined number of

subranges. Then it launches services on clusters each of which

represents a parallel MPI application and passes a single range

[a, b] and accuracy which denotes width of polygons used to

compute the integral.

The testbed environment used one BeesyCluster server

installed at Faculty of Electronics, Telecommunications and

Informatics which accesses in particular two clusters:

1) holk – a cluster with 288 dual core Itanium 2 processors

connected with Infiniband, 2304 GB of RAM, 5.8 TB of

disk space,

2) KASK’s cluster n01.eti.pg.gda.pl – a clus-

ter with 10 Dell PowerEdge 1850 nodes each with 2 dual

core Intel Xeon processors, Infiniband interconnect, 40

GB of RAM.

For the tests, the client-BeesyCluster connection was at 2Mb/s

while the BeesyCluster-cluster(s) connections were internal

university links at 10Mb/s. Two nodes of holk and 9 nodes

of KASK’s cluster were used as 11 virtual clusters on which

the client called MPI integration applications as Web Services

in BeesyCluster.

B. Hiding latency of the Web Service Calls

The goal of this test was to assess how running two parallel

MPI simulations concurrently on one cluster, spawning one

with a slight delay can mitigate communication latency. If only

one application is run on a cluster (MPI-SA case), after it has

terminated, the cluster is idle until a new one is started. If two

are run, the second started slightly after the first one (MPI-2A

case) the former can keep processors busy after the latter has

terminated and a new application is being launched on this

cluster. It happens at the cost of context switching between

processes. Two nodes (h001 and h002, each node with 2 dual

core Itanium2 processors) of cluster holk were used. Both

MPI-SA and MPI-2A ran with 4 processes per node. The range

[1,1000000] with accuracy=3e-5 was used. Table I presents

execution times for the aforementioned configurations. The

variable is the number of ranges to integrate.
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1 Vec to r pend ing ; / / w i t h pend ing Wor kReque s tR es u l t ( c l u s t e r + da ta )

Vec to r f i n i s h e d ; / / w i t h f i n i s h e d Wor kReque s tR esu l t ( c l u s t e r + da ta + r e s u l t )

3

pub l i c vo id Balanc ingLoop ( ) {
5 / / f i n d / d i s c o v e r a c e r t a i n number o f c apab l e s e r v i c e s i n B e e s yC l u s t e r based on t h e

/ / r e q u i r e d f u n c t i o n a l i t y , c o s t s and a v a i l a b l e budge t

7

/ / g e n e r a t e da ta

9 i n t d a t a c o u n t=COUNT;

t ype [ ] d a t a ;

11 g e n e r a t e d a t a a n d s t o r e i n d a t a ( ) ;

13 / / p r e pa r e da ta and s t a r t p r o c e s s i n g

/ / t h e r e are two t h r e a d s l aunch i ng each s e r v i c e tw i c e

15 f o r ( k =0 ; k<2;k++)

f o r ( i =0 , j =0 ; j<s e r v i c e s . l e n g t h ; j ++) {
17 WorkReques tResu l t wrr=new WorkReques tResu l t ( j , d a t a ) ;

synchronized ( pend ing ) { pend ing . add ( wrr ) ; } / / add a r e q u e s t t o a queue

19 new Thread ( t h i s ) . s t a r t ( ) ; i ++; / / spawn a t h r e ad t o ge t t h i s da ta t o p r o c e s s

}
21 WorkReques tResu l t wrr ; i n t f i n i s h e d c o u n t =0 ; r e s u l t =0 ;

23 f o r ( ; ( i<d a t a c o u n t ) | | ( f i n i s h e d c o u n t<d a t a c o u n t ) ; i ++) { / / main loop

t r y {
25 synchronized ( f i n i s h e d ) {

i f ( f i n i s h e d . s i z e ( )==0 ) f i n i s h e d . wa i t ( ) ; / / n o t i f i e d by

27 } / / a n o t i f y ( ) from method run ( )

} catch ( E xc ep t i on e ) { . . . }
29

/ / r ead da ta from th e f i n i s h e d queue and t h en spawn ano t h e r t h r e ad

31 synchronized ( f i n i s h e d ) {
wrr =(WorkReques tResu l t ) f i n i s h e d . e l emen tAt ( 0 ) ;

33 f i n i s h e d . removeElementAt ( 0 ) ; }
r e s u l t = r e s u l t . add ( wrr . r e s u l t ) ; f i n i s h e d c o u n t ++; / / ’ add ’ t h e r e s u l t depend ing on

35 / / t h e problem

i f ( i<d a t a c o u n t ) {
37 / / now launch ano t h e r t h r e ad f o r r unn i ng t h e same s e r v i c e u n l e s s c o n d i t i o n s have changed

/ / − i n t h e l a t t e r case d i s c o v e r n e x t b e s t s e r v i c e

39 wrr . d a t a=new d a t a ;

synchronized ( pend ing ) { pend ing . add ( wrr ) ; } / / add t o t h e pend ing t a s k s

41 new Thread ( t h i s ) . s t a r t ( ) ; } / / spawn a t h r e ad t o ge t t h i s da ta t o p r o c e s s

} System . ou t . p r i n t l n ("Result="+ r e s u l t ) ;

43 }

Listing 1: Main Load Balancing Loop

1 pub l i c vo id run ( ) {
WorkReques tResu l t wrr ;

3 synchronized ( pend ing ) { / / f i r s t g e t a pend ing r e q u e s t

wrr =( WorkReques tResu l t ) pend ing . e l emen tAt ( 0 ) ;

5 pend ing . removeElementAt ( 0 ) ; }
/ / p r o c e s s i t on t h e c l u s t e r and upda te t h e r e s u l t

7 wrr . r e s u l t = C a l l S e r v i c e ( wrr . s e r v i c e , wrr . d a t a ) ;

synchronized ( f i n i s h e d ) { / / i n s e r t t h e r e s u l t

9 f i n i s h e d . add ( wrr ) ; } / / i n t o t h e f i n i s h e d queue

/ / now wake up t h e main t h r e ad

11 synchronized ( f i n i s h e d ) { f i n i s h e d . n o t i f y ( ) ; }
}

Listing 2: Thread Calling Services

Table I: Hiding Latency of Web Service Calls: Execution

Time [s]
ranges 2 4 8 20 30 50

MPI-SA 64 68 76 86 117 156

MPI-2A 64 70 82 85 111

It is clear that launching two MPI applications (with 4

processes) each on a half of the initial range gives best possible

results as there are just two calls (one to each cluster) and

returning results. However, we obtain the same results for 4

ranges (2 calls to each cluster) run with concurrent applications

on each node (MPI-2A). Here, the communication latency is

practically hidden by the other applications running on the

clusters. Moreover, increasing the number of ranges gives

MPI-2A an edge over MPI-SA.

The larger the number of ranges the more perfect balance

can be achieved especially if we consider potentially various

speeds of clusters or additional load which may appear on

some clusters.

For the following tests, the best execution times including
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hiding communication latency using this technique are con-

sidered.

C. Execution Time under External Load

Table II: Execution Time under External Load [s], 11 clusters
ranges 18 36 72 144 288

execution
time [s]

174 150 147 167 218

In this case, all 11 clusters were used while node

compute-0-0 of KASK’s cluster was loaded with compu-

tationally intensive processes launched by another user. Table

II shows how the execution time of the integration application

changes with the number of ranges. A small number of ranges

means that the integration processes (on reasonably large

subranges) on compute-0-0 were considerably prolonged.

On the other hand, a very large number of ranges resulted in

a large overhead. 72 ranges turned out to be the best trade-off

between the range counts tested. The range [1,1000000] with

accuracy=3e-5 was used.

D. Scalability Results

For the first test, a single homogeneous cluster (KASK’s

cluster was partitioned into up to 9 virtual clusters each

composed of 4 processing cores. Execution times and speed-

ups of the load balancing solution were measured and shown

in Figures 5 and 6 given various numbers of ranges from the

number of nodes up to 16 times the number of nodes used

for the run. The range [1,1000000] with accuracy=3e-5 was

used.

Similarly, the second test involved a heterogeneous envi-

ronment with two nodes of cluster holk as 2 virtual clusters

and up to 9 virtual clusters defined on the KASK cluster as in

the previous experiment. Each processor of the first cluster is

approximately 7 times faster than of the KASK cluster for the

integration example. The balancing algorithm merges ranges

for the faster cluster trying to obtain similar execution times

for each requested range for each cluster. Figures 7 and 8

present the execution time and speed-up for integration of

ranges [0,2e6], [0,5e6], [0,1e7] with accuracy=3e-5. All pre-
sented examples confirm good speed-ups (compared to a single

fastest processor in the configuration) given the overhead

of the client-BeesyCluster Web Service calls, BeesyCluster-

cluster SSH communication and management of ranges.

V. SUMMARY AND FUTURE WORK

The paper presented an idea and an implementation of a

framework for parallelization of computations in a dynamic

master-slave fashion using distributed services installed in

BeesyCluster and derived from MPI applications. The frame-

work can use services published by various users and discover

services at runtime for a desired application using service

parameters such as cost. The algorithm is able to use the

services to solve the problem on subsets of the initial data set

and then merge into final results. An example of integration

of a given function was presented and run on several modern

clusters using services installed on them. Tests with and

without external load for up to 11 clusters with varying speeds

confirmed good scalability of the approach.

Future work includes testing more applications in the pro-

posed scheme as well as tests of searching of services using

ontologies.
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Figure 5: Execution Time in a Homogeneous Environment

Figure 6: Speed-up in a Homogeneous Environment
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Figure 7: Execution Time in a Heterogeneous Environment

Figure 8: Speed-up in a Heterogeneous Environment
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Managing Large Datasets with

iRODS—a Performance Analysis

Denis Hünich, Ralph Müller-Pfefferkorn

Center for Information Services and High Performance Computing (ZIH)

Technische Universität, Dresden

Abstract—The integrated Rule Orientated Data System
(iRODS)[3] is a Grid data management system that organizes
distributed data and their metadata. A Rule Engine allows a
flexible definition of data storage, data access and data processing.
This paper presents scenarios implemented in a benchmark tool
to measure the performance of an iRODS environment as well
as results of measurements with large datasets. The scenarios
concentrate on data transfers, metadata transfers and stress tests.
The user has the possibility to influence the scenarios to adapt
them to his own use case. The results show the possibility to find
bottlenecks and potential to optimize the settings of an iRODS
environment.

I. INTRODUCTION

TODAY and even more in future scientific research gen-

erates and will generate enormous amounts of data. To

handle these data they are often stored in distributed locations

within a Grid data management systems like the integrated

Rule Orientated Data System (iRODS)[3]. iRODS allows a

fast and easy access on files and their provenance. As it is used

more and more in production environments and with rapidly

increasing data sets it is of importance to be able to analyze

and optimize the performance of an iRODS installation.

This paper describes a tool and scenarios which enable

the measurement of the performance of data and metadata

transfers as well as internal parameters of an iRODS system.

First measurement with millions of files stored in iRODS

show already the potential to optimize the performance. It

is based on the benchmark tool BenchIT[1]. The aim of

the development was to allow the users to easily optimize

an iRODS environment. This paper is structured as follows:

section 2 presents related work, section 3 gives an overview

of iRODS and BenchIT, section 4 describes the investigated

scenarios, section 5 shows the results of measurements and

section 6 concludes this paper.

II. RELATED WORK

There exist a variety of tools that define benchmarks and

provide performance tests of I/O, e.g. IOZone [5] or IOR [4].

But these focus primarily on POSIX files systems. iRODS is

not a POSIX accessible system but provides its own clients to

access the storage.

iRODS is a relatively new product (version 1 released

in 2008) and there are only a few performance evaluation

results published, most of them focus on simple tests. Iida[7]

measured the performance of transfers between two iRODS

systems. Furthermore, he performed scaling tests for iCAT,

concurrent tests for iCAT and a comparison of iRODS and

SRB. Baquero[8] tested the performance of iRODS and

Hadoop[9] and compared the results. On the iRODS website

results of an ”Ingestion Test”[10] and a ”General Query Stress

Test”[11] are shown. This are stress tests of the iCAT server.

But a systematic performance analysis of iRODS was not

done yet nor exist scenarios or a tool for users. Thus, the

scenarios and the tool presented in this paper gives the user

the possibility to test an iRODS environment and compare it

with others.

III. OVERVIEW

A. iRODS

iRODS, developed by the Data Intensive Cyber Environ-

ment (DICE) group, organizes distributed data up to a range

of petabytes. It is released with an Open-Source-Licence.

iRODS stores data on heterogeneous storage systems (so-

called ”iRODS server”) and the related metadata in a database

on a special iRODS server named ”iCAT enabled server”

(figure 1). Metadata are for example information on stored

data, their locations or user defined information. A set of

metadata is created and stored automatically by iRODS for

every stored data - e.g. file, location or user. Additional

information can be stored as user defined metadata.

An iRODS server has a Rule Engine which interprets rules.

A Rule contains Micro-Services, arranged in a workflow,

which process special tasks like replicating data or calculat-

ing check sums. Microservices can be provided by anyone.

Additionally, a rule defines conditions to execute the Micro-

Services and has a backup strategy if an error occurs. The

definition of rules allows the users to configure the iRODS

environment according to their requirements and is also one

reason why performance testing is so important for iRODS.

iRODS provides a number of clients - e.g. command line

clients (the iCommands) or the iRODS explorer - as well as

programming interfaces to transfer files to and from an iRODS

server for example.

B. BenchIT

BenchIT[1] is a benchmark tool to analyze and optimize

computer systems. It was developed at the Center for In-

formation Services and High Performance Computing (ZIH)

of the Technische Universität Dresden. BenchIT provides a

set of small algorithms (kernels) to measure the performance

of a system. The execution of a measurement or a set of
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Fig. 1. Schematic representation of an iRODS environment

measurements is driven by a graphical utility providing an

interface to the kernels. The interface allows the user to adjust

the measurement. Relevant information on the measurement

are saved together with the results in a file. The results are

evaluated and diagrams of the measurement are generated.

Additionally, the result file can be uploaded to a central

server via a web interface [2] and can be compared with the

measurements of other users.

The scenarios described in this paper were realized as

kernels in BenchIT. The advantage of this approach is the use

of the existing BenchIT environment with its graphical user

interface and the functions to present and analyze the data.

IV. SCENARIOS

In the following a number of scenarios are defined that

describe typical usage profiles when managing large datasets

with iRODS. The scenarios are divided into four categories:

data transfers with iCommands or Micro-Services, transfer of

metadata, stress tests and a scenario to measure the perfor-

mance of given Micro-Services. They use the client tools of

iRODS such as the iCommands iput1, iget2, and imeta3. To

characterize the performance the time for an event in a scenario

is measured. Either the time or the derived data transfer rates

are used. To avoid outliers in the results, the measurements

were repeated several times and the average of the measured

time were calculated.

A. Data transfer

1) Different stages of data transfer: The aim of this

scenario is the measurement of different stages of a data

transfer. A data transfer with iput or iget sets up the transfer

environment at first. Then the connection to the iRODS server

1iput - transfers files from the client to the iRODS server
2iget - transfers files from the iRODS server to the client
3imeta - writes metadata to the iCAT server

can be established. After the successful connection the client

will be authenticated. If the client has the required rights

the transfer starts. Usually, iRODS chooses automatically the

number of parallel threads it uses for the transfer if more than

one file are to be read or written. This scenario also allows a

manual selection.

For the measurement a data transfer is divided in the

following stages:

1) Set up of the transfer environment (Environment)

2) Establishing connection (Connection)

3) Authentication and authorization (Login)

4) Data transfer (including metadata writing) (Put File)

For these 4 stages the times are measured. Furthermore, the

total time will be determined to set the single stages in relation

to it. Thus, the user has the opportunity to see where the main

fraction of time is used for the transfer and how it might

change e.g. when increasing the number of simultaneously

started data transfers. It is also possible to get an idea of how

much time is used to write/read the metadata by transferring a

one byte sized file because then the runtime for the last stage

is mainly used for reading/writing metadata.
2) Parallel transfer of many files: This scenario transfers

a defined number of files simultaneously and measures the

runtime for the whole transfer process. The number of files

transfered at once can be varied. In contrast to the scenario

above the user gets no information about a single data transfer.

The aim is to find the number of files/parallel transfers for

which the iRODS environment works most efficient. The result

also depends on the file size and the usable bandwidth.
3) Transfer of directories: The iCommands iput and iget

provide the possibility to transfer the content of a whole direc-

tory at once. The difference between transferring a directory

and transferring a number of single files is that in the first

case the iRODS server only has to handle one request for the

transfer and he can use all resources for this request. This
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scenario measures the time for such a transfer with a varying

number of files in the directory. The time mainly depends

on the bandwidth and the time used to write metadata. The

larger the files and the smaller the number of it, the more the

runtime depends on the bandwidth. In the opposite case the

time is mainly used to write the metadata.

4) Data transfer for varying file sizes: This scenario mea-

sures the performance of a transfer for varying file sizes. The

workload for the iRODS server is small because only one file

will be transfered and the iRODS server can use all resources

for it. With small files the user can measure the latency and

with large files the bandwidth. Furthermore the user can check

the preferences set for parallel data transfers of the iRODS

server for different files sizes. Therefore, it is possible to vary

the number of threads for a file transfer and to compare the

performance results with the results of the automatic settings.

B. Transfer of user defined metadata

To store user defined metadata on the iCAT server iRODS

offers two ways. In the parallel case the metadata will be

transfered with simultaneously started imeta requests each

writing one element. For the performance evaluation the time

to transfer all metadata is measured. In the sequential case

the metadata are written in a file. The file is transfered to the

iRODS server with one request, but then the metadata sets are

written one by one sequentially.

The user can vary the number of metadata entries, compare

the results and decide which kind of transfer is to prefer.

Especially when writing large amounts of metadata these two

ways can produce quite different performance results (see

section V-D).

C. Stress tests

In the stress tests the iCAT server is analyzed in cases when

it is flooded with requests or the number of files to store in

iRODS (and thus needs to be managed by the iCAT server)

increases dramatically.

1) Requests to the iCAT server: This stress test starts a

defined number of parallel imeta requests to the iRODS server.

The number of requests is varied to find the number of

operations per second the iRODS environment can manage.

Additionally, it is possible to get the number of requests the

iCAT server refuse. This occurs when the maximum number

of requests the database on the iCAT server can handle is

exceeded.

2) Management of large metadata sets on the iCAT server:

In this test the number of metadata sets the iCAT server

has to manage is increased. For that, a directory with a

(large) number of files is transfered successively to the iRODS

environment. The time for every transfer is measured. With

every file arriving in the iRODS environment the iCAT server

needs to handle a larger number of metadata. This usually

results in an additional time penalty when transferring the next

data.

D. Time measurement of Micro-Services

Micro-Services allow the execution of small tasks directly

on the iRODS server. They should not put to much workload

on the server because this influences its data management

capabilities. This scenario was created to measure the runtime

of Micro-Services in any user defined rule. It allows developers

as well as iRODS administrators to see how the performance of

a Micro-Service behaves in different workflows. The scenario

introduces three Micro-Services that measure the time before,

between or after Micro-Services of a Rule. The results are

collected at the iRODS server and moved to the BenchIT

environment for analyses.

V. RESULTS

This chapter presents measurement results of the scenarios

described above. These were performed to optimize an iRODS

installation to be used in production. After some generic

measurements and stress tests a real use case from genetics

(the future major user of the installation) was simulated.

A. The test system

The measurements were done on an iRODS installation at

ZIH. The combined iRODS/iCAT server with 8 Dual Core

AMD Opteron 885 (2.6 GHz) CPUs and with a memory of

32 GByte provides the storage resources and the database for

the metadata over a 4 GBit/s SAN network. The client ran

on a cluster with Intel Xeon Quad Core X5472 (3.00 GHz)

CPUs and a 10GBits/s Ethernet network. iRODS version 2.1

was used with a PostgreSQL database for metadata storage.

B. Handling large sets of data

Figures 2 and 3 show the measurements for the single stages

(see IV-A1) when 150 files are transfered simultaneously, each

of them 1 Byte large. In figure 2 the iRODS environment con-

tained no files (fresh install). Thus, the management overhead

of the iCAT server is very small. Most time is used for the

connection and for the file transfer including the writing of

metadata. The results in figure 3 look quite different. Here,

the iRODS environment already contained 13 million files and

their metadata. The transfer time increased almost by a factor

of 8. The reason is the increased effort to write metadata if the

database is already large. This has also an effect on connection

and login time. The iRODS server was not able to work off the

requests as fast as before. This delay deferred the connection

establishing and the login. In average the total time for the

transfer increased by a factor of twenty.

C. Comparing the reading and writing of data

This test compares transfers done with iput and iget for three

different states of the iRODS environment (empty, 7 million

files and 13 million files stored in iRODS). A directory with

a varying number of files (each with a size of 1 Byte) was

written and read. Figure 4 shows the results. In the empty state

reading needed 4 times longer than writing for 150 files. This

means that finding the requested metadata and files needed

much longer than writing both.
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Detailed view of simultaneous iput transfers [iRODS with no files]

Environment Connection Login Put File

<iput> (Total Time[Filesize: 1 Byte])
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Fig. 2. Simultaneous data transfer of 1 Byte large files with iput. The iRODS environment contains no files. Shown is the time needed for every stage and
the overall transfer time (stages, see IV-A1).

Detailed view of simultaneous iput transfers [iRODS with 13 million files]
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Fig. 3. Simultaneous data transfer of 1 Byte large files with iput. The iRODS environment contains 13 million files. Shown is the time needed for every
stage and the overall transfer time (stages, see IV-A1).
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In the next state (7 million files) the behavior changes.

The time for writing data increased significantly compared

to reading, where the increase is small. Nevertheless, the

performance of writing was still better than of reading. The

time difference between iput and iget decreased by a factor of

1.5 for 150 files written or read.

As expected, in the last case of the filled iRODS environ-

ment the performance decreased both for reading and writing.

The increase of time iget needed is small compared to iput,

which is 7 times slower than in the empty state. Now writing

data is slower than reading files.

Summarizing one can say that the results of this test show

that writing the standard metadata is an important performance

factor and that the number of metadata stored on the iCAT

server has more influence on writing than on reading files.

D. Writing user defined metadata

This test wrote the same amount of metadata to iRODS

using the two transfer methods described in section IV-B. Fur-

thermore, the measurements were performed with the iRODS

environment in two states: empty and filled with 13 million

files. Figure 5 shows the results.

In the case of the empty iRODS environment the difference

between the performance of simultaneously and sequentially

written metadata is small. This changed when the iRODS

environment was filled with 13 million files. While the time

of simultaneously written metadata increased already signifi-

cantly (e.g. for a number of 150 metadata elements by a factor

of 5), the performance of the sequential method got even worse

(e.g. 24 times longer for 150 elements). The reason for the

latter is the accumulation of the additional time (originating

from the slowdown due to the filled iCAT server) needed

for the sequential writing of the metadata (see description in

IV-B).

E. Stress tests

On the iCAT server it is possible to configure the maximum

number of requests allowed to the database. With scenario

IV-C1 it is possible to measure the actual number of requests

an iCAT server can handle. Measurements were done for three

states - setting the maximum number of simultaneous requests

to 200, 700 and 1000, respectively (the default value is 100).

Additionally, the shared memory of the database was increased

to 2000 MByte - otherwise the database had refused requests.

The test varied the number of simultaneously started processes.

Each process starts 10 imeta requests. Figure 6 shows the

results for the three stages. Up to 100 processes iRODS can

handle more than 35 operations per second. Between 100

and 500 processes iRODS finished the requests with about

34 op/sec. This value decreases faster, down to 27 Op/sec.

The second test (see IV-C2) continuously transfers 1000

files at once (each file with a size of 100 Byte) to the iRODS

server. With every run the number of metadata to be managed

increases. In the empty iRODS environment the transfer time

is about 7 seconds and up to 150 files can be written per

second (figure 7). With 13 million files already stored on the

iRODS server, the time increases to 38 seconds and only 25

files can be transfered per second. The performance decrease is

a factor of about 6. The major cause is the metadata handling

in the database. The shift of the transfer time between 7 million

and 10 million files was probably caused by a process on the

iRODS server. Because the overall time of the measurement

needed more than one day it was not possible to identify the

exact reason for the shift when the measurement was finished.

F. Using the scenarios to simulate a real use case

In the following it is described how the benchmark tool and

the scenarios were used to simulate a real use case. In genetics

automatic microscopes take a large number of pictures of

gene screening processes. For a gene screen ten thousands of

pictures needs to be analyzed. The management of the pictures

and their metadata is done with iRODS.

To find optimal usage parameters for this use case it was

simulated using 10,000 files each with a size of 10 MByte.

The transfer was done with one iput request. Figure 8 shows

the time of the transfer as function of the different number

of threads (parallel transfers) used and for different conditions

of the iRODS environment (empty, 7 million files in iRODS

and 13 million files in iRODS). The condition of the iRODS

environment had more influence on the performance than the

used number of threads. For such a large number of files

to transfer the performance variation between the thread The

difference of the writing time between an empty database and

a database filled with metadata for 13 million files is about

20%.

Figure 9 shows how time and bandwidth will change

if the files are stored in several directories and these are

simultaneously transfered to the iRODS environment. The use

of 5 directories instead of one reduces the time by more than

the half and when using 10 directories the runtime is about

a third. The reason is the better utilization of the bandwidth.

That means in this case it is useful to divide the files on more

than one directory by using subdirectories. The subdirectories

can be transfered simultaneously and reduce the total transfer

time to optimize the use of the bandwidth.

VI. CONCLUSION

In this paper scenarios for iRODS performance measure-

ments were presented, which are integrated in the tool Ben-

chIT. This allows administrators or users of iRODS to measure

the performance of an iRODS installation easily and to adopt

the usage patterns to an optimal performance. The scenarios

provide performance measurements of data transfers, user

defined metadata transfers, stress tests of the iCAT server

and the runtime of Micro-Services. Furthermore, performance

tests done on an existing iRODS environment and simulating

a real use case were presented. Among other things the results

show that the performance of data transfers decreases when

the number of metadata the iCAT server has to manage grows

significantly. But the measurement described in section (V-F)

also shows that it is possible to optimize the performance by

efficiently using the iRODS capabilities.
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Comparison of iput and iget [Files contained in a Directory]

iget [empty] iget [7 million] iget [13 million] iput [empty] iput [7 million]
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Fig. 4. Comparison of writing (iput) and reading (iget) a varying number of files (each with a size of 1 Byte) transfered at once in a directory. The figure
shows the time needed for the transfers with iput and iget for three different states of the iRODS environment (no [empty], 7 million files and 13 million
files already stored in iRODS).

Writing metadata

All metadata written with one request (all metadata in file) [empty]

All metadata written with one request (all metadata in file) [13 million]
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Fig. 5. Comparison of simultaneously (parallel imeta requests) and sequentially (in one file) written metadata. Shown is the time needed for writing a varying
number of metadata for two states of the iRODS environment (empty and filled with 13 million files).
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Number of Requests iRODS can handle
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Fig. 6. Number of metadata requests: A varying number of processes were simultaneously started. A process starts sequentially 10 imeta requests. Shown
are the time needed to process all requests and the resulting operations per second (op/sec). The three states correspond to the setting of the maximum number
of requests allowed on the iCAT server (200, 700 and 1000).
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Fig. 7. Stress test: 13 million files (each 100 Byte) are transfered with iput. With each run 1000 files are transfered. Shown are the time for each run and
the number of file transfers per second.
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Abstract—A key element for outsourcing critical parts of a
business process in Service Oriented Architectures are Service
Level Agreements (SLAs). They build the key element to move
from solely trust-based towards controlled cross-organizational
collaboration. While originating from the domain of telecommu-
nications the SLA concept has gained particular attention for
Grid computing environments. Significant focus has been given
so far to automated negotiation and agreement (also considering
legal constraints) of SLAs between parties. However, how a
provider that has agreed to a certain SLA is able to map
and implement this on its own physical resources or on the
ones provided by collaboration partners is not well covered.
In this paper we present an approach for a High Performance
Computing (HPC) service provider to organize its job submission
and scheduling control through long-term SLAs.

Index Terms—Service Level Agreements, High Performance
Computing, Cloud Computing

I. INTRODUCTION

FOR High Performance Computing resources scheduling
of jobs is still realized in most cases using simple batch

queues. While batch queues like OpenPBS [1], TORQUE
[2] or others offer a quite comprehensive set of function-
ality for placing jobs in appropriate queues and optimizing
the load of the cluster systems, also across sites, there is
no mapping from business level requirements down to the
low-level specifications. Low-level specifications are typical
elements of a job description, for example desired number
of CPUs, maximum wall- or run-time. The provision of
such low-level properties requires a high level of expertise
of the user and can only be specified if the target plat-
form is pre-determined as different node and CPU archi-
tectures require different values. Additionally the number
of queues is limited and therefore requirements have to
be mapped to a particular queue. While advanced reserva-
tion, allowing a pre-defined start time, can be specified the
drawback of potentially significantly reduced efficiency due
to fragmentation of the schedule is not mapped to poten-
tial business penalties such as dynamically adapted pricing
for such requests depending on the concrete loss in effi-
ciency.

If an HPC provider wants to offer its services as utilities
and aims to map different possible flavors of the services on
different queue structures, the following problems can occur:

• Typically the use of certain queues is mapped to Unix
credentials and groups. So all users of a certain group can
or cannot use e.g. the express queue. However, depending
on time of day or load situations, the “express queue
service” might not be available to the same group of users
all the time.

• While queues for specialized nodes (for example with
graphics processing units (GPUs) or high memory nodes)
are underutilized and normal nodes are oversubscribed
there is no way to allow clients and providers to agree
on special “discounts” for them. An automatic movement
from normal to premium node queues would require
interaction with accounting services.

• Customers might want to differentiate quite fine-grained
about the treatment of their jobs. In such cases nowadays
manual movement of jobs within the queues to “priori-
tize” them might be agreed beyond existing queue struc-
tures and group memberships. Such manual interactions
cannot scale.

• Not all elements describing the Quality of Service (QoS)
or Quality of Experience (QoE) can be mapped on queue
properties and parameters. The overall service covers a
wider range of properties such as the availability of a
certain compute environment, application versions and li-
censes, proper treatment of data or specific configurations
of the cluster system such as “require logical partition to
isolate from other users”.

This limitation that only a few functional parameters can
be specified when submitting a job (also reflected in standards
like the Job Service Description Language (JSDL) [3]) means
that there is basically no way for the user to express his
requirements on a QoS or QoE level. Considering that the
HPC provider is offering a utility potentially replaceable with
other providers there is a clear gap between the demands from
the user side and current offerings.

As a result a significant amount of work has been spent on
realizing SLA frameworks allowing to mutually agree on the
terms of the service between provider and consumer. However,
while these frameworks cover well the necessary steps to
realize SLAs also as a legally binding agreement, the concrete
content of such an SLA and more important how these terms
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can be guaranteed and provided from the service provider side
are not adequately addressed.

So far we have the possibility for the consumer to express
the requirements and agree the terms with the provider but

• terms within the SLA are not on the desired business
level but mimic the low-level properties of the underlying
queuing systems and

• the agreement process is typically detached from the
underlying infrastructure such as current load situation of
different resources, priority and importance of the con-
sumer in a Customer Relationship Management (CRM)
system and the accounting and billing services.

Consequently there is a gap between the demand of defining
business level SLAs and their implementation using available
methods and tools for the management of them on different
type of computing facilities ranging from commodity of the
shelf (COTS) clusters over specialized compute systems to
cloud computing and storage systems.

Management systems on the provider side between the
SLAs agreed with the consumer and the concrete physical
resources need to interact with a range of different elements
within the providers IT infrastructure and must look beyond
individual SLAs to optimize the overall operation of all
resources within a HPC computing service provider.

II. RELATED WORK

There are various approaches to the usage of service level
agreements for job scheduling. While they differ in many
respects - detail of the presentation, assumed parameters,
implementation level, etc. - they all share the fact that they
treat SLAs as agreements on a per-job basis. That means that,
for each job to be submitted, a unique SLA is established
before the job can be submitted. In [4], Yarmolenko et al.,
after having identified the fact that SLA-based scheduling is
not researched as intensively as it could be, investigate the
influence of different heuristics on the scheduling of parallel
jobs. SLAs are identified as a means to provide more flexibil-
ity, increase resource utilization and to fulfill a larger number
of user requests. Parameters either influence timing (earliest
job start time, latest job finish time, job execution time, number
of CPU nodes) or pricing. They present a theoretical analysis
of scheduling heuristics and how they are influenced by SLA
parameters and do not investigate how the heuristics might
be integrated into an alredy existing setup. The same authors
identify in [5] the need to provide greater flexibility in service
levels offered by high-performance, parallel, supercomputing
resources. In this work they present an abstract architecture for
job scheduling on the grid and come to the conclusion that new
algorithms are necessary for efficient scheduling in order to
satisfy SLA terms but that little research has been published
in this area. MacLaren et al. come to a similar conclusion,
stating that SLAs are necessary in an architecture supporting
efficient job scheduling [6].

SLAs that express a job’s deadline as central parameter for
deadline-constrained job admission control have been inves-
tigated by Yeo and Buyya [7]. The main findings were that

these SLAs depend strongly on accurate runtime estimates,
but that it is difficult to obtain good runtime estimates from
job traces.

Djemame et al. present a way of using SLAs for risk
assessment and management, thereby increasing the reliability
of grids [8]. The proposed solution is discussed in the scope
of three use cases: a single-job scenario, a workflow scenario
with a broker that is only active at negotiation-time and a
workflow scenario with a broker that is responsible at run-
time. It is claimed that risk assessment leads to fewer SLA
violations, thus increasing profit, and to increased trust into
grid technology.

Dumitrescu et al. have explored a specific type of SLAs,
usage SLAs, for scheduling of grid-specific workloads using
the bioinformatics BLAST tool with the GRUBER scheduling
framework [9]. Usage SLAs are characterized by four param-
eters: a user’s VO and group membership, required processor
time and required disk space. The work analyzes how suitable
different scheduling algorithm are. Additionally, it comes to
the conclusion that there is a need for using good grid resource
management tools, which should be easy to maintain and to
deploy.

Sandholm describes how a grid, specifically the accounting-
driven Swedish national grid, can be made aware of SLAs
[10]. It is presented how the architecture can be extended with
SLAs and it is stated the greatest benefit would be achieved
by insisting on formally signed agreements.

A comprehensive overview of resource management sys-
tems and the application of SLAs for resource management
and scheduling is given by Seidel et al. [11]. The connection
of service level and resource management to local schedulers
is clearly shown as a gap in nearly all solutions.

In summary, it can be said that isolated aspects of the usage
of SLAs have partly been investigated in detail: scheduling
algorithms and heuristics, abstract architectures, parameters
which are to be used as service levels, SLA negotiation etc.
Gaps, however, can be easily identified: the analysis of the
“big picture”, that is the composition of individual aspects of
SLA usage into a complete system and the integration of SLAs
and SLA management with local resource management. This
is not only true for the “traditional” field of high performance
and grid computing but can also be extended to the field of
cloud computing. Furthermore, SLAs are solely treated on a
per-job basis, the analysis of SLAs as long-term contracts is
not covered.

III. BENEFITS OF SLAS FOR HPC SERVICE PROVISIONING

The current operation model for high-end computing re-
sources is conceptually still the same as fifty years ago where
users placed a set of punching cards at the registry desk. The
only difference is that users now can submit their compute jobs
to a set of different queues and instead of the human operator
the scheduling system is picking the jobs from the different
queues depending on defined policies aiming for an optimized
load of the system partially reaching 99% utilization. The
major shortcoming of this approach is that the optimization
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strategy defined by the queues and the scheduling system
policies is oriented towards a global optimization rather than
an individual service offer.

If a user needs a special service (e.g. guaranteed start
time of a job during a demonstration, interactive visualization
or exhibition) beyond regular job submission the negotiation
is typically done directly with the system operator and the
performed steps are mostly done manually.

The availability of multi-core CPUs will lead to compute
nodes with 32 cores and more in the near future, the rise of
GPU-based computing with several hundred “cores” per card
allows a reasonable number of applications to run on a single
node. This is particularly true if the application is not targeting
for a high-end simulation e.g. in the area of Computational
Fluid Dynamics (CFD) domain with a very fine-grained mesh
but more on exploring the problem space. Other examples are
cases where the full simulation has been done before and
now only small changes in geometry are done interactively
demanding much less intensive computing to reach a stable
state again as it is based on the previously achieved results.

Driven by the availability of cloud service providers and
emerging products such as the Amazon Cluster Compute
Instances also high-end computing service providers change
their offers to be more elastic and realize a more dynamically
changing infrastructure having certain queues available only
during specific time periods or realizing a dynamic allocation
of resources to logical partitions depending on the load situa-
tions or specific time bound agreements.

The pre-dominant use of high-end computing services
will continue to be highly scalable technical simulations
demanding a large number of compute nodes for exclusive
use. However additional use cases have emerged driven by
changes on the hardware level and competition with cloud
service providers in particular for small scale simulations.
The exclusive access for a user to one single node might
even for compute intensive applications become a relic of the
past. This substantially more complex management model for
HPC service providers that cannot rely anymore on a quite
homogeneous user behavior and long running jobs demands
for a more complex management solution for operating their
resources. The challenge is to integrate the demands of policies
from different levels such as business policies (e.g. users with
highly scalable and long running jobs should experience a
preferred treatment) with more short term policies reacting on
the current load situation (e.g. reducing prices or accepting
more small jobs to fill gaps in the current schedule) and the
demand of the users on a per-job basis.

The following sections aim to cover in examples the three
major use cases driving the need for an SLA-guaranteed
HPC service provision. Abstracting from concrete cases three
different cases can be identified:

A. Interactive Validation

In many areas simulations have already replaced real experi-
ments or physical prototypes during the development process.
However at certain control points in the process simulation

results have to be verified using physical prototypes. Within
the IRMOS project augmented reality techniques are used to
overlay real experimental data like a smoke train in the wind
channel with a visualization of trace lines from the corre-
sponding simulation. This “hybrid” prototype allows experts
to directly compare the behavior of the real prototype with the
results of the simulation. Such a design review session typi-
cally involving several people of a development team spread
around the globe demands a fixed availability of the wind-
tunnel, the computing resources, the visualization resources,
the corresponding network resources and all involved experts,
for example via video-conferencing.

In such a scenario simulation data will be generated contin-
uously by a simulation running on a compute resource that is
directly connected to the visualization resources. The current
configuration of the wind channel like the air speed will be
communicated as boundary condition for the simulation, thus
the same parameters for both will be used while the experi-
ment is running. This requires a coordinated and automated
provision of the resources involved in the overall setting.

Such a scenario cannot rely on batch queue-based access
as the computing and simulation part is just one piece in
the overall setting. The demand for a co-ordinated availability
also opens questions on how penalties are applied if one of
the pieces in the overall setting is failing. For example if the
compute resources are not provided as promised in time and
the wind tunnel cannot be used the costs for it still accumulate.
This applies also the other way around if the wind tunnel is
not available or fails to communicate the boundary conditions
for the simulations or the network connection is not delivering
sufficient bandwidth.

As the resources needed for the full scenario are provided
by different organizational entities the different quality levels
needed by each individual contributor need to be put in a
formal SLA, covering the terms of service as well as the agreed
penalties in case of failures.

B. Guaranteed Environment

As outlined in [12] beside quality constraints there is also
a demand to ensure a certain environment or other procedural
constraints such as data handling, security policies or environ-
mental properties (version of the operating system, available
Independent Software Vendor (ISV) applications, etc.).

This is especially necessary for simulations performed as
part of an overall design cycle for a complex product such
as a car or airplane. A software environment is freezed for
a full development cycle in order to ensure reproducible
simulation results. This fixed environment is typically ranging
from operating system over certain versions of numerical
libraries up to application codes. A typical approach to address
this requirement is to have beside a paper-based SLA agreed
for a design cycle period a dedicated computing resource with
the requested environment.

Advances in virtualization technologies as well as the
possibility to apply different boot images in diskless cluster
environments allow a more flexible treatment. Using such
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technologies a potentially unlimited number of pre-defined
images, or even user-defined images, might be provided. As
not all environments can be provided on all compute resources
there must be a negotiation process between the user and
the provider where a certain environment is demanded (e.g.
expressed in a certain SLA bundle such as “Silver”) and
a corresponding reply about the conditions for the different
options from the provider side is delivered.

The increased flexibility would allow to offer customized
environments not only to large customers asking for resources
for a long time period but also for users looking to meet their
peak demands with outsourcing avoiding tedious customiza-
tion activities of the environment reducing the entry gap.

C. Real-time Constraint Simulations

With the increasing role of simulations in design processes
for complex products the demand to have a time-boxed simu-
lation where results need to be delivered in time have emerged.
This might be a set of simulations exploring a parameter space
as input for a meeting of engineers the other day deciding
on the focus for the future (long running simulation jobs).
Another possibility is if the results of one single simulation
(or a set of simultaneously running simulations) is the input
to support an expert in taking a decision.

One important application area demanding for such an op-
eration model is individualized patient treatment. For example
in [13] a scenario for using simulations to validate different
options to perform a bone implant for a specific patients is
presented. In such cases the expert that needs to make a
treatment decision has to ensure in advance of starting the
simulation at a specific compute service provider that the
results will be available in time before the treatment must be
executed.

In such a scenario a negotiation with several providers
would be started in parallel in order to make a case-by-case
decision to which provider the job will be finally submitted.
Such a loose binding to a specific provider would also require
similarly to the scenario in the previous section a guaranteed
or user-provided environment making the different providers
interchangeable.

D. SLA Service Provision Benefits

From all the scenarios above it becomes clear that a much
higher diversity of the offered services must be expected in
the future. The requirements of the different scenarios on
the provider’s infrastructure are quite diverging. Additionally
the consumer requirements are contradictory to the goal of
the providers reaching a very high level of utilization of the
provided resources.

As a result service providers will need to
• offer a mix of different services in order to combine the

benefit of best-effort services (high utilization) with the
benefit of special services (high value and price),

• offer a framework allowing consumers and providers to
agree on the specific conditions for the service and

• actively manage their resources in a way that agreed
SLAs are met, resources are most effectively used and any
failures and incidents on the resource level are managed
to avoid any impact on the agreed service levels.

The underpinning assumption presented in this section is
that the provision of SLA controlled services is beneficial for
consumers and providers. Consumer can negotiate guarantees
and specific properties of the provided services as needed
enabling new use models for high-end computing resources
as outlined above. The provider perspective is clearly driven
by business benefits to deliver as a part of the differentiation
strategy specific products rather than aiming for a cost lead-
ership approach. Consequently there is a clear need from the
consumer side as well as a clear motivation from the provider
side to deliver also in the HPC domain SLA based services.
In other words the current model where the user needs to
fully adapt to the provided environment and access model is
changed to a model where the provider is offering certain
possibilities or a kind of toolbox where the consumer can
arrange the service offer according to their needs. Realistically
this space of options needs to be discrete and limited allowing
a management of the service offer from the provider side.

IV. USING LONG-TERM SERVICE LEVEL AGREEMENTS FOR
JOB CONTROL

Service level agreements, when they are used for the
scheduling of compute jobs, are normally assumed to be on
a per-job basis. That means that an individual SLA only
contains terms for one specific job and a new SLA needs to
be established for each job (see for example [14], [7] and
[8]). This may be ideal to investigate the influence of SLAs
and parameters specified therein on the scheduling of jobs
in an isolated environment but does not correspond with the
reality of how contracts are handled at HPC providers. At
HPC providers, users usually agree to a contract that specifies
charges for computational times and storage for available
machines [15]. Jobs are then submitted in accordance with
the acknowledged charges which therefore can be thought of
as a long-term contract. This contract is, however, missing
a specification of service levels. There may be some service
level-related parameters specified - for example the availability
of different machines to users and their characteristics, for
example CPUs per compute node and memory size per node,
but these are only specified in order to compute the amount
finally billed to the user. By adding service levels to this
contract, a long-term service level agreement is formed.

Long-term SLAs add the missing specification of service
levels but keep the familiar contract behavior used by HPC
providers intact. A simple specification of priorities, for ex-
ample, might be realized through the following service levels:

Bronze Computational time is cheap, but there is no assur-
ance on the scheduling of a job. This corresponds
to the best-effort services provided today at HPC
centers.

Silver Moderate prizing for computing time due to pri-
oritized scheduling. Silver jobs can have timing
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Fig. 1. Layered architecture

guarantees and might preempt best-effort jobs. The
increased prize is justified since guarantees on the
job’s scheduling are given.

Gold High-prized jobs that are only rarely used, for
example for urgent computing when computations
need to be started immediately.

In contrast to the current situation the possibility of pro-
viding different service levels allows users to potentially have
multiple contracts in place in parallel. On job submission time,
a user decides which contract to reference in the submission
depending on the current requirements and conditions such
as urgency of the simulation result, load situation of the
provider(s) etc. This can be seen as a using the middle way
between using SLAs on dynamic, per-job basis and solely
having singular long-term contrasts. In contrast to dynamic,
per-job SLAs, this approach reduces the amount of negotiation
as only few contracts are in place. Additionally, it avoids the
problem that an urgent job cannot be submitted due to a failed
negotiation. In contrast to having only singular contracts, this
approach is more flexible and allows users to choose necessary
priorities depending on the prize they like to pay.

V. AN INTEGRATED APPROACH TO SERVICE LEVEL
MANAGEMENT

The basic service level approach given above can be realized
with current techniques, for example the usage of specialized
priority queues; however, providing more complex service
levels cannot be realized that easily but requires the integra-
tion of service level management techniques across interface,
middleware and resource layer.

Figure 1 shows the typical three-layered setup that is used
by HPC providers. The left-hand sides shows clients of the
HPC provider, either static or mobile1. The middleware layer is
positioned between the client and the low-level resources and
serves as a central entry point to the HPC provider’s system

1Mobile in this context should not be mixed with cellular phones and
is understood as a nomadic user that is connecting from different locations
without pre-defined IP addresses

Fig. 2. High-level SLA management components

and provides access through grid middlewares, for example the
Globus Toolkit. The Grid middleware takes jobs submitted by
the client and passes them on to low-level resources by means
of a resource manager which employs a job scheduler in order
to determine which jobs are placed on which resources.

A. Service level selection by the client

Enhancing the client with the ability to select service levels
is very straightforward. This can be either done by changing
the job submission client, adding SLA information to the
message sent to the middleware or by integrating SLA func-
tionalities into the application, if job submission is performed
directly out of it.

B. Enhancing the middleware

SLA management on a middleware level has been inves-
tigated by various research projects and therefore different
components and solutions already exist [16] [17] [18] [19]
[20]. As these solutions often have the drawback of being
very complex, a simpler solution is preferable, as it eases
the amount of work necessary for installation, integration and
maintenance.

Figure 2 is a diagram depicting how easily SLA man-
agement can be implemented on a middleware level and
the underlying resource layer. The client thereby can either
communicate with the SLA Manager, a central component on
the HPC provider side responsible for SLA management, or
submit jobs to the cluster front-end in the manner already
explained.

The SLA Manager provides data regarding the long-term
SLA contracts, for example contract information, accounting
pertaining to contracts etc. It uses an internal SLA Repository
for storing the contracts and other relevant information and is
the central point that is queried by other components regarding
SLAs. The cluster front-end, for example, on submission of a
job, can query the SLA Manager for the validity of SLAs and
can, after job completion, send accounting data to the SLA
Manager.
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The SLA functionality for the cluster front-end in the grid
middleware can be realized in a non-intrusive way, for example
through a policy decision point (PDP) that checks incoming
requests and their SLA specification for validity. Incoming
requests that do not contain SLA specifications can be mapped
internally to a default SLA specifying a best-effort style
service level, thereby realizing complete SLA-functionality
and being backwards-compatible to clients.

C. Acknowledgement of SLAs

Honoring service levels of submitted jobs depends on the
software used on this low level. Very simple schedulers, like
the default scheduler supplied with the TORQUE resource
manager, cannot honor service levels and need to be replaced
by an SLA-enabled scheduler. This can be implemented by
the provider itself, but this is a time-consuming and error-
prone job. Rather, an SLA-enabled scheduler, for example the
Moab Cluster Suite, should be used. It allows the formulation
of quality of service levels for resource access, priority and
accounting.

The providers main task is then to express the high-level
SLAs offered to customers in such a way that the scheduler
can implement them on the resource layer. Additionally, the
incoming job requests have to be mapped to the corresponding
service levels.

VI. FROM HIGH-PERFORMANCE TO CLOUD COMPUTING

In the previous sections we have elaborated a concept to
enhance “classical” high-performance computing with service
levels through the use of long-term service level agreements.
Cloud computing, in many terms similar to the previous
scenarios, seems like a logical step for the provisioning of
services and can be a sensible offer to provide for HPC
providers besides their usual role. Even though the term cloud
computing is not clearly defined, it can be seen as distributed
computing with virtual machines. Virtualization allows for
more flexibility, scalability and abstraction of the underlying
resources. Accounting and billing are usage-dependent. [21]

Cloud computing brings benefits both for consumers and
providers. Virtualization allows the provider to use free re-
sources for the execution for virtual machines as the under-
lying hardware is mostly irrelevant, although requirements
specified by the user of course still need to be met. The
usage of virtual machines means that the provider can offer
a multitude of different environments tailored to customers,
which was previously infeasible. Users might even be allowed
to provide their own virtual machines, therefore giving them
control over the complete environment.

Cloud computing began on a best-effort basis and many so-
lutions provided today don’t offer any more service [22] [23].
Service level agreements for cloud computing are, however,
provided by some service providers, but they provide only
minimal service levels [24] [25].

It has been shown that both Infrastructure as a Service and
Platform as a Service - two types of cloud computing where
the first one offers the concept described above and the second

one offers a scalable, flexible but pre-defined environment to
users - can benefit from service level agreements as well [26].

VII. CONCLUSIONS

The preceding work has described how an integrated ap-
proach to using service level agreements for the control of
compute jobs allows HPC providers to offer support for
various quality of service levels. Due to the solution includ-
ing both high-level SLA management and low-level resource
management and job scheduling, service providers can take
advantage of service level agreements through the complete
infrastructure. This is even valid for the recently introduced
cloud computing paradigm.

The concept described above has been partially realized
for an HPC scenario where the SLA management layer has
been implemented and a simple integration with the grid
middleware and resource layer has been achieved. Following
the trend to provide Infrastructure as a Service solutions, we
have decided to adapt the general concept for the Gridway
meta-scheduler which is compatible with the OpenNebula
cloud toolkit. This will enable HPC providers to offer IaaS
with distinct service levels, which is not possible at the
moment.

The offering of service levels can be a distinctive advantage
for HPC providers as current contracts normally do not foresee
the provision of service levels. Customers gain flexibility by
having the possibility to choose between different service
levels when submitting jobs. This also allows providers the
option of offering previously unsupported service models, for
example for urgent computing, which can generate a new
revenue stream.
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Abstract—BOINC (Berkley Open Infrastructure for Network
Computing) is a framework for solving large scale and complex
computational problems by means of public resource computing.
Here, the computational effort is distributed onto a large number
of computers connected by the Internet. Each computer works on
its own workunits independently from each other and sends back
its result to a project server. There are quite a few BOINC-based
projects in the world. Installing, configuring, and maintaining a
BOINC based project however is a highly sophisticated task.
Scientists and developers need a lot of experience regarding the
underlying communication and operating system technologies,
even if only a handful of BOINC related functions are actually
needed for most applications. This limits the application of
BOINC in scientific computing although there is an ever growing
need for computational power in this field. In this paper we
present a new approach for model-based development of BOINC
projects based on the specification of a high level abstraction
language as well as a suitable development environment. This
approach borrows standardized modeling concepts from the well-
known Unified Modeling Language (UML) and Object Constraint
Language (OCL).

I. INTRODUCTION

V
OLUNTEER computing technologies allow to realize

low-cost high-performance computing projects in certain

application areas. A very prominent framework based on the

principle of Public-Resource Computing (PRC) is BOINC

(Berkley Open Infrastructure for Network Computing). BOINC

provides an Application Programming Interface (API) with

about one hundred functions of different categories, e.g.

filesystem operations, process controlling and status message

handling [1], [2]. A few of the most important functions

are listed in section I-B. PRC is based on a server-client

communication infrastructure mechanism. Here, the client

retrieves a project specific application from the server along

with a so-called workunit, i.e. a number of parameters usually

provided in data files of simple ASCII or binary format that are

optionally needed by the application to perform a specific task.

BOINC is strongly focused on autonomic applications, each

This project is funded by the German Federal Ministry of Education and
Research

BOINC project has its own server, applications and tasks. The

client executes the application, i.e. performs the calculations

and sends its results back to the server which assembles these

into a “global” result or stores these results at specific places.

The setup of a BOINC project heavily relies on the use of

file-based scripting techniques. For instance, the programming

language Python is utilized for the creation of a standard

BOINC server infrastructure with database initialization, web-

site and administration interface configuration and an optional

BOINC test application. A few scripts are implemented using

GNU BASH to sign executable files with encryption keys

and yet another script uses the C shell (csh) to monitor

network traffic. Extensible Markup Language (XML) files

are used for the runtime server configuration. All files have

to be edited manually by the project developer, scientist or

administrator which bears the risk of making a large number

of typical errors. For example, wrong spelling of parameter

names or simulation relevant values as shown in I-A would

have a significant effect on the system’s integrity and the

application’s performance [8]. One way to cope with these

problems is to provide a tool support which allows to automate

the manipulation, generation, and checking of all necessary

scripts.

In this paper we discuss a model-based approach for the

development of BOINC projects that makes it possible to

implement application specific changes while always keeping

a valid configuration of the BOINC infrastructure. We give

an idea on how to create a proper high-level domain specific

language (DSL) in order to develop and maintain a complete

BOINC application. This DSL forms the basis of an easy-

to-use programming environment along with a high-level

programming language and a suitable development process.

Additionally, we present a way to model a complete BOINC

installation including the client application for different target

computer architectures and processor types. Aspects of single-

and multicore processor units (CPU) and graphics processing

units (GPU) are also discussed.
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A. Typical errors during the BOINC server configuration

process

The following list shows examples of typcial errors that can

occur due to manual editing of the BOINC server configuration

files. As a consequence of these errors one can expect a

significant effect on the system’s integrity and application

performance.

• uldl_dir_fanout is the parameter that contains the number

of subdirectories inside the upload and download directo-

ries on the server computer. A wrong value set here may

dramatically slow down the system’s server performance

because of too many hard disk drive accesses.

• shmem_key names the allocated memory that is needed

for the interprocess communication (IPC) between all

BOINC applications on every BOINC project server. It is

required that this value is unique, never changed during

the runtime and is used by all BOINC server applications.

• msg_to_host must be included in the BOINC server con-

figuration to enable sending of trickle-down messages1 to

the BOINC client nodes.

• tasks describes a set of parameters for applications which

should execute in a cycle period, i.e. a crontab. Suitable

values are needed to avoid problems like extremely large

logging files or a outdated statistics, i.e. how many

workunits are left for working or have errors during the

computation.

• daemon contains a set of command descriptions. It is

useful to start more than one daemon process to get

a good load balancing of user requests, e.g. when the

BOINC projects are much in demand.

One of our goals is the automatic determination of these most

important parameters for different target computer architec-

tures and processor types [20].

B. The BOINC Application Programming Interface

BOINC offers few example applications in which the num-

ber of lines of code range from 38 to 308. The first one only

includes some elementary functions and no BOINC specific

commands, e.g. a for-loop which just keeps the processor busy

for one second. The second one is a more useful example since

it contains BOINC specific function calls, e.g. how to retrieve

the name of the checkpoint file or the actual processing state.

Implementing a complex scientific application using BOINC

is far more complicated and requires a broad experience of

the developer. However, one can show that only 23 different

BOINC functions are necessary to create a successfully run-

ning research relevant distributed computing application [23],

[21].

II. STATE OF THE ART

Model-driven engineering (MDE) is becoming the domi-

nant software engineering paradigm to specify, develop and

1Trickle messages are asynchronous, ordered, and reliable messages be-
tween the BOINC server/clients and let applications communicate with the
server during the execution of a workunit.

Fig. 1. Logical packages and dependencies of the BOINC functionalities

maintain software systems. For example, Brunelière et al.

[6] propose a Modeling as a Service (MaaS) initiative for

cloud computing projects with an emphasis on topics like

scalability, tool interoperability, and the definition of modeling

mash-ups as a combination of MDE services from different

vendors. Moreover, the definition of domain-specific languages

(DSL) [10], [26], [27] along with the development of tools

which support the developer during the DSL conception [9],

[17], [26] are currently under investigation. However, none of

the above mentioned approaches is related to public resource

computing nor can it be directly used for the modeling process

of BOINC projects. In the following chapters we therefore

propose a first modeling language approach for the abstraction

of the BOINC framework.

III. ABSTRACTION OF THE BOINC FRAMEWORK

The BOINC framework offers many very useful function-

alities that help the developer to create his application. As a

first step towards our modeling language approach we have

subdivided the BOINC functionalities into different logical

packages as shown in Fig. 1. Each package contains functions

that cover a specific aspect during the development process

[22] and can be used independently from functions of other

packages which minimizes the number of dependencies. The

whole BOINC project including the server installation compo-

nents and application specific implementations is contained in

the package Project. This package directly depends on the

packages Server and Application. The package Application

contains all application specific implementations and depends

on the following child packages:

• Events - This package describes the abstractions for all

possible events that can occur during the execution, e.g.

exceptions like ’File not found’ or ’Segmentation fault’.

It contains routines for clearly defined error handling.

• Actions - Every execution statement is gathered within

this package including wrapper routines to call third-

party applications, i.e Matlab, or other domain-specific

simulation tools.

• Dependencies - All libraries that are needed for the whole

project are contained in this package. This includes the

BOINC libraries as well as application specific runtime

libraries and external sources.
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• Communication - This package includes the BOINC core

client component which is the interface between the

client installations and project servers and performs the

information exchange between them.

• Configurations - In this package one keeps all system

relevant parameters coded in XML files.

The complete server installation and maintenance process

is provided by the package Server. This package describes the

relationships between all components of a complete BOINC

server installation, i.e. all configuration files, a list of the

parameters for the workunits, description of installed applica-

tions with the corresponding architecture and processor targets.

The package Server imports its required information from the

contents of the Configurations and Communication packages.

IV. THE MODELING LANGUAGE APPROACH FOR THE

ABSTRACTION OF BOINC

Nowadays, models and model-based techniques are the

fundamental means by which engineers are able to cope with

otherwise unmanageable complexity and reduce design risk.

In particular, software models have the distinct advantage that

they can be evolved from high-level views of possible designs

into actual implementations.

The Unified Modeling Language (UML) – a widely adopted,

widely supported and customizable industry standard – plays

a key role in modern software development. With the pos-

sibility of creating standardized UML profiles it provides

the fundamentals for a true engineering-oriented approach to

the construction of software. That is, system models can be

used to understand and assess designs and predict design

risks in meaningful (e.g., quantifiable) ways. Full automatic

code generation from UML models facilitates preservation of

proven model properties in the final implementation.

In our approach to a model-based development of BOINC

projects we focus on the use of quasi standard software

tools available within the Eclipse development environment.

These tools enable us to develop all necessary components,

like diagram editors, including graphical representations of

modeling elements, code generators, etc. in one and the same

development environment. Specifically, the code generation

should be realized using a template engine which could also

be used to generate important documentation files.

A. Graphical modeling environment

Throughout our project we exclusively use the Eclipse

Modeling Framework (EMF) as released by the Eclipse Model

Development Tools (MDT) project [26]. A detailed description

of all components can be found in [9]. A key feature of

our approach is the definition of a suitable standardized

UML2 profile [22]. Here, we make use of the EMF-based

implementation of the UML2 and UML2 Tools subproject.

EMF specifically allows implementing of constraints based on

the Object Constraint Language (OCL) [18].

Fig. 2 gives an overview about a simplified modeling

process. Here, the developer uses graphical modeling elements

within diagrams to design an application as described in Sec.

Fig. 2. Simplified view of the modeling process

Fig. 3. Example flowchart diagram for instruction sequences.

IV-B below. For a more detailed modeling of the application

logic the developer is required to use a textual DSL as

described in Sec. IV-D. The Graphical Model will be im-

plemented using the Graphical Modeling Framework (GMF).

GMF includes EMF, the Graphical Editing Framework (GEF)

and Draw2D. GEF is a framework built upon the Model-View-

Controller (MVC) pattern and handles the view and logical

components with own instances. The controller handles the

logic between these instances. The Textual Model and the

Graphical Model are synchronized, i.e. every change in one

of the models causes changes in the other one and each model

will automatically be adjusted. Both models will be trans-

formed into one (yet to be defined) so-called VisualGridML

Genmodel. This can be done by exploiting the model-to-

model transformation framework Query/View/Transformation

(QVT). The QVT operation mapping language is capable

of dealing with multiple input and output models and also

supports OCL statements.

One of the key issues of our approach is to define a proper

VisualGridML Genmodel. The VisualGridML Genmodel can

be exported into different other formats, e.g. XML, XML

Metadata Interchange (XMI), or Ecore. The VisualGridML

Genmodel will only be generated when the previously created

models are valid. In order to support the developer during the

verification and validation process adequate error messages

and output comments will be created.

B. Graphical modeling elements

The proper definition of suitable graphical modeling ele-

ments is vital for our modeling language approach for the
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Fig. 4. Interprocess Communication within a BOINC application

abstraction of BOINC. In the following we present some

examples along with sample modeling fragments. Fig. 3 shows

a flowchart of a high-level description of instruction sequences.

The graphical notation is adapted from the UML2 flowchart

definition [17, Fig. 12.36].

Fig. 3 shows an example that uses seven graphical modeling

elements. As mentioned above these modeling elements are

defined in the Actions package and have the following meaning

[22]:

• Start, which describes the entry point of an application.

• Stop, which defines the end of execution, i.e. after that

no other instructions will be executed and the application

will shut down.

• Action is a modeling element which can execute native

C/C++ instructions.

• Decision describes an if-else condition.

• Join merges two or more subdivided instruction se-

quences.

• Execute executes external C/C++ functions which are

implemented in header and source files.

In Fig. 4 we show an adapted version of a UML2 col-

laboration diagram [17, Tab. 9.1, 9.2]. The dashed rounded

rectangle on the right hand side specifies a shared data space.

This data space is defined using one ore more port descriptors.

Different ports could include different data descriptions and

could also be connected with different so-called handlers. The

three elements on the left hand side are examples of such

handlers. Each handler handles a specific functionality and is

connected with one application implementation. This example

contains handlers for the BOINC Core Client2, a scientific

application, and a component for a screensaver session [1].

The handler can have only one data port. Data ports can only

be connected to data ports of shared data space. Connections

between ports may also be named as shown in this example.

In Fig. 5 we show an adapted version of a UML2 Use-

Case diagram [17, Fig. 16.10] which contains elements of the

Configuration package [22]. The elements on the left hand side

are the actors for the use cases of the right hand side. The use

cases contain a reference to predefined functions which can be

modeled with a flowchart diagram. The dashed line connects

the use cases with the appropriate actor and defines the type of

execution. The lower actor describes the BOINC server which

2The BOINC Core Client communicates with schedulers, uploads and
downloads files, and executes and coordinates applications.

Fig. 5. Elements for configuration purpose

could be a cronjob. The upper actor describes a user. In this

example the user defines workunits.

C. Aspect-Oriented Programming and Feature-Oriented Pro-

gramming

Aspect-Oriented Programming (AOP) aims at separating

and modularizing cross-cutting concerns [12]. The idea behind

AOP is to implement so-called cross-cutting concerns as

aspects and the core (non-cross-cutting) features are imple-

mented as components [5]. Using pointcuts3 and advices4, an

aspect weaver glues aspects and components at join points

together. Fig. 6 shows on the left hand side (1) two aspects

(A1 and A2) which extend the class definitions (C1 and C2).

In AOP aspects can be added to the programming logic where

ever functions are called. It is also possible to replace any

functionality dynamically or to define the order of execution

by precedence.

In Feature-Oriented Programming (FOP) the program func-

tionalities can extended during the compilation and execution

process, e.g. two or more functions can be combined to create

extented features [7]. Fig. 6 shows on the right hand side (2)

a simple overview of FOP. Here, F4 inherits the properties

and methods of F1. Additionally, F6 refines F4, which can be

done during runtime or while the compiling process creates

the application.

Aspects and features in their current representation are

intended for solving problems at different levels of abstraction

[4], [14], [16]. Whereas aspects in AspectC++ [24] act on the

level of classes and objects in order to modularize cross-cutting

concerns, features act on the software architecture level [3].

For our approach, we are expecting that AOP and FOP are

suitable methodologies for dynamic binding of applications as

stated in Sec. IV-E. For example, the BOINC project result file

format must be defined and created manually by the scientist

or developer for a specific scientific application. This file can

be generated during the code generation process as soon as

definitions of the BOINC validator and BOINC assimilator

are existing. After that, the BOINC project can be deployed

with error-free validator and assimilator configurations.

D. Domain-specific language for BOINC

Domain-specific languages (DSL) are language definitions

tailored to the development needs of specific problem domains

3The point of concern to execute an advice.
4Additional code that should apply to the existing model.
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Fig. 6. (1) Two aspects extend two classes, (2) Two features refine two other
features

[10]. For example the Structured Query Language (SQL)

is designed for database queries. Another vital part of our

modeling language approach to BOINC is a proper definition

of a DSL for BOINC applications. Here, a key issue is

the use of Xtext which allows to create an application by

code generation. Xtext offers in combination with Xpand a

template-based code generation engine [26]. By using Xtext

and Xpand is has been shown that it is possible to create a

complete BOINC application [21].

Generally speaking, all BOINC functionalities can be de-

fined using a set of specific language elements. Our model-

driven approach allows to develop applications independently

of the target type, i.e. for CPU or GPU targets. Furthermore,

BOINC offers various diagnostic parameters which enable or

disable checks, e.g. memory leaks or heap violations. With the

help of DSL statements these specific options can enabled or

disabled for a subsequent automatic code generation. For ex-

ample, the following code fragment defines a single processor

environment which enables the above mentioned diagnostic

flags:

target cpu single;

diagnostics {

dumpcallstack

heapcheck

memoryleakcheck

redirectstderr

tracetostderr

}

In order to create applications with multicore or GPU com-

puting support the following statement can be used:

target cpu mode multi with 10;

// or

target gpu dim(10) block(4);

The first line describes a multi-thread application with up to

10 threads. The last statement enables the support of GPU

computing. In GPU computing the process is splitted into dim

threads, executed in 4 blocks [13]. It is also possible to include

manual implementations or third-party libraries. The following

examples show this in more detail. The required dependencies

to third-party libraries or functionalities could be also defined

with only a few lines of code. This code is used for the

“make” process of an executable application. On Linux or

Unix like operating systems a makefile is generated whereas

on Windows systems it is possible to generate different project

files which can be imported by integrated development envi-

ronments like Visual Studio or Eclipse. Using this feature one

can realize a platform-independent approach.

includes AppInclude {

"~/boincadm/framework"

"~/boincadm/src/api"

"~/boincadm/src/lib"

}

libraries AppLibrary {

"/lib", "pthread"

"~/boincadm/framework", "visualgrid"

"~/boincadm/src/api", "boinc_api"

"~/boincadm/src/lib", "boinc"

}

It is common to use parameter files for the BOINC applica-

tions. The native way of doing this is to create mapping files

on the server with a few parameters. Whenever clients connect

to the server, they retrieve the application and all necessary

parameter files. The following DSL fragment describes this

procedure using the infile statement. The content is speci-

fied as an XML tree and could be iterated with a reference, e.g.

ObjectName1. As a consequence of, binary data must be

base64 encrypted [25]. Each reference contains the parameter

as a struct or class definition.

infile "metropolis_data.xml"

as ObjectName1;

infile "param.jj" as ObjectName2;

infile "param.nn" as ObjectName3;

infile "param.ww" as ObjectName4;

After the execution of the client application the results are

stored in result files defined by the statement outfile and

are uploaded to the server.

outfile "metropolis_out.erg"

as ObjectResult1;

In general there exist several ways using a modeling process to

develop a certain client application. As a matter of fact, every

developer differs in his way to develop applications and it

is necessary that the DSL supports this variety. For example,

it is possible to link third-party libraries to the application

using DSL statements. Furthermore, the application code can

also be directly implemented into the worker part. The

following DSL fragment contains an example which is used

in [21]. Here, the worker starts the environment for execu-

tion instructions with the name Spinhenge. The statement

exec defines pointcut expressions which are used by the

AOP weaver process to deploy the scientific application. In

this definition, the pointcut expression describes the working

function in Fig. 8.

worker Spinhenge {

exec "void %::Spinhenge::doWork(...)";

}
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This statement could be replaced by other instructions, e.g.

worker Spinhenge {

cpp {

int a = 42;

}

action(modeledFunction(a));

}

Here, cpp starts an inline code area which contains na-

tive C/C++ statements. The variable a is available right

after its definition and optional initialization within the

context. It can be used by DSL defined functions like

modeledFunction(variable). Third-party applications

can be executed using the DSL statement wrapper. It allows

to call an external application, so called legacy application,

and only one call is allowed to realize. Optional parameters

for the application can be set in the Configuration package.

worker Spinhenge {

wrapper("Matlab", "Argv[1] Argv[2]" [,

weight, checkpoint_filename,

fraction_done_filename, ...]);

}

These optional parameters are defined by the wrapper inter-

faces [11], [15], [19].

screensaver Spinhenge {

render "% Screensaver

::Spinhenge::doWork(...)";

}

During the execution of an application different events can

occur, e.g. events which could also be logged for diagnostic

analysis in the above mentioned definitions. Furthermore an

exception handling is described by the following DSL defini-

tion:

handle TypeOfException (: optionalName) {

/* to be defined handler */

}

Predefined exception handlers are reusable by other excep-

tions. This is enabled by using the ref statement which uses

the optional name optionalName of the previous example.

handle AnotherTypeOfException

ref optionalName;

The BOINC framework uses interprocess communication

(IPC) to exchange data between different application instances,

e.g. scientific application, and screensaver. The native way

to use IPC needs the definition of shared variables, e.g.

in a C/C++ struct or class definition and furthermore

different functions which handles these variables. A strict well-

formed definition would be easier to use and reduces the

effort of changing code parts in the source files. The DSL

statement exchange describes the structure of the IPC with

C/C++ language elements like datatypes which are usable in

every application. The keyword feature defines an AOP

Fig. 7. Visual Grid Framework Abstraction Layer

pointcut expression which is used to assign values to the

variable on the left hand side, e.q. update_time keeps the

delta in milliseconds between the value updates. The listed

AOP pointcut expressions are implemented in the Visual Grid

Framework which is described in Sec. IV-E.

exchange {

double update_time :

feature "% Boinc::updateTime(...)";

double fraction_done :

feature "% Boinc::fractionDone(...)";

double cpu_time :

feature "% Boinc::cpuTime(...)";

}

To handle BOINC Trickle Messages the TrickleUp and

TrickleDown commands are stated in the following listing.

The TrickleUp needs two AOP pointcut expressions to

check if a trickle up must handled and the trickle up handler

itself.

TrickleUp "bool checkTrickleUp(...)"

do "% handleTrickleUp(...)";

TrickleDown "% handleTrickleDown(...)";

The handler defined by TrickleDown is called frequently

to manage the incoming messages by the BOINC server, e.g.

command to abort one workunit or informations of the current

BOINC credit points.

Furthermore, general descriptive information about the ap-

plication can be defined with the statement info.

info {

author="Christian Benjamin Ries";

email="cries@fh-bielefeld.de";

license="FH Bielefeld";

description="Spinhenge@home Example";

project="Spinhenge@home";

version="3.16";

}

E. Visual Grid Framework

Fig. 7 shows the proposed Visual Grid Framework layer

which is defined between the layer that describes the un-

derlying computer hardware, the BOINC framework, and

the VisualGridML Genmodel. The Visual Grid Framework

offers a less complex access to the BOINC functionalities

and handles the creation of applications for different platform

targets, e.g. Intel 686 based 32-bit or 64-bit architectures.
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Fig. 8. Composition of the Visual Grid Framework Approach

The left side describes one approach to generate the function

calls and logical program parts between the textual-/graphical

modeling tools, fragments, VisualGridML Genmodel, Visual

Grid Framework, and BOINC Framework. In Fig. 8 we show

how the Visual Grid Layer works.

The Main class is generated by the code generation process

and contains the implementation of the starting routines. This

routine instantiates the interface to the BOINC framework as

well as to the scientific application. The entry point of the

scientific application is called using the doWork() functions

of theWorker::Spinhenge and Screensaver::Spinhenge classes.

These two classes are specializations of the abstract Controller

class. The Controller class keeps track of all necessary data

management, e.g. input, and output data files, checkpoint

definitions, etc. The IPC class (Interprocess-Communication)

is completely generated and implements the initialization and

update routines. This class is used by the Worker::Spinhenge

and Screensaver::Spinhenge classes for the exchange of data.

The external BOINC Client class is an actor and therefore

represents just the interface to the client. The BOINC Client

has the full control of the executed applications and processes.

As a consequence, there exist two ways to generate an

application within the Visual Grid Framework, (1) creation

of a class which is derived from the abstract Controller class,

(2) the definition of AOP joinpoints and advices as defined by

the DSL in Sec. IV-D.

As a first test of our approach we have created an appli-

cation which is similar to the BOINC sample to perform a

transformation of lowercase to uppercase texts. The BOINC

sample is based on approximately 400 lines of code, including

the makefile, C++ header, source files, and 31 BOINC specific

function calls. In contrast to this, our generated application

contains only about 90 lines of code, including 60 lines of

DSL code, and 30 lines of application specific code which

performs the transformation. All defined dependencies, e.g.

for the initialization of the process or exception handling,

are resolved by generating files. Furthermore, a makefile is

generated which on execution builds the complete application

for the defined client platform architecture.

V. CONCLUSION

We have presented a first modeling language approach for

developing Public Resource Computing applications on the

basis of BOINC. We have demonstrated that the complete

BOINC framework can be divided into a few logical packages

that provide the necessary graphical and textual model ele-

ments to allow for a model-based development of applications

with subsequent source code generation. Our approach is

technically realized by using standardized and well-defined

technologies [26]. Thus far, we have just implemented a small

part of the BOINC functionalities. Key features like graphical

and textual modeling elements, the VisualGridML Genmodel

have been defined to an extent that we could show the general

feasibility of our approach. However, further investigations

with regard to the abstraction of the system architecture, de-

pendencies, error checking, and the transformation to different

target languages are needed. We have successfully performed

a first test of our approach by modeling an existing BOINC

application with just a few lines of DSL code using external

libraries for the core computational routines and abstraction

of the BOINC functionalities. However, most steps of our

modeling process are still performed manually, and we are

currently working on the creation of a unified development

environment that supports the wide range of technologies,

including a one and only graphical modeling framework which

minimizes the need of textual modeling fragments, automatic

dependencies resolving, completely error-free code generation,

and higher support for legacy applications.
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I&E 2010 will bring researchers, developers, practi-
tioners, and users to present their latest research, re-

sults, and ideas in all areas of medical informatics, engineer-
ing, and artificial intelligence in medicine and health care.

M
MI&E 2010  will  provide  a  forum for  the  exchange  of 

ideas between physicians and computer scientists and engi-
neers to address the important issues in those areas. Papers 
related to methodologies and applications in medical infor-
matics, telemedicine, and eHealth are especially solicited.

The topics of interest include, but are not limited to:
• Health Care Information Systems
• Clinical Information Systems
• Medical Image Processing and Techniques
• Medical Intelligent Systems for different medical 
tasks
• Medical Expert Systems
• Applications in Medical and Health Sciences
• Artificial Intelligence Techniques in Health Sci-
ences
• Medical  Databanks,  Databases,  and Knowledge 
Bases
• Neurocomputing in Medicine
• Ontology and Medical Information Science
• Bioethics and Health informatics
• Web-Based Medical Diagnosis
• Health Care Process Management
• Intelligent Agents

WORKSHOP CHAIRS

Abdel-Badeeh M. Salem (Chairman), Ain Shams Uni-
versity, Egypt

Kenneth Revett, Harrow School of Comp. Science,U of 
Westminster, London, United Kingdom

ORGANIZING COMMITTEE

Florin Gorunescu, Dept.  of Computer Science, Faculty 
of Mathematics and Computer Science, University of Craio-
va, Romania/Dept. of Mathematics, Biostatistics and Com-
puter  Science,  University  of  Medicine  and  Pharmacy  of 
Craiova, Romania, Romania

Gabriela Lindemann, Humboldt Univ.  of  Berlin,  Dept 
of Computer Science, Lab of AI, Berlin, Germany

Abdel-Badeeh M. Salem (Chairman), Ain Shams Uni-
versity, Egypt

Kenneth Revett, Harrow School of Comp. Science,U of 
Westminster, London, United Kingdom

PROGRAM COMMITTEE

Sayed Abdel-Wahab, Information Systems Dept., Sadat 
Academy for Management Sciences, Egypt

Ennio Amori, Technology Department, Parma University 
Hospital, Italy

Amr Badr, Faculty of Computers and Information,Cairo 
University, Egypt

Hariton Costin, Fac of Medical Bioengineering, "Gr. T. 
Popa" Univ of Medicine and Pharmacy, Romania

Dursun Delen, Oklahoma State University, USA
Angela Di Tommaso, ASL of Catanzaro, Italy
Wojciech  Glinkowski, Medical  University  of  Warsaw, 

Poland
Amr Goneid, Computer Science Dept.,American Univer-

sity in Cairo, Egypt
Florin Gorunescu, Dept.  of Computer Science, Faculty 

of Mathematics and Computer Science, University of Craio-
va, Romania/Dept. of Mathematics, Biostatistics and Com-
puter  Science,  University  of  Medicine  and  Pharmacy  of 
Craiova, Romania, Romania

Yutaka Hata, Graduate school of engineering, University 
of Hyogo Himeji, Japan

Halina Kwasnicka, Wroclaw University of Technology, 
Poland

Athina  Lazakidou, Faculty  of  Human  Movement  and 
Quality of Life Sciences,University of Peloponnese,Depart-
ment of Nursing, Sparti, Greece

Frank Lievens, International Society for Telemedicine & 
eHealth, Belgium

Gabriela Lindemann, Humboldt Univ.  of  Berlin,  Dept 
of Computer Science, Lab of AI, Berlin, Germany

Yaohang Li, North Carolina Agricultural And Technical 
State University, USA

M. Madheswaran, Muthayammal  Engineering  College, 
Rasipuram, Tamil Nadu, India

Urszula Markowska-Kaczmar, Wroclaw University of 
Technology, Poland

Erzsébet Merényi, Electrical and Computer Engineering, 
Rice University, USA

Peter  Millard, Emeritus  Professor  of  Geriatrics,  St. 
George’s,  University  of  London,  Editor  of  Nosokinetics 
News, United Kingdom

Ioana Moisil, "Lucian Blaga" University of Sibiu,Faculty 
of Engineering -Dept. of Computer Science, Romania

Efstratia Mourtou, Hellenic Open University  ,Head of 
Informatics  Dept.  of  St.  Andrew General  Hospital  Patras, 
Greece

Abdel-Badeeh M. Salem (Chairman), Ain Shams Uni-
versity, Egypt

Jan Rauch,  Center of  Biomedical  Informatics,  Institute 
of Computer Science of Academy of Sciences,  Czech Re-
public

Kenneth Revett, Harrow School of Comp. Science,U of 
Westminster, London, United Kingdom

Thomas Schrader, Dept. of Informatics & Digital Media, 
Univ. of Applied Sciences Brandenburg, Germany

Francesco Sicurello, University of Milan Bicocca, Italy

2nd International Workshop on Medical Informatics and 
Engineering



R. Sukanesh, Bio-Medical  Engineering D,Dept  of Elec 
and Commu Eng,Thiagarajar College of Engineering,Tamil 
Nadu, India

Angelo Tartaglia, Information Engineering Faculty, Po-
litecnico di Torino, Italy

Giuseppe Tritto, World Association of Biomedical Tech-
nologies, UNESCO, Italy

Abdul Wahab B. Abdul Rahman, International Islamic 
University Malaysia, Malaysia

Yagi  Yukako, Harvard  Medical  School,Massachusetts 
General Hospital (MGH), USA

Tatjana Zrimec, Center of Health Informatics &School 
of  Computer  Science  and  Engineering,Univ.  New  South 
Wales, Australia
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Abstract—This paper presents a system for segmentation of
images into regions and annotation of these regions for semantic
identification of the objects present in the image. The unified
method for image segmentation and image annotation uses an
hypergraph model constructed on the hexagonal structure. The
hypergraph structure is used for representing the initial image,
the results of segmentation processus and the annotation infor-
mation together with the RDF ontology format. Our technique
has a time complexity much lower than the methods studied in
the specialized literature, and the experimental results on the
Berkeley Dataset show that the performance of the method is
robust.

I. INTRODUCTION

The hypergraph data model and object-oriented model make

join to define the spatial relations between regions from images

and the features of them; the composite model is called

hypergraph object-oriented model (HOOM ). Hypergraph data

structure inherit the characteristics of the object model. De-

pending on hypergraph structure the complex spatial relations

can be described easily and the attributive data can also be

integrated more efficiently. Using hypergraph structures allows

more advantages: using a single form for the representation of

the combinations of classes and structural inheritance; allow-

ing to avoid data redundancy (inherited values for sub-objects

are taken from the super-objects) and to define complex objects

(using undirected hyperedges) and functional dependencies

(using direct hyperedges); support mechanism for identifica-

tion through OID’s and offers mechanisms for specifying

multiple inheritance. In [1] was presented an overview of a

hypergraph-based image representation that considered Im-

age Adaptive Neighborhood Hypergraph (IANH) model.The

proposed segmentation and annotation methods use a virtual

graph structure constructed on the image pixels in order to

determine the regions from the image and to allocate the labels

for these which can give the semantic signature of the each

region. Thus the image segmentation is treated as a hypergraph

partitioning problem. The predicate for determining the set of

nodes of connected components is based on two important

features: the color distance and syntactic features [2], that are

geometric properties of regions and their spatial configura-

tions. The schema for the prototyping system is presented in

Fig. 1:

In the following sections there are discussed the next topics:

in Section II we describe the image segmentation based on

Fig. 1. The image processing system architecture

hypergraph structure; in Section III presents the method of

the image annotation; Section IV describes the results of our

experiments and Section V concludes the paper.

A. Related Work

In this section we briefly consider some of the related work

that is most relevant to our approach. In the image segmenta-

tion area, the most graph-based segmentation methods attempt

to search a certain structures in the associated edge weighted

graph constructed on the image pixels, such as minimum

spanning tree [3], or minimum cut [4]. The major concept

used in graph-based clustering algorithms is the concept of

homogeneity of regions. For color segmentation algorithms,

the homogeneity of regions is color-based, and thus the edge

weights are based on color distance. For image annotation,

an approach based on graph is presented in [5], where the

learning model is constructed in a simple manner by exploring

the relationship among all images in the feature space and

among all annotated keywords. The Nearest Spanning Chain

method is proposed to construct the similarity graph that

can locally adapt to the complicated data distribution. Object

oriented database models [6] are based on the object-oriented

techniques and their goal is representing by data as a collection

of objects that are organized in hierarchy of classes and have

complex values associated with them. The [7] describes the use

of the OODB in content-based medical images retrieval and

the proposed approach accelerates image retrieval processing

by distributing the workload of the image processing methods

in the storing time.

II. IMAGE SEGMENTATION TECHNIQUE BASED ON

HYPERGRAPH STRUCTURE

A. The Image Hypergraph Model

The construction of the initial hypergraph is based on an

utilization of pixels from the image that are integrated into a

network type graph. We used a hexagonal network structure
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on the image pixels for representation of the hypergraph

HG = (V,HE) and we considered two hyperedges of graph

joining the pseudo-gravity centers of the hexagons belongs to

hexagonal network as presented in Fig. 2.

The introduction of the hypergraph structure was in [8]

and is a generalization of graph theory. The main idea refers

to consideration of sets as edges and then a hypergraph is

the family of these edges (called hyperedges). This concept

represent more general data than graph structure and the

theory of hypergraphs has proved to be of a major interest in

applications to real-world problems such is image processing.

The object model used for storing images, is based on the

complex and different structure for each image that does not

allow a simple data model using predefined data structures

such as those used in relational databases. Relational databases

have several limitations in representing an image: from the

perspective of data representation model, in the relational

database, links between two records are achieved through

attributes primary key and foreign key. The records have the

same values for foreign keys, primary that are logically related,

although they are not physically linked (logical references).

The object-oriented model allows to define the methods by

which messages are exchanged between objects and to imple-

ment the inheritance mechanism which offers classes which

have new definitions based on existing definitions.

In an object-oriented database, each object in the real

world can be modeled directly as an instance of a class;

each instance has an OID and is associated with a simple

or complex object. The OID stored in the database is not

changed, while other fields associated object can be modified.

This identity provides a good support for object sharing

updates and simplifies management. Inheritance offered by

object-oriented paradigm provides a powerful mechanism for

organizing data, it allows to the user to define classes in an

incremental way by specializing existing classes. As you can

see, is achieved a triangulation of the image, which is in fact a

decomposition of the image in a collection of triangles whose

edges form the set V of nodes of the hypergraph HG. The

condition for achieving a triangulation is satisfied, namely

collection of triangles is mutually exclusive (no overlapping

triangles) and fully exhaustive (all triangles meeting covers

the original image). If it considered the edges which join the

gravity pseudo-centers of the hexagons, it obtain a Delaunay

triangulation [9]; the grid-graph is a Delaunay graph and based

on planarity graph condition (no edge ≤ (3∗no vertex−6))
we demonstrated that the time complexity of segmentation

algorithm is O(nlogn). The algorithms for segmentation and

the demonstration for complexity are presented in [10]. In the

hexagonal structure, for each hexagon h in this structure there

exist 6-hexagons that are neighbors in a 6-connected sense

and the determination of indexes for 6-hexagons neighbors

having as input the index of current hexagon is very simple.

The main advantage when using hexagons instead of pixels as

elementary piece of information is the reduction of the time

complexity of the algorithms. The list of hexagons is stored

such as a vector of integers 1 . . .N , where N , the number of

hexagons, is determined based on the formula:

N =
H − 1

2
× (

W − (W%4)

4
+

W − (W%4)− 4

4
) (1)

where H represents the height of the image and W represents

the width of the image.

Fig. 2. The hexagonal structure on the image pixels

Each hexagon from the set of hexagons has associated two

important attributes representing its dominant color and its

pseudo-gravity center. For determining these attributes we use

eight pixels: the six pixels of the hexagon frontier, and two

interior pixels of the hexagon. For RGB space, the dominant

color of a hexagon is determined as follows: is extracted

three components (r, g, b) for each pixel of the hexagon;

next step is sorting of the three vector components; last

phase involves choosing as dominant components of media

components located in positions 3 and 4 in the vectors, and

dominant color calculation using the formula:

hexagon color =

(r d color << 16)|(g d color << 8)|b d color (2)

where r d color is the dominant color for the red component,

g d color is the dominant color for the green component and

b d color is the dominant color for the blue component of the

RGB colorspace. We split the pixels of image into two sets,

a set of pixels which represent the vertices of hexagons and

a set of complementary pixels; the two lists will be used as

inputs for the algorithm which construct the initial hypergraph

of the initial image. The mapping of pixels network on the

hexagons network is immediately and it is not time consuming

in accordance with the following formula which determines

the index for the first vertex of hexagon:

fv = 2× h+
2× (h− 1)

columnNb− 1
(3)

where fv represent the index of the first vertex, h the index

of the hexagon and columnNb represent the column number

of the hexagon network. For representing the output of the

image segmentation process we used the Attributed Relational

Graph (ARG) [11]. The result of segmentation algorithm is

stored as a graph where the nodes represent the regions and the

edges represent the neighborhood relations: G = (V r, E r),
where Vr is the set of vertices corresponding regions detected
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and Er is the set of edges that describes the neighborhood

relations. The spatial relations between regions are divided

into 3 categories: distance relations, direction relations and

topological relations. For determining these types of relations

we choose for each region the following relevant geometric

features: the pseudo-center of gravity; the distance between

two neighboring regions; the length of common boundary of

two regions and the angle which is formed by two regions.

B. The Image Segmentation Methods

In this subsection there is shown the algorithms for deter-

mining the initial hypergraph and the segmentation method.

By using as unit element a hexagon, any two neighboring

elements have in common two vertexes (an edge). The function

createHG which is describes in algorithm 1 produce the

initial hypergraph for the initial image.

Algorithm 1: Create the initial hypergraph

Input: The list of color pixels from the hexagonal

network: L = {p1, . . . , p6n}
Output: The initial hypergraph HG which correspond to

the initial image

1 Procedure createHG(L ; HG);

2 * init crtHyperEdge;
3 for i← 1 to sizeof (L) do
4 hcrt← L(i);
5 * init indexN as indexes from L for the neighbors

of hcrt;
6 indexM ← −1;
7 for k ← 1 to 6 do

8 distRef ← colorDist (L[indexN [k]], L[hcrt]]);
9 if distRef are minimum value then

10 indexM ← k;
11 end

12 end

13 if !mark(edge[L[indexN [indexM ]], L[hcrt]]) then
14 * add (crtHyperEdge,

edge[L[indexN [indexM ]], L[hcrt]];
15 * mark edge[L[indexN [indexM ]], L[hcrt]];
16 end

17 else

18 * add crtHyperEdge to HG;

19 end

20 end

The output of segmentation algorithm 2 is the hypergraph

corresponding to the segmentation image and it is com-

puted based on the hexagonal grid-graph and the distance

between the two colors for the RGB color space. The

variable colorsHexagon represents the vector colors of the

hexagon and the others attributes of the class Hexagon are

indexHexagon in the hexagonal structure of the virtual graph

and visitedHexagon which is used in the crossing network

algorithms.

Algorithm 2: Determination of the segmentation hyper-

graph

Input: The total number of hexagons from hexagonal

grid n
The hypergraph representation for an image (HG),

obtained with algorithm 1

Output: The hypergraph with the hexagons of regions

HG = {{he1}, . . . , {hek}}, hei =
{color, {r1, . . . , rp}}

1 Procedure HGSegmentation (N , HG; HG);

2 * initialize the stack of hyperdges;

3 * get indexH as index of unmarked hexagon

4 while (indexH != -1) do

5 * mark as visited the hexagon indexH ;

6 * push (hyperdge[indexH ]);
7 HERegionItem← newHyperEdgeRegion;
8 while !empty(stack) do
9 crtColorHyperedge← pop();
10 for each crtColorHexagon from the set of

crtColorHyperedge do

11 if (!mark(crtColorHexagon) then
12 * add crtColorHexagon to

HERegionItem;

13 * push (hyperdge[crtColorHexagon]);
14 * mark as visited the hexagon

crtColorHexagon;
15 end

16 end

17 end

18 * add object HERegionItem to list HG;

19 * get indexH as index of unmarked hexagon

20 end

The procedure HGSegmentation returns the hypergraph

with the hexagons of regions; the elements of hypergraph (the

hyperedges) are determined for each distinct color from the

input image as a list of regions that contain hexagons which

have the same dominant color. The HERegionItem is an

instance of the class HyperEdgeRegion and represents the

data structure corresponding to an item from the output list.

The attributes of the class HyperEdgeRegion are: the color

of the region and the list of hyperedges which represent the

hexagons with the same color.

III. IMAGE ANNOTATION TECHNIQUE BASED ON

HYPERGRAPH STRUCTURE

The management of ontologies, used for annotate of images,

has two hierarchical levels that are closely associated. On the

one hand, the low-level image contains specific properties as

color, texture, shape, and the second level, which contains

sematic of image that can be perceived human user. An

ontology management system should model the low level that

supports retrieval and inference level of their content. One

scenario of using such a system can be that a user loads all
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ontologies in a given area, and allows selection of different

objects in images and their correlation with the concepts of

ontologies.

A. Ontologies and RDF format

For specifying the ontologies and the corresponding graph

structure of the images segmented and annotated format we

used RDF (Resource Description Framework). The RDF is a

specification defined metadata processing, providing interop-

erability between different applications such as an exchange

of information, the purpose of understanding the semantics.

To use the method of reasoning described in the ontology-

based knowledge bases, we used RDF2Jess model, a hybrid

model that can be used to fill the gap between RDF and Jess.
Based on domain knowledge and using Protégé [12] ontology

editor, this method turns the RDF format in Jess facts using

XSL transformations on XML syntax and additional rules

in Jess. For these rules redefined based on RDF semantics

Jess inference system is used to implement the reasoning.

Predefined rules are used to check consistency and to deter-

mine the characteristics of RDF vocabulary. Deducted Jess
assertions are helpful for phase domain ontology modeling

to assess and refine ontology. According to different levels

of expressiveness, RDF2Jess could be extended to new

SWRL2Jess where SWRL extends the set of axioms to

include Horn rules. The conversion of syntactic and semantic

RDF in Jess, allows replacement of ontology in RDF
format using Jess reasoning engine. Ontology conversion into
Jess facts and rules is done in four steps:

• first step is the ontology construction, ontology editor

used Protege, provides a plug-in RDF ontology to

support development. The taxonomy of knowledges into

classes, features, restrictions was accepted by experts

in the field and by software developers, because this

paradigm is very similar to object-oriented modeling

(UML). Lately, most ontologies have been formalized

using standardized RDF (S) and can be reused to extend

the rules, if necessary;

• the second step is to represent the transformation of

RDF syntax in Jess syntax using XSLT , the output

file consists of Jess facts. If support ontology language

semantics is specified as Jess rules, matching specific

keywords is no longer necessary in the transformation;

• the third step is to combine file Jess, including XSLT
transformation result, and RDF predefined rules. More-

over, external queries and Jess rules can also be added

to the composition similar properties;

• the last step is running the system of rules Jess inference
system. The rules defined, is the classification and con-

sistency checking characteristics. The output containing

erroneous messages indicating the presence of incorrect

syntax in RDF ontology processed.

To implement the RDF , semantics are defined to represent

the additional facts and their relations with RDFS primitives

such as rdfs : Class. This approach prevents duplication of

semantic information in the database, and an overview of how

to store links between visual concepts/concepts domain and

related regions is given by Fig. 3.

Fig. 3. Triple link: visual concept/semantic concept/Region

In Fig. 4 are presented the classes which are used for spec-

ification of the HOOM in the image annotation processus:

Fig. 4. The hypergraph object data model

B. The Image Query Specification

To specify queries we have expanded the query language

GOQL using data structures of type hypergraph - HGOQL
(Object Query Language Hyper-Graph). In [13] is proposed

GROOV Y model (Graphically Represented Object-Oriented

Data Model with Values) which represents a proposal to

formalize the object-oriented model based on hypergraph

structures type. It defines a set of data structures for object

model data: (I) Value diagram that defines the attributes that

contain a class of objects. Items can be atomic or multi-value,

(ii) The court: defines a lot of items under the diagram. An

object is a pair O = < id, v >, where id is the identifier of the

object and v is the value of the object (his properties), (III)

Dependency of functional values: are used in the scheme to

check that the value of a set of attributes determine in a unique

way the value of another attribute; (IV) Object diagram: is a

triplet< N , F , S >,N - diagram value, F a lot of dependency

of functional values for N and S - a lot of subsets of N .

This structure is defined using hypergraphs by establishing a

corresponding one-to-one between object diagram < N , F ,

S > and an interpretation where N is the oriented nodes

of a hypergraph, F is its direct hyperedges, and S, undirect

hypeedges. A manipulation language of hypergraph (HML
- Hypergraph Manipulation Language) for query and update

them has with two operators querying based on identifier or

value, eight operators for inserting and deleting the hyper-

nodes and the hyperedges. During the developed language

(HGOQL) we implemented only operators who refers to the

query. The grouping of the indexes attributes (which includes
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enable/disable attributes through facet index− propagation)
is achieved by Algorithm 3 based on a function implemented

in the states of each class. The function hyperGraphGroup

Algorithm 3: Grouping the attributes index

Input: The current instance

Output: The index of current instance

1 Procedure groupIndexObject (thisObject;indexThis);
2 attributeSet← atributesOf (thisObject);
3 initialize attributeIndexSet;
4 for attribute← attributeSet do
5 if attribute.pattern-match-facet is reactive then

6 add attribute to attributeIndexSet;
7 end

8 end

9 for attribute← attributeIndexSet do
10 if attribute.index-propagation-facet is

non− inherit then
11 remove attribute to attributeIndexSet;
12 end

13 end

14 initialize indexThis;
15 for attribute← attributeIndexSet do
16 indexThis← hyperGraphGroup(indexThis,

attribute);
17 end

that does clustering indexes, used as support for storing and

linking indexes a hypergraph [14], implemented by the

CHypergraph class, subject to the previous result that output

algorithm (indexThis) is an instance of CHypergraph.
Choosing hypergraph type structure to represent indexes was

made because this type of structure is very good for browsing

and retrieving images corresponding graph processed. The

function HyperGraphGroup properly algorithm is presented

in Algorithm 4.

IV. EXPERIMENTS

In this section experimental results are highlighted demon-

strating that the method presented produces a good image

segmentation and annotation, and extraction of outlines for

visual objects from different images without the need for

parametrization of the method depending on image processing.

For this purpose, we used human segmentation for color image

from Berkeley Segmentation dataset (BSDB).

A. Image Segmentation Experiments

After problem examination of validating the quality of seg-

mentation, we proposed an effective evaluation system which

shows the comparative results of segmentation both obtained

with the algorithm implemented and the three alternatives

segmentation methods: the ”Mean-Shift” method (MS) [15],
the ”Local-Variation” method (LV ) [3] and the ”Normalized-

Cuts” method (NC) [4]. In the last part is presented an

analysis performed for a set of synthetic images. The BSDB

Algorithm 4: Function hyperGraphGroup

Input: The index of current instance, the current attribute

1 Function hyperGraphGroup (indexThis, attribute);
2 initialize currentHEdge;
3 if isSyntactic (attribute) then
4 currentHEdge← addToSyntacticHyperEdge

(attribute)
5 end

6 else

7 currentHEdge← addToSemanticHyperEdge

(attribute)
8 end

9 hyperEdgeSet← hyperEdges (indexThis) U
currentHEdge;

10 clear indexThis;
11 for hyperEdge← hyperEdgeSet do
12 if isNonTopological (hyperEdge) then
13 add hyperEdges to indexThis
14 end

15 else

16 add hyperEdge to indexThis
17 end

18 end

19 return indexThis

database contains two sets of images: a lot of training with

200 images and a lot of test 100 images. For each image

is available a set of human segmentations. This set contains

between four and eight segmentations specified in the form

of images labeled using a special format. In [16] showed that

human segmentation, although vary in detail, are according

with each other for the segmented regions by humans are

exposed to a finer level of detail and in this situation can

merged so as to appear as to extracted regions a coarse

level of detail. To assess performance of segmentation method

were segmented images of crowds test and were used two

measures of quality: the value function harmonic mediation

(F −measure) and performance value (P −measure) [17].
Value of F − measure [18] determined by a combination

of precision values (P ) and re-call (R) is calculated for each

segmentation and number the correct segmentation comparing

to the wrong. In Fig. 5 are the results of contour detection for a

group images, considering the four methods of segmentation.

In the three methods chosen for comparison was considered

when the result value is the measure of F −measure is the

maximum, namely: MS method, DW = 10 and PW = 8,

for the LV method, the value used was k = 900, for NC
method, the value used was nTresh = 25. In the second

part of experiments was considered a set of synthetic images

generated so the RGB colorspace to be presented with non-

null value a single channel of the three. In figure Fig. 6 are

examples of such images generated. The purpose of generate

and use this set of images was to determine the optimal

formula for calculating dominant color of a hexagon (formula
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Fig. 5. Results for image segmentation: human segmentation, SOD segmen-
tation, MS segmentation, LV segmentation and NC segmentation

Fig. 6. Samples of synthetics images

2) and on the other side validation formulas used to determine

threshold values used in the two stages of segmentation. To

achieve these goals we generated for each image, an attached

file in XML format. File picture represented in XML as a

list of rectangles, for each rectangle specified coordinates of

points on the left/top, that right/down, channel number and

the value for that channel with values between [0 . . . 255].

After segmentation a synthetic image is comparing the list of

regions obtained with the rectangles list extracted from the

XML file by using a parser. As a result of comparison the

aim is to modify channel values after considering the dominant

color from the level of a hexagon. The closest values were

obtained for two experiments that have used the formula 2 for

calculation of hexagon color. threshold values used in the two

stages of segmentation.

B. Image Annotation Experiments

The following phase after the segmentation step involves

the addition of labels to the semantic regions. There are two

phases of this stage, manual annotation (training phase) and

automatic annotation. For the first phase, representative images

are selected for the considered domain. Manual annotation

scenario assumes that the first step, loading the domain on-

tology. In the next step, the user selects the regions of the

segmented image and put them in correspondence with the

ontology domain concepts. While the regions are manually

annotated, an XML file with the annotated information is

generated. To identify a region in space of the image is stored

in theXML file the hexagons list region which are founded on

its border. This information is necessary to establish a visual

correlation between the XML node for a region and this; this

is done by double selection: when selecting a region already

annotated in the tree view of XML corresponding node is

selected automatically. Fig. 7 presents the correspondingGUI
of the annotation phase.

Based on syntactic and semantic properties of manually

annotated images is constructed a decision tree which is trans-

Fig. 7. Graphical user interface subsystem for image annotation

lated into a set of rules used for automatic annotation of image

regions segmented test. We used to add semantic tags the

decoration technique of the hypernodes of the hypergraph in

accordance with the RDF format representation. The obtained

hypergraph as a result of the processing steps is serialized

as a system of objects, which have links in accordance with

existing relationships (inheritance or composition) on the all

classes which are implemented.

V. CONCLUSION

In this paper presents an hypergraph object-oriented model

for image segmentation and annotation when is considered as

the input the information extracted from the image. The unified

method for image segmentation and image annotation uses an

hypergraph model constructed on the hexagonal structure. The

hypergraph structure is used for representing the initial image,

the results of segmentation processus and the annotation

information together with the RDF ontology format. The

hypergraph representation of images is the output of all the

phases of system: the segmentation phase and the annotation

phase. Our technique, which combines the hypergraph model

with the object oriented model, has a good time complexity

and the experimental results showed that the method can be

yielded with good results regardless of the area of the images

that come.The future work implies the using of the hypergraph

theory with the goal of searching and retrieving complex

images based on the complex query formulated in a symbolic

language.
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Abstract—This paper introduces and comprehensively eval-
uates a new approach for classification of image regions. It
is based on the so called wavelet standard deviation descriptor.
Experiments performed for almost one thousand images with
region segmentation given provided reasonable results for a very
general application domain: “holiday pictures”.

I. INTRODUCTION

In the field of research dealing with image classification

and understanding we follow a multi-layered concept. Image

data is described in high level and low level semantics. High

level semantics are represented by ontologies and low level

semantics in feature comparison techniques. This paper is

focused on wavelet features following the proposal of the

Wavelet Standard Deviation Descriptor (WSD) [1] used for

the classification of texture patterns. Here it is used in order

to classify regions of previously segmented images. The task

at hand is to find a label for each region in any given holiday

photo that can later be used in image management applications

or retrieval systems e.g. to automatically tag inserted photos.

The major motivation for this research work lies in the two

following statements:

1) finding adequate region labels can improve the research

on high-level semantics (narrowing the semantic gap)

2) the problem of image region classification can be re-

duced to a problem of texture pattern classification

Indications on the first assumption can be found in [2] but

in general it is task of the high-level domain. The second

assumption is analyzed in detail. Therefore two implementa-

tions using the WSD are presented each tested under different

modalities. Both classification algorithms compare the WSD

of an image region to the WSD of each pre-defined concept.

The concepts used are shown in table I. They were trained

using a subset of the available images. The region-labels of

those images were manually annotated beforehand providing

ground truth.

This introduction is followed by a brief overview of similar

research in II. Section III introduces the environment of

the performed tests followed by the implementation of the

mathematical constructs in IV. The results are shown in V with

a view on issues, proposals and future developments in VI

II. RELATED WORK

The field of image region classification offers many ap-

proaches. In [3] seven feature extraction and comparison

methods are compared in their performance of correct im-

age retrieval out of the WANG1 and the IRMA2 databases.

The evaluated feature extraction methods are image fea-

tures (=̂ pixel values), color histograms [4], invariant feature

histograms [5], Gabor feature histograms [6], Tamura texture

feature histograms [7], local features [8] and region based

features [9]. As the IRMA database contains too specific

medical images, the images of the WANG database get close

to the sources of this paper though it is not limited to the

loosely defined class of holiday photos. The provided ground

truth is also more focused on semantic classes, e.g. “Africa,”

“food,” “monuments,” than on elementary texture patterns like

“sand,” “sky” or “foliage.”

In many cases features are generated using an entire image

without providing information about specific regions in the

image. As soon as regional features are provided the focus lies

on object detection. A task very similar to this paper though

using different features is presented in [2]. Also similar is [10]

using Gabor features [11] on segmented satellite images which

provide optimal conditions for texture analysis as they barely

suffer from perspective distortion. The idea of this study is

to ignore the perspective distortion and reduce the problem of

identifying image regions to a problem of identifying textures.

The publication closest to this work is [12]. It also faces the

task of concept similarity measures in an even larger scale

and therefore affiliation estimation. The features used are two-

dimensional hidden Markov models.

III. DESIGN

A set of 922 RGB-images with a resolution of 800 by

600 pixels was provided to represent ”holiday images”. They

1http://wang.ist.psu.edu/docs/related.shtml
2http://ganymed.imib.rwth-aachen.de/irma/index\ en.php

TABLE I
THE PRE-DEFINED CONCEPTS TO BE FOUND IN IMAGES

• building
• foliage
• mountain
• person
• road

• sailing boat
• sand
• sea
• sky
• snow
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originate in the available Database of the K-Space Project3.

To avoid an over-fitting of the (to be generated) concept

descriptors the data was separated into three subsets. One

for the training of the concept classifiers, a second one to

validate parameter changes in the algorithm and a third one to

test the final classification performance. For the training- and

validation-subset 230 images were each randomly chosen out

of the provided images. The remaining 462 photos were used

as test-subset.

A. Concept Training

The aim of this study is to enable a comparison of image

regions against a set of pre-defined concepts using WSDs.

Therefore a WSD-representation of the concepts must be de-

veloped. As a WSD is a feature vector of invariant length (for

identical image resolutions) it was chosen to represent each of

the features by mean and standard-deviation. To generate the

concept-descriptors the following steps were taken:

1) Compute the WSDs of each image region within the

training-set and select one representative per region.

2) Group the representative WSDs of all the images within

the training-set by their concept label using a manually

annotated affiliation list.

3) Calculate the mean and standard-deviation of each fea-

ture value of a WSD over the given concept.

4) Store mean and standard-deviation as representative for

the corresponding concept in a concept descriptor.

A concept is now defined by a label (e.g. sailing-boat) and

a corresponding descriptor which is a mean and standard-

deviation value for each computable feature value.

B. Modalities & Validation

When dealing with texture data there’s usually no need

to provide color information as it multiplies the processing

time at least by the number of color-channels used. There is

also the problem that color information is strongly dependant

on the environment’s illumination. However color channels

can include patterns that supply additional information of the

structural character. During the validation it showed that e.g.

the concepts snow and sand tend to be very similar in their

structural consistency. Here a separate analysis of the color

channels can add additional precision to the results. Therefore

three different color-spaces were tested - gray-scale, RGB, and

YCrCb. The gray-scales are obviously representing structure-

only information. RGB was chosen in regard to the simplicity

of the approach as the available images are provided in this

format and it is to be expected that most of the sources of

”holiday images” (e.g. cameras) have the same output. In case

of satisfying results without color-space transformations the

run-time performance would benefit. YCrCb was chosen as

proposed in [1] with the argument of describing structural

information in the Y-component and the distribution of color

information in the Cr- and Cb-components.

3http://kspace.qmul.net:8080/kspace/

When working with wavelet transformations the image or

region to be processed must fulfill the conditions

(x = y) ∧ (x = 2n : n ∈ N>0) (1)

where x and y define the pixel resolution. As image regions

mostly don’t fit these requirements it is necessary to choose a

representative for every region in order to compute the WSD-

features. To meet these conditions two approaches were tested.

(a) Image regions with maximum Square and wavelet-conform scaling

(b) Determination of valid patches using a 32 by 32 pixels grid

Fig. 1. maximum Square 1(a) and grid overlay 1(b) feature selection methods

a) maximum square: The first approach finds the largest

square fitting in an image region and scales it down to the
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next valid wavelet-conform resolution as shown in fig. 1(a).

Then the WSD was computed stopping after the third level

of the wavelet transformation (see IV-A) in order to assure a

common vector size for later comparison. This limits the patch

resolution from 82 up to 5122 pixels using 800 by 600 pixel

images.

b) grid overlay: The second approach uses a square grid

overlay to create a pattern with wavelet-conform patches. The

size of the grid’s patches was set to 322 pixels. When using

YCrCb color-space a resolution of 82 pixels was additionally

tested. Only patches lying completely within a single region

were considered for the WSD computation. The process of

finding out the valid patches ist depicted in figure 1(b). To

determine a single representative for an image region different

methods were used:

• first patch:

when processing the image, the first found patch of

an image region was selected as representative (dummy

implementation).

• mean value:

the WSD of each patch was computed. All WSD features

of an image region were merged into a representative

WSD for the image region using mean for every feature

(per filter and level).

• maximum affiliation:

the WSD of each patch was computed. Then they were

compared to each concept resulting in 10 affiliation

values4 per patch. The patch with the largest affiliation

value4 was selected as representative.

• largest difference:

similar to max. affiliation. Though the representative was

selected by the largest difference of the highest two

affiliation values4 per patch.

Table II lists the modes and combinations the validation

was performed in. The rows show the representative selection

method, the columns show the colorspace. Content is the used

patch size of the specific method. The maximum square entry

refers to the first selection approach and therefore doesn’t use

a static patch size. All parts of the algorithm were validated

against the validation-set of images concerning error handling

and parameter optimization.

TABLE II
VALIDATION PERFORMED REGARDING COLOR-SPACE AND REGION

REPRESENTATIVE SELECTION METHOD. THE CONTENTS SHOW THE

APPLIED PATCH RESOLUTION OF THE GRID OVERLAY IN PIXELS

gray-scales RGB YCrCb

first patch

322

- -
mean value

322 82 and 322maximum affiliation
largest difference

maximum Square 82 to 5122 - -

4described in IV-B

C. Algorithm Testing

In order to avoid bias due to overtraining of the algorithms

on a specific set all presented results in this paper were created

using the images of the test-set with the unaltered parameters

or fixes created during the validation process.

IV. IMPLEMENTATION

The implementation of this study covers four partial tasks.

• create the wavelet-transformation for the input images

• compute the WSD out of the wavelet-transformed images

• describe any pre-defined concept using WSDs

• a concept-to-WSD comparison method must be developed

As the descriptor for the WSD values was decided to be the

mean and standard-deviation over the computed features in

the training set, there won’t be a more detailed description for

point three. The implementation of the wavelet-transformation,

the WSD computation and the selected comparison method are

presented in the following.

A. The Wavelet Standard Deviation Descriptor

The wavelet-transformation computes the frequencies

within different levels of a signal. In case of image processing

it is interpreted as the frequencies of a single channel’s discrete

values within the input image—most likely gray-scale images.

The implementation uses the Haar wavelet [14] following the

proposal of [1]. It results in a transformed image like the

example in figure 2. Every level of the wavelet transformation

a partial HL-, LH-, HH- and LL-image is created where H is

a high-pass filter and L a low-pass filter. The partial images

are created following:

1) Apply the horizontal filter to the input image (e.g. H).

2) Eliminate every second column.

3) Apply the vertical filter (e.g. L).

4) Eliminate every second row.

5) In case of HL-, LH- and HH-images store the result in

the specific position shown in figure 2 (e.g. top-right for

HL). in case of an LL-image compute the next wavelet-

level using the LL-image as input.

6) Repeat this process until the desired wavelet-level is

reached or the LL-image has a resolution of 1 by 1

pixels.

The wavelet standard deviation descriptor (WSD,[1]) is a

vector that uses the weighted standard deviation of each partial

HL-, LH- and HH-image as feature values. The weighted

standard-deviation of the LL-image and its mean are used

as final feature values in the vector. The maximum Square

approach uses a depth of three wavelet-levels as its WSD. In

the grid overlay approach all level-features were calculated

and used as WSD. In the second case the size of the feature

vector is therefore always:

ε = 3 ·#k + 2 (2)

Where #k is the number of computed levels.

SÖNKE GREVE, MARCIN GRZEGORZEK, ET AL.: CLASSIFICATION OF IMAGE REGIONS 705



Fig. 2. Wavelet transformation with three levels on an image by [13]. The intensities in the LL-image on the right were normalized for visualization purposes.

The WSD vector is then defined as:

WSD = {σ(LHk)

2k−1
,
σ(HLk)

2k−1
,
σ(HHk)

2k−1
, . . . ,

σ(A)

2k−1
, µ(A)}

(3)

LHk, HLk, HHk = the partial image of the k-th level

σ(image) = standard deviation of the image

µ(image) = mean value of the image

k = the index of the specific level [1..(ε− 2)/3]
A = the approximation image (the lowest LL-image)

B. Comparison Method

In [1] a similarity measure for WSDs is offered based on

the weighted difference of the corresponding features. It was

decided to implement a probabilistic measure similar to the

offered approach. As after section III-A each feature of a

concept is represented by mean µ and standard-deviation σ, it
is possible to compute a relative similarity ρ for each feature

f of a WSD using the probability distribution:

ρk = exp(− (fk − µ)2

2σ2
), k ∈ [1..ε] (4)

The final concept affiliation was tested with two different

aggregation modes - the sum of the single values and their

product.

γsum = Σε
1ρk (5)

γproduct = Πε
1ρk (6)

V. RESULTS

Within the 462 images of the test-set a manual annotation

was provided for 2960 of the contained regions. Any result

presented in this paper is referencing to this number of

regions providing ground truth. Applying the grid presented

in section III-B with a patch size of 322 pixels results in

2521 classifiable regions. The remainder of the regions didn’t

fit the grid in so far as none of its patches were completely

located within its boundaries and therefore no features could

be extracted. A patch size of 82 pixels could cover each

region. Anyway these circumstances make it necessary to

distinguish between two types of results. First there is the

feature classification rate (feature rate) which represents the

classification performance only in regard to all computable

features. And second there is the task classification rate

(task rate) which shows the overall classification performance

treating ignored regions as falsely classified.

The computed classification rates are presented in Table III.

It shows that a region representative is best selected by

creating a mean WSD over all the region’s patches. The

feature aggregation to be favored is summing up the feature

values (compare equation 5). Using color information doesn’t

strongly influence the classification rates though using RGB

shows slight advantages. Applying the smaller sized grid

improves the results by less than one percent when comparing

the best classification rates of each size. Instead the algorithm’s

run time increases a lot as there are 16 times as many features

to be computed, merged and compared. The maximum squares

approach delivered results worse than the task rates of a 322

pixel sized grid, both using gray-scale converted images.

It showed up that none of the patches provided any data

in the partial images after the fourth level of the wavelet-

transformation. And also the fourth level only contained data

in a very few cases. This was not tested with patches larger

than 322 pixels but the computation speed of implementations

as used in this study can be enhanced when stopping feature

computation after the third wavelet level. Table II includes an

entry for a first patch method on 322 pixel gray-scale patches.

This method was only implemented as an early placeholder

for better founded methods and is therefore not listed in the

results table.

VI. CONCLUSION

This paper is based on the wavelet standard-deviation

descriptor [1] that uses texture images from the Brodatz texture

database [15] containing 1856 samples. Their algorithm

reaches an average classification rate of up to 70.30% when

used in an image retrieval scenario. Compared to the extended

classification approach in this paper the maximum task rate of

36.45% is to be rated rather moderate. The maximum feature

rate of 42.12% also shows that a classification system (e.g.

an automated image tagging system) can’t solely be based

on this algorithm. Nevertheless in 76.74% of the cases the
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TABLE III
CLASSIFICATION RESULTS

colorspace
& patch size

patch
selection

feature
aggregation

regions feature rate task rate

total validated 1st 2nd 3rd 1st 2nd 3rd

GRAY
max. squares

first
patch

∑

2960

all identical to task rate

32.20 44.46 55.20∏
23.41 31.76 41.39

YCrCb
8x8

maximum
affiliation

∑
19.06 31.38 35.94∏
14.64 28.26 34.28

mean
value

∑
36.45 53.77 61.88∏
32.25 51.88 59.57

largest
difference

∑
4.78 15.22 21.96∏
5.36 16.32 22.75

YCrCb
32x32

maximum
affiliation

∑

2521

40.16 58.54 59.89 34.20 49.86 51.01∏
6.13 14.04 25.61 5.22 11.96 21.81

mean
value

∑
38.29 62.28 76.74 32.61 53.04 65.36∏
5.27 16.51 25.01 4.49 14.06 21.30

largest
difference

∑
23.65 41.94 57.60 20.14 35.72 49.06∏
6.13 14.12 25.61 5.22 12.03 21.81

RGB
32x32

maximum
affiliation

∑
37.01 52.33 70.03 31.52 44.57 59.64∏
8.68 15.31 26.97 7.39 13.04 22.97

mean
value

∑
42.12 60.49 75.81 35.87 51.52 64.57∏
7.91 16.25 26.21 6.74 13.84 22.32

largest
difference

∑
29.61 45.44 58.87 25.22 38.70 50.14∏
8.85 15.15 26.97 7.54 12.90 22.97

GRAY
32x32

maximum
affiliation

∑
35.91 51.81 68.83 30.58 44.13 58.62∏
7.66 15.57 26.47 6.52 13.26 22.54

mean
value

∑
39.57 59.39 75.04 33.70 50.58 63.91∏
6.55 15.40 25.69 5.58 13.12 21.88

largest
difference

∑
25.61 41.86 55.48 21.81 35.65 47.25∏
7.49 15.49 26.29 6.38 13.19 22.39

- feature rate represents the classification performance in regard to all validated regions

- task rate represents the classification performance in regard to the total number of regions

- 1st / 2nd / 3rd =̂ searched concept is contained in best / best two / best three affiliation result(s)

- all classification rates are percentage values, bold text shows the column’s maximum

-
∑

,
∏

reference to equations 5 and 6

correct concept can be found within the best three affiliated

concepts out of ten. This can be used as a weighting factor for

algorithms dealing with similar tasks. The results show two

major problems when using texture descriptors on segmented

images of natural scenarios. First the shape or size of the

segments can strongly counter-act the requirements of the

texture descriptor - in case of wavelets this is the square-sized

base shape. And second texture patterns in natural images

underly a perspective distortion as you most likely don’t watch

top-down onto the surface (like in satellite photography).

The extension of the original approach brings up one more

issue. Instead of comparing two images directly, an image

is compared to a trained descriptor representing a group of

texture patterns. This affects the capabilities of the algorithm

as it adds additional noise to the results. Considering those

problems the results appear sufficient as base for upcoming

studies and the presented knowledge gaps require further

investigation. The following paragraphs propose approaches to

be validated in order to improve the classification performance.

A. Segment WSD selection

The determination of a segment’s WSD can be dealt with in

very different ways. The grid-based process used in this paper

(see section IV-B) was chosen to make sure the input for the

wavelet-transformation has always the same resolution. An-

other aspect was a predictable computation duration. However

this demands for a selection or aggregation of data as most

likely many WSDs can be computed for a single segment. The

larger the grid’s patch size is compared to the segment size

the more data is lost in the border regions of the segments.

It also increases the possibility to find no single patch being

completely located within the segment. The smaller the grid’s

patch size is chosen the less representing the data found in a

single patch becomes. This also increases the computation time

a lot as much more wavelet-transformations and comparisons

to the concepts must be performed per segment. Upcoming

studies can therefore focus on the problem of finding an

optimal patch size depending on the image resolution, the

segment size and shape.
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The selection or creation of a representative patch currently

favors the mean value methods presented in section III-B. A

method yet unevaluated would be to count the appearances the

patches’ concept affiliations favor a specific concept within a

single segment. Saying a segment consisting of 10 patches

favors 2 times ”sand”, 3 times ”water” and 5 times ”snow”.

Then you can select the ”snow”-patch with the highest affilia-

tion value to the concept snow as representative. An extension

to this idea would be to connect positioning values to a patch’s

concept affiliation values. Saying the highest value scores

10 points (when having 10 concepts), the next highest value

scores 9 points and so on. In the end you sum up the concept

affiliation scores and pick the concept with the highest score

as representative.

Another Idea that was tested is the maximum square ap-

proach. This approach increases the computation speed a lot

as only one feature vector has to be calculated as soon as

the maximum square area was identified. Unfortunately the

results show a worse performance than a grid sized approach

on gray-scales.

An even more sophisticated approach would be to identify

subregions within the image segments that are oriented almost

planar to the camera’s viewpoint. Those subregions provide

data that is just slightly altered due to perspective distortion.

You can also think of finding a segment’s world plane in

order to create a planar representation through perspective

back projection (e.g. an ocean layer or a wall). The assumption

here is that the distortion a perspective back projection creates

is smaller than the information value generated in terms of

WSD similarity.

B. Similarity Measure

The similarity measure presented in this paper is based on

a probabilistic approach using mean and standard deviation

to create a similarity value for each of the feature’s levels.

Finally the similarities of each level were either summed up

or multiplied to create a value expressing the patch’s affiliation

to a concept.

In literature there are a lot more similarity measures offered

for vector- and histogram-like comparisons. Implementations

using (e.g.) the vector angle, a support vector machine, the

earth mover’s distance or the kullback-leibler divergence might

improve the results a lot.

C. Usage of color values

The implementation as proposed in [1] currently only uses

the standard deviation of each color channel as color informa-

tion. This means only the structural character of the color is

taken into account when creating a concept representation. A

more promising approach would be to use the color intensities

and a comparison method based on their mean value as

an additional factor in the process of calculating a concept

affiliation. This could be realized e.g. using the HSV or

Lab color space. A WSD-conform vector on the S,V or L

channels is created to represent the structure of a segment and

additionally the H or a and b channels create a similar vector
including the color mean values. This should at least improve

distinguishing concepts like snow, sand or sea from each other.
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Abstract—Barcodes enable automated work processes without
human intervention, and are widely deployed because they are
fast and accurate, eliminate many errors and often save time and
money. In order to increase the data capacity of barcodes, two
dimensional (2D) code were developed; the main challenges of
2D codes lie in their need to store more information and more
character types without compromising their practical efficiency.
This paper proposes the High Capacity Colored Two Dimensional
(HCC2D) code, a new 2D code which aims at increasing the
space available for data, while preserving the strong reliability
and robustness properties of QR. The use of colored modules
in HCC2D poses some new and non-trivial computer vision
challenges. We developed a prototype of HCC2D, which realizes
the entire Print&Scan process. The performance of HCC2D was
evaluated considering different operating scenarios and data
densities. HCC2D was compared to other barcodes, such as
QR and Microsoft’s HCCB; the experiment results showed that
HCC2D codes obtain data densities close to HCCB and strong
robustness similar to QR.

I. INTRODUCTION

Barcodes have become widely popular because of their
reading speed, accuracy, and functional characteristics. As
barcodes became popular and their convenience universally
recognized, the market began to call for codes capable of
storing more information, more character types, and that
could be printed in smaller space. As a result, various efforts
were made to increase the amount of information stored in
barcodes, such as increasing the number of barcode digits or
laying out multiple barcodes. However, these improvements
have some negative effects, such as enlarged barcode areas,
complicated reading operations, and increased printing costs.
Barcodes may be referred to as linear or one-dimensional (1D)
codes. However, barcodes are available also in patterns of
square, dots, hexagons and other geometric patterns within the
image; such a kind of barcodes are referred to as matrix or
bidimensional (2D) codes. Although 2D systems use symbols
other than bars, they are generally referred to as barcodes
as well. In order to increase the available data space, 2D
codes introduce the capability of storing information in two
directions. 2D codes contains information in both the vertical
and horizontal dimensions, whereas 1D codes contains data in
one dimension only. Figure 1 shows examples of 2D (a) e 1D
(b) codes.

Available 2D codes solutions span from repeating a single
1D code over multiple rows to exploiting bidimensional shapes
to represents data. Figure 2 illustrates the evolution of barcode
technology. In particular, Figure 2 (a) shows the multiple

Fig. 1. Dimension for storing data in 2D (a) e 1D (b) codes

Fig. 2. Evolution of barcodes: multiple barcode layout(a), stacked barcode
layout (b) and matrix barcode layout (c)

barcode layout: the main disadvantage related to this simple
2D layout is the need of multiple scans in order to get all the
information contained in the barcode. Figure 2 (b) illustrates
the stacked barcode layout: in this case one single scan is
enough to obtain the stored information but the scanning
equipment must be carefully aligned with the code orientation.
Finally, in Figure 2 (c), the matrix barcode layout is presented:
this layout enables to acquire information with one single scan
and does not require the accurate alignment of the scanning
equipment.

There are more than 20 types of conventional 2D codes.
Figure 3 illustrates some examples of 2D codes; the main
difference among the presented codes is in terms of the amount
of data which can be stored in a single code. For example,
Quick Response (QR)1 code is able to store more than 7,000
decimal digits, while Maxi Code is able to store only 138
decimal digits. QR Code is a type of 2D codes developed
by Denso Wave, a division of Denso Corporation at the time,
and released in 1994 with the primary aim of being easily
interpreted by scanner equipment.

The capability of storing more data in the same space taken
by a classical two dimensional code represents one of the main
challenges of the next generation barcodes. In order to increase

1QR Code is registered trademarks of Denso Wave Incorporated in Japan
and other countries.
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Fig. 3. Characteristics of some types of 2D codes

Fig. 4. An example of the Microsoft High Capacity Color Barcode (HCCB)
(Viewed better in color)

data capacity, some 2D barcodes use colors to create more
symbols, resulting in larger data capacity within the same size.
Examples of such barcodes are the Color Bar Code System
of Imageid Ltd [1] and the more widely diffused Microsoft’s
High Capacity Color Barcode (HCCB) [2], [3], [4]. While
HCCB may be used for a variety of applications, its most
immediate application is for marking univoquely commercial
medias such as motion pictures, video games, broadcasts,
digital video recordings, etc... We now describe briefly the
main features of HCCB (see Figure 4). It consists of rows of
strings of symbols (triangles) of four different colors: black,
red, green and yellow, and consecutive rows are separated by
a white line. While the number of rows in a HCCB code
may vary, the number of modules in each row is always a
multiple of the number of rows. A module represents the basic
entity for storing information in a 2D code. HCCB has a black
boundary around it, further surrounded by a thick white band.
These patterns are designed to act as visual landmarks in order
to locate the barcode in an image. The black boundary at
the bottom of HCCB is thicker than the boundaries on the
other three sides: the bottom boundary acts as an orientation
landmark, as barcodes may be at an arbitrary orientation in
the image. The last 8 symbols on the last row are always in
the fixed order of black, red, green and yellow (2 symbols per
color) and can be used as a color palette during the scan. The

main limitation of the HCCB code is related to the fragility of
the detection and alignment mechanisms. Indeed, the detection
process works as follows: it starts from a point which is
supposed to be at the interior of the code and proceeds on
squares of larger sizes until it recognizes the white border
around the code; after the white border has been located, it
starts the alignment process by looking for the thick bottom
boundary. The fragility of the detection process derives from
the fact that not all the images inside a white border are
necessarily codes (thus giving rise to delayed failures, which
will be explained later), while the weakness of the alignment
process derives from the facts that different slopes in the scan
phase might result in failures to properly recognize the thick
bottom boundary [5].

The increased data density obtained with the usage of colors
comes at an additional cost. Today a Print&Scan process
is commonly used for image reproduction and distribution.
Indeed, often images are converted between printed and digital
formats. A rescanned image may look similar to the original,
but it may have been distorted during the process. Indeed,
reading 2D color codes poses significant computer vision
challenges [5], [6], [7]. This is due to several factors, and we
cite only few of them in the following. First, the color balance
may be drastically different in different code readers. Second,
the images containing codes may be taken by unexperienced
users, and thus the location of the barcode in the image,
its orientation, its slope, etc. can be mostly unconstrained.
Furthermore, possible transformations in the prospective can
distort the geometry of the barcode. Last but not least, the
light conditions under which the images are taken can vary
dramatically.

Not all the scenarios where black and white 2D codes
are currently exploited may benefit from the introduction of
colors; in many scenarios 2D codes have to be copied or
transmitted through fax, and fast color printers and color fax
machines are not yet widely diffused in today’s offices. On
the other hand, the availability of new low cost hardware
may solve some of the problems that arise in the Print&Scan
process. Since in many cases the Print operation is executed
once while the Scan operation is likely to be repeated many
times, we can consider that replacing ad-hoc hardware for
scanning 2D codes by inexpensive mobile phones equipped
with a megapixel camera may dramatically boost the adoption
of colored 2D codes.

The contribution of this work is a new 2D code technology,
named HCC2D (High Capacity Colored Two Dimensional),
which use colors to increase the code data density. The intro-
duction and recognition of colored modules in HCC2D poses
some new and non-trivial computer vision challenges, such
as handling the color distortions introduce by the hardware
equipment that realizes the Print&Scan process. The HCC2D
codes presented in this paper are able to support different
types and sizes of data input, and adapt smoothly the code
dimension to the actual input size. In order to support all
those scenarios in which the Print&Scan process imposes
the usage of only two colors (i.e., Black&White) HCC2D
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considers Black&White codes as codes with exactly two
colors. In particular, HCC2D has been designed so as to be
fully compatible with the standard QR code, which is currently
the most widespread 2D code technology (a standard QR code
represents the simplest case of our 2D colored code). The main
advantage of HCC2D over QR is that HCC2D is able to store
substantially more data than QR, while preserving the strong
reliability and robustness properties of QR.

We developed a prototype of HCC2D, which realizes the
entire Print&Scan process, tested this prototype in many
experiments considering different operating scenarios and data
densities, and compared it to QR and HCCB. In our experi-
ments, HCC2D codes obtained data densities close to HCCB
and strong robustness similar to QR. In particular, HCC2D
resulted to be very robust, and capable of resisting to dirt,
damage and distortion, and introduced little computational
overheads compared to QR.

II. STANDARD QR CODE

Standard QR codes as well as other black and white 2D
codes store data using a graphical representation; the core of
this representation is based on the arrangement of multiple
simple geometric shapes over a fixed space. A generic 2D
code is required to perform efficiently at least the following
three functions:

• the position detection function is critical; elements that
serve as position detection function give to the acquisition
process the capability of identifying the presence of a 2D
Code in the acquired image;

• the alignment function is required to synchronize the
Scan process on the right position of a 2D code. This
function exploits some alignment patterns placed by the
Print process in a well known position. Hence, the Scan
process focuses on retrieving these well known patterns
in order to position correctly the 2D code.

• the data function is required to encode the input data in a
specific graphical representation. Some additional goals
may be reached by the data function; error correction
and data masking are examples of these functions for
strengthening the 2D code.

In particular standard QR codes adopt an arrangement of
black and white squares of different sizes for all the required
functions. In the following, some of the features provided by
QR codes will be discussed.
A. High Capacity Encoding of Data

While conventional 1D codes store up to 20 decimal digits,
QR Code is able to store from several dozen to several hundred
times more information. QR Code can handle a large variety of
data, such as binary, numeric and alphabetic characters, Kanji,
Kana and Hiragana (Japanese) symbols, and control codes. If
the input is represented by decimal digits, one code can encode
up to 7,089 decimal digits (see Figure 3).
B. Small Printout Size

Since QR code carries information both horizontally and
vertically, it is capable of encoding the same amount of data
in approximately one-tenth the space of a traditional 1D code.

C. Dirt, Damage and Distortion Resistant

QR code has error correction capability. Data can be re-
stored even if the symbol is partially dirty and damaged (see
Figure 5). A maximum of 30% of the codewords can be
restored. A codeword is a unit that constructs the data area. In
the case of QR code, one codeword is equal to 8 bits. Thanks
to its alignment function, QR Code is resistant to distorted
acquisitions.

Fig. 5. Samples of QR Code dirty (a), damaged (b), distorted (c), and
rotated(d).

D. Readable from any direction in 360 degrees

QR code is capable of 360 degrees (omni-directional)
reading. This task is accomplished through position detection
patterns located at the three corners of the symbol. These po-
sition detection patterns guarantee stable high-speed reading,
circumventing the negative effects of background interference.
E. Structured Append Feature

If a single QR code is too large for the print space available,
a splitting function may be applied to obtain smaller QR codes
containing the same data. One data symbol can be divided into
up to 16 codes, which can be printed in smaller areas (see
Figure 6).

Fig. 6. Single QR Code splitted in four smaller QR Code

F. Standardization Process

QR codes have become widely used for two reasons: QR
code specifications are clearly defined and made public and
the QR codes can be freely usable. QR code is open in the
sense that the specification of QR code is disclosed and that
the patent right owned by Denso Wave is not exercised.

III. HIGH CAPACITY COLORED QR CODE

The main goals of our HCC2D code are to increase the
space available for data and to preserve strong robustness and
error correction properties similar to the original QR standard.
HCC2D increases the storage space by generating each module
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of the data area with a color selected from a color palette.
Figure 7 illustrates samples of HCC2D with 4 colors HCC2D
(Figure 7 (a)) and 16 colors (Figure 7 (b)).

Fig. 7. Samples of the High Capacity Colored Two Dimensional Code
(HCC2D) version 5 and error correction level H: 4 colors (a) and 16 colors
(b) (Viewed better in color).

In the standard QR code each module represents a single
bit following a simple rule: black squares store 1 and white
squares store 0. To ensure robustness, we have designed
similar mechanisms to those available in the standard QR
code; in particular, we have applied the Reed Solomon error
correction codes for correcting code modules that represent
more than one single bit. This way, HCC2D defines a superset
of the standard QR code set, and thus it is able to maintain
fully compatibility with QR.

Fig. 8. Structure of a generic QR Code

A standard QR Code can be represented as shown in
Figure 8; the structure is composed of some elements that
perform the various functions. The available space in each
symbol may serve as Function Patterns or as Encoding Region.
The Position Detection Patterns, the Alignment Patterns, the
Timing Patterns, and the Separators for Position Detection
Patterns support the Scan process in detecting the presence,
the right orientation and the correct slope of a QR code
into an image. The Format Information describes the error
correction level used in the code; it is possible to use four
different error correction levels in the HCC2D code: the lower
level (i.e., Level L) is able to correct about 7% of the data,
the Level M restores about 15% of the data, the Level Q

is able to fix about 25% of the data, and the higher level
(i.e., Level H) corrects approximately 30% of the data. The
Version Information contains the real size of the code; it is
possible to generate QR codes starting from Version 1 (i.e.,
21x21 modules) to Version 40 (i.e., 177x177 modules). Finally
the Data and Error Correction Codewords contains input and
error correction data.

We designed the HCC2D code preserving all the Function
Patterns, the Format Information and the Version Information
defined in the standard QR code. Saving the structure and
position of such critical information allows HCC2D code to
preserve compatibility with the standard QR code. Further-
more, the space required by all this information is small, so
we did not reduce this space to increase the data density. Any
modification to such information may led to failures in the
recognition process. The most important changes are gathered
in the Data and Error Correction Codewords area. The most
noticeable difference with a standard QR code is that the
modules may be of different colors; in a code with a palette
composed by at least 4 colors each module is able to store
more than one bit. Introducing colors in the data and error
correction area requires to address some issues, which will be
analyzed next.
A. HCC2D Code Tables

The HCC2D Code Tables contain some information such
as the total codewords count, the symbol version, the error
correction level, the Reed-Solomon block type, etc. The aim
of these tables is to support users in selecting the best code
once the size and kind of the input data and the desired error
correction level are known. In order to define the table it is
possible to refer to those published in the ISO/IEC 18004
document that contains the definition of the standard QR
code. The Bits per Module (BpM) can be defined as the
number of bits that a single module is able to store:

BpM = log2(number of colors)

The more colors available, the more data can be stored into
the code. In Figure 9 the data capacity for the smaller versions
of QR Code are detailed.

Fig. 9. Data capacity for smaller version of standard QR Code

When considering values for BpM greater than one, values
contained in the Data Capacity column vary. In particular,
since each module is able to store exactly BpM bits each value
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has to be multiplied by the BpM value as shown in Figure 10.
The Remainder Bits are bits used to fill empty positions of
the symbol encoding region after the final symbol character
in the standard QR codes. They follow the same simple rules:
the new value of Remainder Bits is obtained by multiplying
the old value by the BpM value.

Fig. 10. New values for data capacity for smaller version of HCC2D codes

Figure 11 illustrates the effective data capacity for version
1 and version 2 of QR and HCC2D when considering the use
of a specific error correction level. The new effective capacity
is obtained by multiplying the old values by the BpM value.
Starting from these values and choosing the data type that will
be encoded in the HCC2D code we can compute the real code
capacity.

Fig. 11. Error Correction Level for version 1 and version 2 of standard QR
codes and HCC2D codes

Figure 12 illustrates the situation for version 5 of HCC2D
with the highest error correction level (i.e., level H). The
Character Count Indicator value gives the number of elements
of a specific data type that are encoded in the code. Conversely,
the Mode Parameter expresses the specific data type contained
in the code. Since the main goal of HCC2D is to increase the
number of elements that can be encoded in a single symbol,
it is important to verify if this value fits in the space reserved
by the standard.

Note that QR code version from 1 (i.e., 21x21 modules)
to 9 (i.e., 53x53 modules) in alphanumeric mode reserves 9
bits for the Character Count Indicator, thus allowing for at
most 511 (i.e., 29 − 1) characters. However, with the increase
of data density, HCC2D codes may contain more than 511

Fig. 12. Comparison between standard QR code and HCC2D code consid-
ering version 5 and error correction level H

Fig. 13. Number of bits reserved for the Character Count Indicator for the
various standard QR Code version

elements, and thus 9 bits are no longer sufficient. Hence, the
space reserved for the Character Count Indicator in a HCC2D
code is defined according the following rules:

• 16 bit are reserved in the 8-bit Byte mode, regardless of
the HCC2D Code version;

• for the remaining modes, a simple rule that combine the
old Character Count Indicator length, Lengthold, and
the bit per module, BpM value is applied:

– Lengthold + (BpM/2) if the number of bits per module
is even

– Lengthold + ((BpM + 1)/2) if the number of bits per
module is odd

Those rules are valid if and only if the color palette is
composed by at least four colors; otherwise, the space for
the Character Count Indicator can be defined as in QR codes
(see Figure 13).
B. The Color Palette

If the Encoding Region is composed of colored modules,
the Scan process needs to know the complete color palette in
order to decode the symbol. In the standard QR code during
the Scan process only the brightness information is taken in
account. A simple solution is to consider the color palette
as an a priori shared knowledge between the Print and the
Scan processes; in such a scenario handling the distortions
introduced by the specific hardware (e.g., scanner, camera, ...)
represents a critical issue. Hence, in the HCC2D code we have
introduced an additional field (i.e., the color palette) to ensure
that the Scan process is able to know how many and which
colors are used in the scanned code. Encoding the color palette
directly in the HCC2D code helps in reducing failures in the
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acquisition process due to the color distortions related to the
specific hardware.

In image processing, it is important to define some quick
failure criteria that avoid unnecessary computations if the Scan
process delays a successful recognition. Forcing the start of a
new Scan process instead of trying to recognize low quality
images can reduce the delayed failure. Sorting the colors that
compose the color palette according to the brightness value
may represent a simple criterion to overcome the delayed
failure problem. The Scan process starts recognizing only the
color palette, if colors in the palette are not sorted as expected
the process terminate with a quick failure, otherwise the Scan
process can continue.

Furthermore, if the color palette is replicated around the
bidimensional code, the quick failure rate can be further
reduced. Each color palette that does not respect the expected
color sorting should be discarded. If a minimum number of
color palettes is successfully recognized, the Scan process can
build the color palette for decoding the code by computing the
average of the valid color palettes. In HCC2D the repeated
color palettes are placed on the right side of the code; this
single line will be adjacent to the Encoding Region for
preserving compatibility. Considering version 1 of HCC2D
code we introduce an overhead of about 4,76 %, i.e., one line
of 21 modules over 441 modules. The overhead is reduced
to 0,56% for version 40, i.e., one line of 177 modules over
31329 modules.

Analyzing the color palette extra field in the HCC2D code,
the Scan process is able to build a model for evaluating each
module in the Encoding Region. In the standard QR code the
problem of distinguishing between light and dark modules
is addressed by handling only the brightness information;
exploiting the Quiet Zone to calibrate the Scan process, an
appropriate threshold is chosen. In HCC2D a more complex
similarity function is needed for handling colored modules.
Since colors in computer graphics are usually represented
as vectors in multidimensional space (e.g., the Red Green
Blue model, the Cyan Yellow Magenta Key model, the Hue
Saturation Lightness model, etc.), we solve the identification
problem by using Euclidean distances between such vectors.
In particular, modules in the encoding region are considered
as vectors according to the specific color model used by the
scanning equipment; the color recognized is given by the color
in the palette which minimizes the vector distance.

C. Data Masking

The main purpose of data masking in the standard QR code
is to reach an appropriate balance between dark and light areas
and to avoid that patterns similar to those used for Position
Detection, Alignment and Timing appear in the Encoding
Region. The HCC2D needs a similar function for preserving
the Scan process in recognizing the Function Patterns and
increasing the code robustness. The standard QR code defines
eight different masks; each mask is generated according to
a simple rule that mimics the Function Patterns. The Print
process has to select the mask that obtains the best score

according to a scoring rule that is based on some bitwise
XOR operations. Switching the brightness of some modules
(i.e., light modules become dark modules and vice versa) is
the result of data masking.

Fig. 14. Sample application of data masking in standard QR code and
HCC2D code

Since HCC2D increases the number of bits per module
(BpM), the standard scoring rules are no longer useful and
we need to define new bitwise operations that are able to
handle more than one bit per module. As far as the mask
selection step is concerned, the HCC2D code is considered
as a binary matrix composed simply of dark (i.e., the darkest
colors) and light (i.e., the lightest colors) modules; the score
for each mask is computed as in the standard QR code without
taking in account the chromatic information of modules which
is disjoint by the brightness information. Once the best mask
is identified, each bit of the mask has to be used for switching
the color of the module in the Encoding Region. For each
module a bitwise operation between the bit in the mask and
each bit that is stored in the module has to be performed.
Figure14 shows an example of how the data masking process
works for a 3x3 modules grid with 4 colors, considering both
the standard QR code and the HCC2D code.

To preserve the balance between dark and light areas, we
need to properly organize the palette. The colors are sorted
in descending order according to the brightness information,
the lighter colors first and the darker colors last; the color
palette is then splitted in two halves and the second part is
sorted in reverse order. As shown in Figure 15, this simple
reorganization of colors in the palette results in increasing the
minimum brightness distance between switched colors from
10% up to 35%.

IV. EXPERIMENTAL RESULTS

We developed a prototype that implements the Print&Scan
process for HCC2D codes. In particular, we implemented
two different applications, the encoder and the decoder, for
generating and acquiring HCC2D codes. The HCC2D code
encoder was realized with the help of libqrencode [8], a
C library for encoding data in standard QR code symbols,
while the decoder was built with the help of zxing [9],
an opensource Java project for improving the processing
of 1D/2D barcodes. In our implementation, the decoder is
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Fig. 15. Color palette organization for data masking

able to recognize standard QR codes as well; some of the
operations executed in the acquisition process are preserved:
recognizing the position detection pattern, recognizing and
exploiting the alignment patterns, and reading the version
and format information. After all these operations have been
carried out, the decoder tries to detect the color palette. If
the color palette is succesfully detected, the decoder tries
to process a HCC2D code. Otherwise, it tries to decode a
standard QR code. The image processing phase ends by
returning a matrix representation of the scanned code; in the
standard QR code a bitmatrix is sufficient to represent the
modules whose brightness is greater (i.e., bit 0) or lower
(i.e., bit 1) than the threshold value determined by analyzing
the Quiet Zone. In HCC2D a bitmatrix is not adequate to
represent the chromatic information of the modules. The
acquisition process ends with a matrix of vectors that describe
the scanned modules according to the color model used by
the scanning equipment. In the HCC2D code design data are
unmasked using the brightness information only; each scanned
module is represented as a vector in the color model: a color
distance rule is applied, the most similar (i.e., the closest)
color in the palette is found and the associated bitstream is
updated. Once the complete bitstream is reconstructed, the
Reed-Solomon correction may be executed and the decoding
process can retrieve the original input.

We now turn to the experimental results. We executed
some performance tests using our prototype. We aimed at
measuring the increase of the space available for data and
the time computational overhead introduced by the use of
colors, and thus we measured the time needed to convert
all modules in a binary representation according to the color
palette considered. Finally we reproduced the Print&Scan
process for different code versions and different print qualities
using widely diffused and low-cost print and scan equipment.

The first issue we address is the increase of data density,
and a general comparison is illustrated in Table I. Like most
2D codes, the QR Code data-density depends on several
factors. The module size depends heavily on the printing and
scanning resolutions. Microsoft offers its HCCB in black and

TABLE I
DENSITY OF BARCODE SYMBOLOGIES AT 600 DPI. THE DATA FOR HCCB

IS TAKEN FROM [2]

Barcode Type Data Density [KB in square inch]
QR Code 0.627

HCCB 2.0
HCC2D 1.881

TABLE II
RESULTS OF THE SCAN PROCESS TIME IN MSEC FOR QR AND HCC2D

Version QR HCC2D 4 color HCC2D 16 color
1L 122 132 (7.57%) 135 (9.62%)
1M 123 136 (9.55%) 138 (10.87%)
1Q 129 133 (3.01%) 135 (4.45%)
1H 131 135 (2.97%) 136 (3.68%)
5L 143 171 (16.38%) 206 (30.59%)
5M 151 174 (13.21%) 208 (27.40%)
5Q 163 181 (9.95%) 208 (21.63%)
5H 161 182 (11.54%) 209 (22.97%)
10L 176 209 (15.79%) 246 (28.45%)
10M 188 208 (9.61%) 249 (24.49%)
10Q 189 210 (10.0%) 273 (30.77%)
10H 190 212 (10.37%) 282 (32.62%)
20L 240 349 (31.23%) 387 (37.98%)
20M 253 334 (24.25%) 398 (36.43%)
20Q 250 337 (25.81%) 389 (35.73%)
20H 257 323 (20.43%) 395 (34.93%)
30L 333 447 (25.50%) 474 (29.75%)
30M 350 430 (18.60%) 460 (23.91%)
30Q 347 437 (20.59%) 478 (27.40%)
30H 338 416 (18.75%) 506 (33.20%)
40L 430 483 (10.97%) 550 (21.81%)
40M 415 481 (13.72%) 540 (23.15%)
40Q 420 500 (16.0%) 566 (25.79%)
40H 373 485 (23.09%) 552 (32.42%)

white, with four and eight different colors. Currently Microsoft
laboratory tests have yielded using eight colors, 16,000 bits
per square inch in its highest density form using a 600dpi
business card scanner (cfr. [2]). Conversely, if a standard QR
code symbol is printed with a resolution of 600 dpi, 4-dot
printer, the module size is 0.17mm and will therefore require
a scanner resolution of less than 0.17 mm (cfr. [10]). Using
Version 19 of the standard QR code and the M correction
level (i.e. about 15%) it is possibile to store 5,016 bits per
square inch. Introducing a color palette composed of 8 colors,
a HCC2D code of Version 19 and with the M correction
level, is able to store 15,048 bits per square inch. HCC2D
data density is slightly lower than Microsoft’s HCCB data
density but while our solution preserves similar robustness in
detection, alignment, and error correction of the standard QR
code HCCB has no patterns that strongly support the detection
and alignment process. Our solution increases the data density
of standard QR code by a factor proportional to the BpM as
mentioned in Section III-A and reaches a similar capacity to
Microsoft HCCB.

Afterwards, we address the computational overhead for
processing HCC2D codes by comparing the average time
taken by the scan process. As far as standard QR codes are
concerned, the time required for the automatic recognition
of a code may be considered as a measure for the Scan
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process. Selection of a proper binarization method is critical to
the performance of barcode recognition system. Binarization
of gray scale images is the first and important step to be
carried out in pre-processing system. In binarizing an im-
age, a simple and popular method is thresholding. Sahoo et
al. [11] concluded that, among more than 20 thresholding
methods, the Otsus method [12] which chooses the threshold
that minimizes within-group variance, gives better results. A
goal-directed performance evaluation of eleven popular locally
adaptive thresholding algorithms were performed in [13] for
map images. The experimental results indicated that Niblacks
method with postprocessing step appears to be the best. Since
our solution preserves the binarization for recognizing position
detection and alignment patterns, the results mentioned in [11],
[12], [13] are still valid.

In Table II we report results of an experiment focused on
the recognition of more than 100 barcode images. To measure
the overhead introduced by colors, times were taken after the
alignment and detection phase. The experiment was run on
a machine equipped with a Linux Slackware 13.0 operating
system running on 1.73 GHz Intel dual core with 1 GB of
RAM. The results report the average time in milliseconds for
QR codes, HCC2D with 4 colors and HCC2D with 16 colors,
and the overhead (in parenthesis, percentual values) introduced
by HCC2D over QR. Our experiments show that, although the
overhead introduced by HCC2D over QR tends to increase,
as expected, with the number of colors and the code size,
it seems to remain always within reasonable values (ranging
from a minimum of about 3% for HCC2D version 1H with 4
colors to a maximum of about 38% for HCC2D version 20L
with 16 colors). In particular, the average overhead introduced
by HCC2D with 4 colors is about 15%, while the average
overhead introduced by HCC2D with 16 colors is about 25%.
The dependendence of the overhead on the error correction
levels appears to be more complicated: in HCC2D with 4
colors the overhead (for the same code size) tends to decrease
with the error correction levels for all versions except for
version 40, while our experiments did not show a very strong
correlation between the overhead of HCC2D with 16 colors
and the error correction levels. In any case, the slowdown
implied by the use of higher levels of error correction appears
always limited (within about 5% of the total time).

Finally, in order to evaluate the usability of HCC2D code
in a real setting, we realized a common Print&Scan scenario
using a widespread inkjet multifunction equipment with print
and scan capabilities. The equipment is able to print and to
scan at different resolutions; in the test scenario we decide to
fix the scan resolution while varying the print resolution. We
have considered four different print resolutions: Draft Mode
(i.e., 180 dpi), Text Mode (i.e., 360 dpi), Text and Photo
Mode (i.e., 720 dpi), Text and Photo Mode (i.e., 720 dpi)
and Photo (i.e., 1440 dpi). We experimented with a small
print size (1 square inch) for different versions of the 4-
colors HCC2D codes with the L error correction level; the
Print&Scan process is repeated for the code versions: Version
5 (i.e., 37x37 modules), Version 10 (i.e., 57x57 modules)

TABLE III
USABILITY OF DIFFERENT VERSIONS OF THE HCC2D CODE VARYING THE

PRINT RESOLUTION

Print resolution 180dpi 360dpi 720dpi 1440dpi
Version 5 No Yes Yes Yes

Version 10 No Yes Yes Yes
Version 15 No No Yes Yes

and Version 15 (i.e., 77x77 modules). Table III shows that
only codes printed at poor quality levels (i.e., Draft Mode
with a resolution of 180 dpi) fail to complete successfully the
Print&Scan process. When the print resolution increases, the
success rate depends on the HCC2D version: at 360 dpi only
Version 15 (77x77 modules) failed on print sizes of 1 square
inch.

V. CONCLUSIONS

In this paper we have proposed High Capacity Colored QR
codes, a new 2D code which aims at increasing the space
available for data, while preserving similar robustness, error
correction and without loosing compatibility with the original
QR standard. Our results show that HCC2D leads to larger data
density compared to QR at the price of a small computational
overhead. Though the data density is slightly lower than in
HCCB, HCC2D does not suffer from the problems in detection
and alignment of the 2D code.
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Abstract—The present paper is aimed to compare the efficiency
of a new segmentation method with several existing approaches.
The paper addresses the problem of image segmentation evalua-
tion from the error measurement point of view.We are introduc-
ing a new method of salient object recognition with very good
results relative to other already known object detection methods.
We developed a simple evaluation framework in order to compare
the results of our method with other segmentation methods. The
experimental results offer a complete basis for parallel analysis
with respect to the precision of our algorithm, rather than the
individual efficiency.

I. INTRODUCTION

The problem of segmentation is an important research
field and many segmentation methods have been proposed
in the literature so far ([1],[3],[4],[7]). The aim of image
segmentation is the domain-independent partition of the image
into a set of regions which are visually distinct and uniform
with respect to some property, such as grey level, texture or
color.

Image segmentation is one of the most important operations
performed on acquired images. Image segmentation evaluation
[2] focuses on two main properties: objectivity and generality.
Objectivity means that all the test images in the benchmark
should have an unambiguous ground-truth segmentation so
that the evaluation can be conducted objectively. Generality
means that the test images in the benchmark should have a
large variety so that the evaluation results can be extended to
other images and applications.

The main objective of this paper is to emphasize the very
good results of image segmentation obtained by our segmen-
tation technique, Graph−Based Salient Object Detection,
and to compare them with other existing methods.
The algorithms that we use for comparison
are: Normalized Cuts, Efficient Graph −
Based Image Segmentation (Local V ariation) and
Mean Shift. All of them are complex and well known
algorithms, with very good results in this area and building
the knowledge based on their results represents a solid
reference.

The experiments were completed using the images and
ground-truth segmentations in the Berkeley segmentation
dataset [8]. Since the ground-truth segmentation may not be
well and uniquely defined, each test image in the Berkeley
benchmark is manually segmented by a group of people.

The segmentation accuracy is measured taken into consid-
eration the global consistency error and the local consistency
error. We will provide comparative results that reflect a well-
balanced behavior of the algorithm we propose.

The paper is organized as follows. In Section III we briefly
present previous studies in the domain of image segmentation
and the segmentation method we propose. The methodology
of performance evaluation is presented in Section IV. The
experimental results are presented in Section V. Section VI
concludes the paper and outlines the main directions of the
future work.

II. RELATED WORK

Image segmentation evaluation is an open subject in to-
day’s image processing field. The goal of existing studies
is to establish the accuracy of each individual approach and
find new improvement methods. The segmentation methods
require ground truth image segmentations as reference. The
main drawback of providing such reference is represented by
the resources that are needed. However, after analyzing the
differences between the image under study and the ground
truth segmentation, a performance proof is obtained.

Region-based segmentation methods can be broadly classi-
fied as either model-based [13] or visual feature-based [14]
approaches. A distinct category of region-based segmentation
methods that is relevant to our approach is represented by
graph-based segmentation methods. Most graph-based seg-
mentation methods attempt to search a certain structures in
the associated edge weighted graph constructed on the image
pixels, such as minimum spanning tree [3], or minimum cut
[15].

Berkeley image segmentation benchmark is the reference
that we use for our study. Using the same input, the provided
image dataset, we are developing a customized methodology
in order to efficiently evaluate our algorithm.

The closest work to ours is [3], in which an image
segmentation is produced by creating a forest of minimum
spanning trees of the connected components of the associated
weighted graph of the image. The novelty of our contribution
concerns two main aspects: (a) in order to minimize the
running time we construct a hexagonal structure based on the
image pixels, that is used in both color-based and syntactic-
based segmentation algorithms, and (b) we propose an efficient
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method for segmentation of color images based on spanning
trees and both color and syntactic features of regions.

III. SEGMENTATION METHODS

We will compare four different segmentation techniques,
the Mean Shift-Based segmentation algorithm [4], Efficient
Graph-Based segmentation algorithm [3], Normalized Cuts
segmentation algorithm [7] and our own region-based seg-
mentation method. We have chosen Mean Shift-Based seg-
mentation because it is generally effective and has become
widely-used in the vision community. The Efficient Graph-
Based segmentation algorithm was chosen as an interesting
comparison to the Mean Shift. Its general approach is similar,
however, it excludes the mean shift filtering step itself, thus
partially addressing the question of whether the filtering step
is useful. Due to its computational efficiency, Normalized
Cuts represents a solid reference in our study. We use all
these algorithms as terms of comparison for the evaluation
we performed.

A. Graph-Based Salient Object Detection

We present an efficient segmentation method that uses
color and some geometric features of an image to process
it and create a reliable result [10]. The used color space is
RGB because of the color consistency and its computational
efficiency.

Fig. 1. The grid-graph constructed on the hexagonal structure of an image

What is particular at this approach is the basic usage of
hexagonal structure instead of color pixels. In this way we can
represent the structure as a grid-graph G = (V,E) where each
hexagon h in the structure has a corresponding vertex v ∈ V ,
as presented in Figure 1. Each hexagon has six neighbors and
each neighborhood connection is represented by an edge in
the set E of the graph. For each hexagon on the structure two
important attributes are associated: the dominant color and the
coordinates of the gravity center. Basically, each hexagonal
cell contains eight pixels: six from the frontier and two from
the middle.

Image segmentation is realized in two distinct steps. The
first step represents a pre-segmentation step when only color
information is used to determine an initial segmentation. The
second step represents a syntactic-based segmentation step
when both color and geometric properties of regions are used.

The first step of the segmentation algorithm uses a color-
based region model and will produce a forest of maximum
spanning trees based on a modified form of the Kruskal’s

algorithm. In this case the evidence for a boundary between
two adjacent regions is based on the difference between the
internal contrast and the external contrast between the regions.
The color-based segmentation algorithm builds a maximal
spanning tree for each salient region of the input image.

The second step of the segmentation algorithm uses a new
graph, which has a vertex for each connected component
determined by the color-based segmentation algorithm. In this
case the region model contains in addition some geometric
properties of regions such as the area of the region and
the region boundary. The final segmentation step produces
a forest of minimum spanning trees based on a modified
form of the Borůvka’s algorithm. Each determined minimum
spanning tree represents a final salient region determined by
the segmentation algorithm.

B. Efficient Graph-Based Image Segmentation

Efficient Graph-Based image segmentation [3], is an effi-
cient method of performing image segmentation. The basic
principle is to directly process the data points of the image,
using a variation of single linkage clustering without any ad-
ditional filtering. A minimum spanning tree of the data points
is used to perform traditional single linkage clustering from
which any edges with length greater than a given threshold
are removed [6].

Let G = (V,E) be a fully connected graph, with m edges
{ei} and n vertices. Each vertex is a pixel, x, represented in the
feature space. The final segmentation will be S = (C1, ..., Cr),
where Ci is a cluster of data points. The algorithm [3] can be
shortly presented as follows:

1) Sort E = (e1, ..., em) such that |et| ≤ |e′t|∀t < t′

2) Let S0=({x1}, ..., {xn}) in other words each initial
cluster contains exactly one vertex.

3) For t = 1, ...,m

a) Let xi and xj be the vertices connected by et.
b) Let Ct−1

xi
be the connected component containing

point xi on iteration t− 1 and li = maxmstC
t−1
xi

be the longest edge in the minimum spanning tree
of Ct−1

xi
. Likewise for lj .

c) Merge Ct−1
xi

and Ct−1
xj

if:

|et| < min

{
li +

k

Ct−1
xi

, lj +
k

Ct−1
xj

}
(1)

4) S = Sm.

C. Normalized Cuts

Normalized Cuts method models an image using a graph
G = (V,E), where V is a set of vertices corresponding to
image pixels and E is a set of edges connecting neighboring
pixels. The edge weight w(u, v) describes the affinity between
two vertices u and v based on different metrics like proximity
and intensity similarity. The algorithm segments an image into
two segments that correspond to a graph cut (A,B), where A
and B are the vertices in the two resulting subgraphs.
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The segmentation cost is defined by:

Ncut(A,B) =
cut(A,B)

assoc(A, V )
+

cut(A,B)

assoc(B, V )
(2)

where cut(A,B) =
∑

u∈A,v∈B w(u, v) is the cut cost
of (A,B) and assoc(A, V ) =

∑
u∈A,v∈V w(u, v) is the

association between A and V . The algorithm finds a graph cut
(A,B) with a minimum cost in Eq.(1). Since this is a NP-
complete problem, a spectral graph algorithm was developed
to find an approximate solution [7]. This algorithm can be
recursively applied on the resulting subgraphs to get more
segments. For this method, the most important parameter is
the number of regions to be segmented. Normalized Cuts is
an unbiased measure of dissociation between the subgraphs,
and it has the property that minimizing normalized cuts leads
directly to maximizing the normalized association relative to
the total association within the sub-groups.

D. Mean Shift

The Mean Shift-Based segmentation technique [4] is one of
many techniques dealing with “feature space analysis”. Advan-
tages of feature-space methods are the global representation of
the original data and the excellent tolerance to noise [9]. The
algorithm has two important steps: a mean shift filtering of the
image data in feature space and a clustering process of the data
points already filtered. During the filtering step, segments are
processed using the kernel density estimation of the gradient.
Details can be found in[4]. A uniform kernel for gradient
estimation with radius vector h = [hs, hs, hr, hr, hr] is used.
hs is the radius of the spatial dimensions and hr the radius
of the color dimensions. Combining these two parameters,
complex analysis can be performed while training on different
subjects.

Mean shift filtering is only a preprocessing step. Another
step is required in the segmentation process: clustering of the
filtered data points {x′}. During filtering, each data point in
the feature space is replaced by its corresponding mode. This
suggests a single linkage clustering that converts the filtered
points into a segmentation.

Another paper that describes the clustering is [5]. A region
adjacency graph (RAG) is created to hierarchically cluster
the modes. Also, edge information from an edge detector
is combined with the color information to better guide the
clustering. This is the method used in the available EDISON
system, also described in [5]. The EDISON system is the
implementation we use in our evaluation system.

IV. REGION-BASED PERFORMANCE EVALUATION

We present comparative results of segmentation perfor-
mance for our region based segmentation method and the three
alternative segmentation methods mentioned above.

Our evaluation measure is mainly related to the consistency
between segmentations. We use segmentation error measures
that provide an objective analysis of the segmentation algo-
rithms.

A potential problem for a measure of consistency between
segmentations is that there is no unique human segmentation
of an image, since each human perceives the scene differently.
In this situation you could declare the segmentations incon-
sistent. However, if one segmentation is a refinement of the
other, then the error should be small. Therefore, the measures
are designed to be tolerant to refinement. Some other aspects
to be taken into account are that error measure should not
depend on the pixelation level and should be tolerant to noise
along region boundaries.[12]

We used two metrics in order to provide an objective
comparison between the four segmentation methods and the
human segmentation. The two error measures are described
below. We applied the measures to the Berkeley segmentation
database and the segmentation results of the four algorithms.

In order to describe the segmentation errors, we considered
two different segmentations S1 and S2 and calculated a value
in the range [0..1] where 0 represents no error. For a given pi
we considered segments S1 and S2 that contain the pixel. If
one segment is a proper subset of the other, then the pixel lies
in an area of refinement, and the local error should be zero.
Otherwise, the two regions overlap in a inconsistent manner
and we should calculate the corresponding error. We use \to
denote the set difference and |x| for cardinality of set x.If
R(S, pi) is the set of pixels corresponding to the region in
segmentation S that contains pixel pi, the local refinement
error is defined as:

E(S1, S2, pi) =
|R(S1, pi)nR(S2, pi)|

|R(S1, pi)|
(3)

This local error measure is not symmetric. It encodes a
measure of refinement in one direction only: E(S1, S2, pi) is
zero precisely when S1 is a refinement of S2 at pixel pi, but
not vice versa. Considering this local refinement error in each
direction at each pixel, there are two methods to combine the
values into an error measure for the entire image. We apply
two error measures as follows: Global Consistency Error
(GCE) that forces all local refinements to be in the same
direction and Local Consistency Error (LCE) that allows
refinement in different directions in different parts of the
image.[11] For a given n as the number of pixels we have:

GCE(S1, S2) =
1

n
min

{∑

i

E(S1, S2, pi),
∑

i

E(S2, S1, pi)

}

(4)

LCE(S1, S2) =
1

n

∑

i

min{E(S1, S2, pi), E(S2, S1, pi)}

(5)
We will evaluate the performance of our algorithm on the

Berkeley Segmentation Database (BSD) [8]. We will refer
the characteristics of the error metrics previously defined by
Martin et al. [2], explore potential problems with these metrics
in order to evaluate the quality of each segmentation and to
characterize its performance over a range of parameter values.
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The current public version of the Berkeley Segmentation
Database is composed of 300 color images. The images have
a size of 481 × 321 pixels, and are divided into two sets, a
training set containing 200 images that can be used to tune
the parameters of a segmentation algorithm, and a testing
set containing the remaining 100 images on which the final
performance evaluations should be carried out.

We built a custom benchmark framework, that processes
the Berkeley dataset, converts it to our proprietary format and
preforms parallel analysis. Additionally, we adapted the other
mentioned algorithms to the same evaluation format for unitary
purposes.

The human segmented images provide the ground truth
boundaries. Therefore, any boundary marked by a human
subject is considered to be valid. Since there are multiple
segmentations of each image by different subjects, it is the
collection of these human-marked boundaries that constitutes
the ground truth. Based on the output of the previously
presented algorithms for a set of images, we will determine
how well the ground truth boundaries are approximated.

In order to determine an algorithm’s efficiency by com-
paring it to the ground truth boundaries, a threshold of the
boundary map is needed.

We are providing an additional evaluation based on his-
togram representation of the error density characteristic for
each algorithm.

V. EXPERIMENTAL RESULTS

Our study of segmentation quality is based on experimental
results and uses the Berkeley segmentation dataset provided
at [8].

A. GCE and LCE Metrics

In order to proper evaluate the segmentation method we
propose, we first need to better understand how the GCE and
LCE error metrics work. Given two extreme cases:an under-
segmented image, where every pixel has the same label (i.e.
the segmentation contains only one region spanning the whole
image), and a completely over-segmented image in which
every pixel has a different label.

From the definitions of the GCE and LCE we can see
that both measures evaluate to 0 on both of these extreme
situations regardless of what segmentation they are being
compared to. The reason for this can be found in the tolerance
of these measures to refinement. Any segmentations is a
refinement of the completely under-segmented image, while
the completely over-segmented image is a refinement of any
other segmentation.

In order to have a better analysis result and a more complete
description for the errors we considered, we have performed
10 different tests for each subject per algorithm - Fig. 2.

More precisely, by varying several key parameters, we
have obtained 10 distinct points that define the errors
for each approach. For Normalized Cuts [7] we have
modified the number of segments in the range of
{5, 10, 12, 15, 20, 25, 30, 40, 50, 70}. The variable parameter

Fig. 2. Average GCE vs. LCE for Berkeley test images

for Efficient Graph − Based Image Segmentation [3]
was the scale of observation, k , in range {100, 200, 300,
400, 500, 600, 700, 800, 900, 1000}. For Mean-Shift [4] we
have made 10 combinations from Spatial Bandwidth {8,
16} and Range Bandwidth {4, 7, 10, 13, 16}.

We calculated the GCE and LCE average values for the
100 test images provided by Berkeley. Figure 2 illustrates the
GCE vs. LCE graphic representation.

In the resulting diagram (Fig. 2) we can see that the
GCE vs. LCE error metric for our proposed method, denoted
GBSOD − Graph Based Salient Object Detection is
situated below the values for the other algorithms indicating
a better performance result, a smaller average error and a
balanced algorithm. Analyzing the set of results for each pa-
rameter per algorithm, it’s easy to distinguish which algorithm
is generating better results; the smaller the error it is, the better
is the accuracy of the respective algorithm.

B. Histogram based evaluation

We elaborated a histogram-based evaluation mechanism
aimed to compare the segmentation results for the studied
algorithms via the errors metrics.

In order to achieve this, we considered the human segmen-
tation as the ground-truth segmentation and compared each
algorithm with it, measuring the error metrics GCE and LCE.

For each algorithm we analyzed the 100 test images from
Berkley and calculated the corresponding GCE and LCE.
The histograms presented below illustrate this approach (Fig.3
- Fig. 10).

For a better description of the histogram based analysis, in
Fig.3 and Fig.4 we have depicted the distribution of the the val-
ues of GCE respectively LCE for the 100 images processed
using GBSOD−Graph Based Salient Object Detection
algorithm. It is very important that these value are more
concentrated on smaller error values, which gives us
the confidence that the presented method has good re-
sults. In Fig.5 and Fig.6 it can be seen the same
analysis for Normalized Cuts, in Fig.7 and Fig.8 for
Efficient Graph − Based Image Segmentation and in
Fig.9 and Fig.10 for Mean− Shift algorithm.

Figures Fig.11 and Fig.12 are illustrating a comparison
between all the four presented algorithms; it gives a good
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Fig. 3. GCE for Graph Based Salient Object Detection

Fig. 4. LCE for Graph Based Salient Object Detection

Fig. 5. GCE for Normalized Cuts

Fig. 6. LCE for Normalized Cuts

Fig. 7. GCE for Efficient Graph-Based Image Segmentation

Fig. 8. LCE for Efficient Graph-Based Image Segmentation

Fig. 9. GCE for Mean-Shift

perspective on the what error values generates each studied
algorithm.

VI. CONCLUSION

In this paper we presented a new graph-method for image
segmentation and extraction of visual objects. Starting from
a survey of several segmentation strategies, we aimed at
performing an image segmentation evaluation experiment.

Our segmentation method and other three segmentation
methodologies were chosen for the experiment, and the com-
plementary nature of the methods was demonstrated in the
results. The study results offer a clear view of the effectiveness
of each segmentation algorithm, trying in this way to offer a
solid reference for future studies.

Future work will be carried out in the direction of inte-
grating syntactic visual information into a semantic level of a
semantic image processing and indexing system.
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Abstract—We consider a scenario where an attacker is able to
receive a stegosignal only over a Gaussian channel. But in order
to provide security of this channel noise–based stegosystem under
the very strong condition that an attacker may know even the
cover message, it is necessary to establish a very low signal-to-
noise ratio in the channel. The last requirement is very hard to be
implemented in practice. Therefore we propose to use spread-time
stegosystem (STS). We show that both security and reliability
of such STS can be guaranteed and their parameters can be
optimized with the use of error correcting codes. We show some
simulation results with an own STS implementation for digital
audio cover messages presented in WAV format.

Index Terms—Digital audio signal, error correcting codes,
noisy Gaussian channel, relative entropy, stegosystems.

I. INTRODUCTION

Steganography (SG) is the information hiding technique
that embeds the hidden information into an innocent cover
message (CM) under the conditions that the CM is not
corrupted significantly and that the presence of the additional
information into the CM may not be detected.

In order to prevent statistical detecting attacks on SG
systems, it should be guaranteed the following principle: the
statistics of the CM and the SG signal have to be indistin-
guishable for the time limited analysis.

But in order to implement this principle, the designer of the
SG system should know at least the statistics of the CM. At
the same time, it is a rather hard problem to study completely
the CM distribution. In order to be successful within this risky
situation (which is, indeed, a bottleneck of any SG system), it
has been proposed in [1] to move into another concept of SG
system setting, namely to SG system based on noisy channels.

This setting can be justified only if there exists in a natural
manner a noisy channel and the attacker is able to receive the
stegosignal just over this channel, and nothing else. Then the
attacker’s problem consists in statistically distinguishing the
CM after its passing over the noisy channel and the SG signal
passing over the same noisy channel. It should be emphasized
that such model is even stronger than conventional SG systems
since CM can be publicized. Thus the steganalysis problem
reduces to channel noise recognition within the sum of the
channel noise and the embedded signal. Since the channel
noise distribution is, as a rule, known much better than the

CM distribution, the problem to design SG systems which are
resistant to their detection is simplified.

In the current paper we adopt only a Gaussian channel from
the two models given in [1]. The embedding of an information
bit b can be provided as

∀n = 1, . . . , N : CW (n) = C(n) + (−1)bσWπ(n) (1)

where C = (C(n))
N
n=1 is the CM, π = (π(n))

N
n=1 is a zero-

mean Gaussian pseudorandom i.i.d. reference sequence with
variance 1, N is the length of both sequences and σW is the
depth of embedding. After a passing of the watermarked signal
through the Gaussian channel we get

∀n = 1, . . . , N : C ′
W (n) = CW (n) + ε(n)

where ε = (ε(n))
N
n=1 is a zero-mean Gaussian i.i.d. noise

sequence with variance σ2
ε . It has been proved in [1] that,

under the condition that an attacker knows even the CM, the
relative entropy D (introduced in [2]) can be expressed, for
the current SG-system model, as

D = 0.72 N

[
ln

(
1 +

1

ηW

)
− 1

1 + ηW

]
(2)

with ηW =
σ2
ε

σ2
W

. In order to provide a good hiding of secret
information into the channel noise, ηW should be taken large.
Hence, the relative entropy given by (2) is approximated as

D = 0.36
N

η2W
. (3)

We recall that in line with Information Theory [2], for any
hypothesis testing rule, the following inequality should hold:

Pfa ln
Pfa

1− Pm
+ (1− Pfa) ln

1− Pfa

Pm
≤ D, (4)

where Pfa is the probability of SG signal false alarm and
Pm is the probability of SG signal missing. Let us assume,
for simplicity, Pfa = Pm = P . Then, by (4), we get (2P −
1) ln P

1−P ≤ D. From eq. (3) it follows that

ηW = 0.6

√
N

D
. (5)
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The optimal decision rule for the embedded bit b, in the case
of a Gaussian channel and decoder’s CM knowledge (informed
decoder), is

Λ =

N∑

n=1

(C ′(n)−C(n))π(n) ⇒ b̃ =

{
0 if Λ ≥ 0
1 otherwise (6)

It is easy to show that for a Gaussian reference sequence π =
(π(n))

N
n=1 the error probability of the decision rule (6) is

Pe = Q

(√
N

ηW + 2

)
≤ exp

(
− N

2(ηW + 2)

)
(7)

where Q : x 7→ Q(x) = 1√
2π

∫ +∞
x

e−
u2

2 du. If ηW >> 1
(which is a rather common situation in SG systems) both se-
curity and reliability can be pooled together in one expression:

Pe = Q
(
1.29 (ND)

1
4

)
≤ exp

(
−0.83 (ND)

1
2

)
. (8)

From (8) there follows that for any security level D there can
be chosen an appropriate N such that the SG system provides
any given reliability Pe.

But this apparent good design of the SG system has one
defect. Namely, if one wants to embed many secret bits into the
CM in such a way that they can be reliably decoded by a legal
user, it is necessary to increase the parameter ηW and this may
not be possible in practical implementation. In order to see
sharply this negative property, let us consider the following:

Example 1: Let D = 0.1 (that provides an acceptable level
of security) and let m = 10 be the number of secure embedded
bits. For multiple bit embedding, (8) should be posed as

Pe ≤ exp

(
−0.83

(ND)
1
2

m

)
. (9)

Let us choose then N = 105. From (9), the probability of
error is bounded as Pe ≤ 2.5×10−4 which is acceptable. But
ηW = 600, by (5). Now, if the CM signal-to-noise ratio has
been taken also within an acceptable, say σ2

C

σ2
ε

= 102, where

σ2
C = Var

(
(C(n))

N
n=1

)
, then σ2

ε

σ2
W

= 6× 104 which is indeed
unacceptable for the most practical digital applications.

In order to overskip this unfortunate situation, we propose
in section 2 the so called spread-time stegosystem (STS). The
security and reliability of STS are proved in that section jointly
with an optimization of parameters. An improvement of the
cost of using error correcting codes is also given there. Section
3 presents the results of STS simulation for digital audio signal
with a CM in the WAV format. Section 4 consists of some
conclusions and open problems in this direction.

II. DESCRIPTION OF STS AND ITS PERFORMANCE
EVALUATION

Let us consider initially an uncoded stegosystem. Let us
embed secret bits b as a random modification of the embedding
rule (1), namely, ∀n = 1, . . . , N :

Pr
[
CW (n) = C(n) + (−1)bσWπ(n)

]
= P0

Pr [CW (n) = C(n)] = 1− P0
(10)

Fig. 1. Pseudorandom samples for STS system embedding, with Ns = 8,
N = 38, P0 = 8/38 = 4/19.

In practical implementation of the modified embedding
rule (10), we can simply use a pseudorandom subsequence of
samples. Let (nm)

Ns

m=1 be an increasing sequence of indexes,
Ns ≤ N , generated also as a secret stegokey K, determining
the samples in which the WM’s are to be embedded (see
Fig. 1). Then for a large value of N we may assume that
P0 = Ns/N . For uncoded SG, the same secret bit b is used
at N0 consecutive chosen samples for embedding. Hence the
total number of secret bits embedded into N0 samples for STS
is Nt = Ns/N0. Any legal user should know the stegokey K,
hence he knows exactly the samples with embedding, and is
able to extract one-by-one all the Nt secret bits using the
decision rule (6). The error probability can be found by (7)
(by considering the N appearing there as the current N0).

An attacker A ignores the stegokey and hence the samples
with the WM embedding. In order to take a decision about
presence or absence of the SG system under the condition of
a known C = (C(n))

N
n=1, the attacker A has to perform a

testing of two hypothesis. Let

δ = (δ(n) = C ′
W (n)− C(n))

N
n=1 (11)

and σ2
s = σ2

ε +σ2
W . Then the two hypothesis to be tested are:

H0 :
[
δ ∈ N(0, σ2

ε) and is an i.i.d
]

(12)

H1 :

{
Pr
(
δ ∈ N(0, σ2

s) and is an i.i.d
)
= P0

Pr
(
δ ∈ N(0, σ2

ε) and is an i.i.d
)
= 1− P0

(13)

The hypothesis testing can be done using the maximum like-
lihood ratio

Λ (Λ1|Λ0) =
P (δ|H1)

P (δ|H0)

where P (δ|Hj) is the probability distribution of the random
variables (δ(n))

N
n=1 under the condition that hypothesis Hj is

valid, j = 0, 1. Namely, the optimal hypothesis testing based
on maximum likelihood ratio [3] is

Λ (Λ1|Λ0) ≥ λ =⇒ H1

Λ (Λ1|Λ0) < λ =⇒ H0
(14)

where λ is some fixed threshold. By substituting into (14)
the probability distributions (12)-(13) we get after simple
transforms

Λ (Λ1|Λ0) =
N∏

n=1

[
P0

√
σ2
ε

σ2
s

exp
(

σ2
W

2σ2
sσ

2
ε

δ(n)2
)
+ (1− P0)

]
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By changing λ in (14), it is possible to pass to the logarithmic
likelihood ratio, ΛL (Λ1|Λ0) = log Λ (Λ1|Λ0), and it equals

N∑

n=1

log

[
P0

√
σ2
ε

σ2
s

exp
(

σ2
W

2σ2
sσ

2
ε

δ(n)2
)
+ (1− P0)

]
(15)

The application of the transformed decision rule based on
ΛL (Λ1|Λ0) using (15) is rather hard. We will consider it again
something later.

But so far let us consider a suboptimal decision rule based
on some further reasonable conditions. First of all let us
assume, in line with a good security guarantee, σ2

W << σ2
ε .

Then, a normalization of (15) expresses ΛL (Λ1|Λ0) as

1

N

N∑

n=1

log

[
P0 exp

(
1

2η2Wσ2
ε

δ(n)2
)
+ (1− P0)

]
(16)

The series expansion of x 7→ log(1 + x) up to its linear term
produces

ΛL (Λ1|Λ0) = P0

[
N∑

n=1

exp
(

1

2η2Wσ2
ε

δ(n)2
)
−N

]
.

The series expansion of x 7→ exp(x) up to its linear term
renders the following decision rule:

[
Λ̃ ≥ λ̃ =⇒ H1

]
;

[
Λ̃ < λ̃ =⇒ H0

]
(17)

where Λ̃ = 1
N

∑N
n=1 δ(n)

2 and λ̃ is some new threshold.
The decision rule (17) is sufficiently reasonable because
E[δ2|H1] > E[δ2|H0] as we will show later.

Let us estimate the missing and false alarm probabilities,
Pm and Pfa respectively, for the hypothesis H1 (presence of
the SG system) against hypothesis H0 (absence of the SG
system) under the decision rule given by (17).

For enough large N , by the Central Limit Theorem [4],
Λ̃ ∈ N(µj , σ

2
j ) for Hj , where µj = E[Λ̃|Hj ] and σ2

j =

Var
(
Λ̃|Hj

)
, for j = 0, 1. Since σ2

1 > σ2
0 we get:

Pm ≥ 1√
2πσ2

0

∫ λ̃

−∞
exp

(
− (x− µ1)

2

2σ2
0

)
dx (18)

Pfa ≥ 1√
2πσ2

0

∫ +∞

λ̃

exp
(
− (x− µ0)

2

2σ2
0

)
dx (19)

Let us select the threshold λ̃ in such a way that the condition
Pm = Pfa = P is fulfilled. After simple transforms of
eq’s (18)-(19) it is obtained

P ≥ Q

(
µ1 − µ0

2σ0

)
. (20)

Necessarily the following identities should hold:

µ0 = σ2
ε ; µ1 = σ2

ε + P0σ
2
W ; σ2

0 =
2

N
σ4
ε . (21)

By substituting (21) into (20), we get

P ≥ Q

(√
N

2

P0

2ηW

)
,

N ηW N0 Ns m P0 = Ns
N

20 210 1431 6 0.1431
104 50 496 3578 7 0.3578

100 973 7156 7 0.7156
20 210 4526 21 0.04526

105 50 496 11310 22 0.1131
100 973 22630 23 0.2263
20 210 14310 68 0.01431

106 50 496 35780 72 0.03578
100 973 71560 73 0.07156
20 210 45260 215 0.004526

107 50 496 113100 228 0.01131
100 973 226300 232 0.02263

TABLE I
SETS OF PARAMETERS FOR STS PROVIDING P0 ≥ 0.4 AND Pe ≤ 10−3

GIVEN DIFFERENT VALUES OF N AND ηW .

or equivalently,

P ≥ Q

(
Ns

2
√
2NηW

)
,

where, as introduced at the beginning of the current section,
Ns is the number of samples with embedding. Consequently
if asymptotically Ns ∼

√
N , then P ∼ 1

2 and an undetectable
stegosystem results.

In order to embed m secret bits into Ns samples, N0 = Ns

m
samples should be selected for embedding each bit. Then the
error probability Pe after extraction of one bit by a legal
informed decoder is expressed by (7) (with N0 playing the
role of N ). It is necessary to note that in order to extract
the secret bits, the legal decoder has to be synchronized with
both the reference sequence π, appearing in relation (1), and
the pseudorandom sequence determining the samples with
embedding.

In Table I we show the calculation results for some values of
parameters Ns, N0, m, P0 providing Pe ≤ 10−3 and P ≥ 0.4,
given some values of N and ηW . For enough large N , it is
possible to provide a good undetectability (P0 ≥ 0.4) and
reliability (Pe ≤ 10−3) of the STS and embed up to 232
secure bits.

In order to improve the STS efficiency it is possible to use
coded STS. Then an embedding procedure such as (10) has
to be replaced as follows: Given a CM C = (C(n))

N
n=1, let

CW = (CW (n))
N
n=1 be such that for each sample index nj

with embedding

Pr
[
CW (nj) = C(nj) + (−1)bijσWπ(nj)

]
= P0

Pr [CW (nj) = C(nj)] = 1− P0

where bij is the j-th bit in the i-th codeword of length N0 =
Ns/ℓ, with ℓ a positive integer value.

We will restrict our attention to binary linear
systematic (N0, k, d)-codes, varying i in the interval
{1, 2, · · · , 2k − 1, 2k}, with d the minimal code distance. In
this setting the informed decoder takes a decision about the
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embedding of the i-th codeword by making

i = arg max
1≤i′≤2k

N0∑

j=1

(C ′
W (nj)− C(nj)) (−1)bi′jπ(n)

The total number of secure embedded bits is m = kℓ and
the block-error probability Pbe, based on well known union
bound [5], can be expressed as

Pbe ≤ (2k − 1)Q

(√
d

2 + ηW

)

≤ exp
(
− d

2(2 + ηW )
+RN0 ln 2

)

Since signal-to-noise ratio η−1
W is typically small, we will

restrict our consideration only to two classes of linear error
correcting codes: the simplex codes (SC) and the Reed-Muller
codes (RMC) [5]. For the first class the main parameters
are N0 = 2ν − 1, k = ν, d = 2ν−1, R = ν

N0
, where

ν is some integer; whereas for the second class: N0 = 2ν ,
k =

∑r
i=1

(
ν
i

)
, d = 2ν−r, where ν ≥ 3 and r is an integer,

the so called order of the RMC.
Now we can fix the total number of samples N , the security

level P , the block-error probability Pbe, the parameter ηW and
then to optimize the code parameters N0, ν and r in order
to provide the maximum possible number m of secure and
reliable embedded bits.

Example 2: Let us take N = 107, P ≥ 0.4, Pbe ≤ 10−3,
ηW = 20. Then we get for the class of SC the optimal
parameters ν = 10, k = 10, the total number of secret bits
m = kNs

N0
= 442. If we require more reliable extraction then

we get, for the class of RM codes, the optimal parameters
ν = 14, r = 2, k = 105 and for the same restrictions P ≥ 0.4,
ηW = 20, the total number m of embedded secret bits is about
290 with Pbe ≤ 10−9. So, we can conclude that the use of error
correcting codes results in either an increment in the number
of secure embedded bits or in an improvement of reliability.

Let us find out whether the use of the optimal decision
rule (16) can provide an appreciable improvement of STS
detecting in comparison with the suboptimal decision rule (17).

Since N is sufficiently large, we can apply the Central Limit
Theorem to the sum in (16). Then similar to the proof of (20)
we get for such a choice of the threshold λ, which provides
Pm = Pfa = P the following upper bound

P ≥ Q

(
µ̃1 − µ̃0

2σ̃0

)
(22)

where, for j = 0, 1,

µ̃j = E

[(
log

(
P0 exp

(
δ(n)2

2ηWσ2
ε

)
+ (1− P0)

))N

n=1

∣∣∣∣∣Hj

]

and

σ̃0 =
1

N
Var
(
(s(n))

N
n=1

∣∣∣Hj

)

=
1

N

(
E

[(
(s(n))

2
)N
n=1

∣∣∣∣Hj

]
− µ̃2

0

)

ηW N0 Pe P̃e

20 210 5.0 · 10−4 0.001
50 496 6.0 · 10−4 0.001
100 973 5.5 · 10−4 0.001

TABLE III
THE RESULTS OF CALCULATIONS FOR THE ERROR PROBABILITY Pe

OBTAINED AFTER DECODING BY RULE (6) AND THE THEORETICAL ERROR
PROBABILITY P̃e CALCULATED BY EQ. (7), WITH N = N0 FOR

DIFFERENT PARAMETERS ηW AND N0 .

where

s(n) = log

(
P0 exp

(
δ(n)2

2ηWσ2
ε

)
+ (1− P0)

)

and the random values δ(n) have the probability distributions
given by (11). Since it is very hard to find analytically the
values µ̃0, µ̃1 and σ̃0, we will estimate them just by the
simulation of the above described procedure.

In Table II there are presented the simulation results for µ̃0,
µ̃1 and σ̃0 and the calculation of P by (22) for typical values
of σ2

ε , ηW and P0. It can be seen that the use of the optimal
decision rule does not break undetectability of STS, hence it
can be declared as a secure SG system indeed.

III. SIMULATION OF STS FOR AUDIO COVER MESSAGES

We use an audio music file in format WAV where the
sample frequency is 44.1 kHz with duration about 29 sec.
The CM signal-to-noise ratio ηc has been taken as 10 dB,
whereas watermark-to-noise ratio (WNR) η−1

W was 20 dB.
The embedding rule was taken as (10), where P0 = 0.1. In
Fig. 2 the wave forms of the original audio signal, audio signal
after passing over a noisy channel and after secret message
embedding are presented at the same time interval. One can
see that the noise corrupts slightly the audio signal and this
fact can also be appreciated by human ear, whilst, at the same
time, the embedding procedure is not observable.

Moreover, in Fig. 3 the waveforms of channel noise are
shown, as well as this noise after embedding with straining in
time confirming this fact. (Of course we do not claim that the
impossibility to detect the SG system either by ear or by eye,
is enough to prove its security by the best statistical methods.
We have proved indeed this fact in the previous section).

In Table III we present the results of simulation for the error
probability Pe versus the block length N0 and ηW . The error
probability P̃e calculated by eq. (7) is also presented in this
Table. There, we can see that the reliability of STS obtained by
simulation is even better than the theoretical estimated bound.

IV. CONCLUSIONS

In the current paper we proposed some modification of
the stegosystem based on noisy channel called spread-time
stegosystem (STS). The goal of the STS is to provide such
a WNR able to be implemented in practice, especially with
digital cover messages. We prove that both STS security
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N σ2
ε ηW P0 = Ns

N
µ̃0 µ̃1 σ̃0 P = Q

(
µ̃1−µ̃0
2σ̃0

)

104 1 20 0.1431 0.00161414 0.00162667 0.00240398 0.401753
50 0.3578 0.00157674 0.00158801 0.00229017 0.401759
100 0.7156 0.00156462 0.00157585 0.00225445 0.401737

5 20 0.1431 0.00161414 0.00162590 0.00240398 0.401754
50 0.3578 0.00157675 0.00158821 0.00229017 0.401745
100 0.7156 0.00156462 0.00157583 0.00225445 0.401726

105 1 20 0.04526 0.000512618 0.000513737 0.000767001 0.401741
50 0.1131 0.000500332 0.000501449 0.000729712 0.401809
100 0.2263 0.000496672 0.000497830 0.000718483 0.401737

5 20 0.04526 0.000512618 0.000513854 0.000767001 0.401772
50 0.1131 0.000499062 0.000500277 0.000727769 0.401806
100 0.2263 0.000496672 0.000497795 0.000718483 0.401745

106 1 20 0.01431 0.000162288 0.000162393 0.000243341 0.401835
50 0.03578 0.000158479 0.000158585 0.000231440 0.401862
100 0.07156 0.000157686 0.000157808 0.000228397 0.401548

5 20 0.01431 0.000162288 0.000162435 0.000243187 0.401752
50 0.03578 0.000158479 0.000158598 0.00023144 0.401711
100 0.07156 0.000157686 0.000157797 0.000228397 0.401461

107 1 20 0.004526 5.13502 · 10−5 5.13615 · 10−5 7.69844 · 10−5 0.401964
50 0.01131 5.01145 · 10−5 5.01246 · 10−5 7.32173 · 10−5 0.401900
100 0.02263 4.97464 · 10−5 4.97587 · 10−5 7.20836 · 10−5 0.401777

5 20 0.004526 5.13502 · 10−5 5.13626 · 10−5 7.69844 · 10−5 0.401812
50 0.01131 5.01145 · 10−5 5.01245 · 10−5 7.32173 · 10−5 0.401969
100 0.02263 4.97464 · 10−5 4.97569 · 10−5 7.20836 · 10−5 0.401686

TABLE II
RESULTS OF SIMULATIONS FOR VALUES OF µ̃0 , µ̃1 AND σ̃0 VERSUS TYPICAL VALUES OF σ2

ε , ηW AND P0 .

Fig. 2. (a) The waveforms of audio signal, (b) audio signal after its passing over noisy channel with CM signal-to-noise ratio ηc = 10dB, and (c) after
embedding by STS algorithm with WNR = 20dB. The arrows show the samples with embedding.
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Fig. 3. (a) The waveform of channel noise and (b) the same channel noise after embedding according to rule (10).

and reliability of secure bit extraction can be provided by
an appropriate selection of the system parameters. The main
defect of the proposed stegosystem is its low embedding rate
which entails longer times for the embedding of a limited
number of secret bits. The used error correcting codes improve
this situation but only slightly. However this is a generic
property “sacrificed on the altar of undetectability” and an
attacker’s knowledge of the CM.

We show that the suboptimal SG system detection (see
eq. (17) is practically as much efficient as the optimal (based
on the maximum likelihood ratio). Simulation of the STS with
audio CM shows that its detection by ear and eye is impossible,
whereas the embedded bits can be extracted reliably.

The first of open problems which we are going to consider
in the near future is to specify security of STS for digital CM
and after saving the stegosignal in digital formats. The second
problem considers an extraction of secret bits by a blind
decoder (in particular using the improved spread spectrum
modulation [6]) while keeping a good undetectability of STS.
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b) Back-projection onto the image - a transformation 

from the RGB color space to HSV color space and 

a quantization of the HSV color space at 166 colors

is performed for each segmented image.

c) Thresholding and labeling image - insignificant

color information is reduced and the significant 

color regions are evidentiated, followed by the 

generation, in automatic way, of the regions of a 

single color, of the two colors, of three colors. 

In the implementation of the color set back-projection 

algorithm that can be found it in [1] [13]. After processing 

the global histogram of the image, and the color set are 

provided. The process of regions extraction is using the 

filtered matrix and it is a depth – first traversal described in 

pseudo-cod in the following way:

Procedure FindRegions (Image I, colorset C) 

1) InitStack(S)

2) Visited = �

3) for *each node P in the I do

4) if *color of P is in C then

5)     PUSH(P)

6)     Visited m Visited � {P}

7)     while not Empty(S) do

8)        CrtPoint mPOP()

9)        Visited m Visited � {CrtPoint}

10)        For *each unvisited neighbor S of CrtPoint do

11)          if *color of S is in C then

       12)             Visited m Visited � {S}

       13)             PUSH(S)

       14)        end 

       15)      end 

       16)    end 

      17) *Output detected region

       18)    end

       19) end 

The total running time for a call of the procedure 

FindRegions (Image I, colorset C) is )n*O(m 22 where m is 

the width and n is the height of the image [1][13].

III. LOCAL VARIATION ALGORITHM

This algorithm described in [6] is using a graph based 

approach for the image segmentation process. The pixels are 

considered the graph nodes so in this way it is possible to 

define an undirected graph G = (V, E) where the vertices   

iv from V represent the set of elements to be segmented. 

Each edge )v,v( ji belonging to E has associated a 

corresponding weight )v,v(w ji calculated based on color, 

which is a measure of the dissimilarity between neighboring 

elements iv and jv . 

A minimum spanning tree is obtained using Kruskal’s 

algorithm. The connected components that are obtained 

represent image’s regions. It is supposed that the graph has 

m edges and n vertices. This algorithm is described also in 

[14] where it has four major steps that are presented below:

1) Sort  )e,...,e(E m1= such that 'ttee 'tt <ò<

2) Let }){},...,({= 1 n
o xxS be each initial cluster 

containing only one vertex.

3) For m,...,t 1=

a) Let ix and jx be the vertices connected by te

b) Let 
-1t
xi
C be the connected component containing 

point ix on iteration t-1 and 
1= -t

xmsti i
Cmaxl

be the longest  edge in the  minimum spanning tree 

of  1-t
xi
C .Likewise  for jl .

c) Merge
1-t

xi
C and

1-t
xjC i f

}+,+min{<
11 -- t

x

jt
x

it

ji
C

k
l

C

k
le where k is a constant.  

4) mSS =

The existence of a boundary between two components in 

segmentation is based on a predicate D. This predicate is 

measuring the dissimilarity between elements along the 

boundary of the two components relative to a measure of the 

dissimilarity among neighboring elements within each of the 

two components. The internal difference of a component C 

C V was defined as the largest weight in the minimum 

spanning tree of a component MST(C, E): 

)e(wmax)C(Int )E,C(MSTeå= . The difference between 

two components VC,C ç21 is defined as the minimum 

weight edge connecting the two components:

    ))v,v(wmin()C,C(Dif ji=21

                         E)v,v(,Cv,Cv jiji ååå 21

A threshold function is used to control the degree to 

which the difference between components must be larger 

than minimum internal difference. The pair wise comparison 

predicate is defined as:         

     
),(>),(

21
2121{=),(
CCMIntCCDififtrue

otherwisefalseCCD                                                   

where the minimum internal difference Mint is defined as:

))C(R)C(Int),C(R)C(Intmin()C,C(MInt 221121 ++= .

The threshold function was defined based on the size of 

the component: C/k)C(R = .The k value is set taking into 

account the size of the image. The algorithm for creating the 

minimum spanning tree can be implemented to run in 

)mlogm(O where m is the number of edges in the graph. 

IV. IMAGE SEGMENTATION USING A HEXAGONAL STRUCTURE 

DEFINED ON THE SET OF PIXELS

The technique is based on a new and original utilization of 

pixels from the image that are integrated into a network type 

graph [2]. The hexagonal network structure on the image 

pixels, as presented in figure 1 was selected to improve the 
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running time required by the algorithms used for 

segmentation and contour detection. 

The hexagonal structure represents a grid-graph and for 

each hexagon h in this structure there exist 6-hexagons that 

are neighbors in a 6-connected sense. The time complexity 

of the algorithms is reduced by using hexagons instead of 

pixels as elementary piece of information. The index of each 

hexagon is stored in a vector of numbers ]..1[ N , where N, 

the number of hexagons, is calculated using the formula [2]:

)1-
2

4mod-
(*

2

1-
=

widthwidthheight
N

where height and width represent the height and the width of 

the image.

Fig.1. Hexagonal structure constructed on the image pixels

With each hexagon two important attributes are

associated: 

a) The dominant color - eight pixels contained in a 

hexagon are used: six pixels from the frontier and 

two from interior

b) The gravity center

The pixels of image are split into two sets, the set of pixels 

representing the vertices of hexagons and the set of 

complementary pixels. These two lists are used as inputs for 

the segmentation algorithm. 

Based on the algorithms proposed in [2] the list of salient 

regions is obtained from the input image using the hexagonal 

network and the distance between two colors in HSV space 

color. The color of a hexagon is obtained using a procedure 

called sameVertexColour. The execution time of this 

procedure is constant because all calls are constant in time 

processing. The color information is used by the procedure 

expandColorArea to find the list of hexagons that have the 

same color. To expand the current region it is used a 

procedure containing as input:

a) The current hexagon ih , 

b) 1L and 2L lists, 

c) The list of hexagons V

d) The current region index indexCrtRegion

e) The current color index indexCrtColor. 

The output is represented by a list of hexagons with the 

same color crtRegionItem. The running time of the 

procedure expandColourArea is )(nO where n is the number 

of hexagons from a region with the same color.

The list of regions is obtained using the listRegions

procedure The input of this procedure contains:

a) The vector V representing the list of hexagons

b) The lists 1L and 2L

The output is represented by a list of colors pixels and a list 

of regions for each color.

Procedure listRegions ( 21 ,, LLV )
1) colourNb á0;
2) for i á1 to n do

3) initialize crtRegionItem;

4) if not(visit( ih )) then

5) crtColorHexagon ásameVertexColour ( ihLL ,, 21 );

6) if crtColorHexagon.sameColor then

7) k áfindColor(crtColorHexagon.color);

8) if k < 0 then

9)      add new color ccolourNb to list C;

10)      k ácolourNb++;

11)      indexCrtRegion á0;

12) else

13)      indexCrtColor ák;

14)      indexCrtRegionáfindLastIndexRegion(index   

CrtColor);

15)    indexCrtRegion++;

16) End

17) hi.indexRegion áindexCrtRegion;

18) hi.indexColor ák;

19) add ih to crtRegionItem;

20) expandColourArea( VLLh ,,, 211 ,indexCrtRegion, 

indexCrtColor; crtRegionItem);

21) add new region crtRegionItem to list of element k 

from C

22) end

23) end

24) end

The running time of the procedure list Regions is )( 2nO , 

where n is the number of the hexagons network [2].

V.SEGMENTATION ERROR MEASURES

To evaluate a segmentation algorithm it is needed to 

measure the accuracy, the precision and the performance. 

When multiple segmentation algorithms are evaluated some 

metrics are needed to establish which algorithm produce 

better results.

In [3] are proposed two metrics tolerant to refinement that 

can be used to evaluate the consistency of a pair of 

segmentations. A segmentation error measure takes two 

segmentations 1S and 2S as input, and produces a real 

valued output in the range ]1..0[ where zero signifies no 

error. For a given pixel ip two segments 1S and 2S containing

that pixel, are considered. If one segment is a proper subset 

of the other, then the pixel lies in an area of refinement, and 

the local error should be zero. If there is no subset 

relationship, then the two regions overlap in an inconsistent 
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manner. In this case, the local error should be non-zero. Let \

denote set difference, and x the cardinality of set x. If 

),( ipSR is the set of pixels corresponding to the region in 

segmentation S that contains pixel ip , the local refinement 

error is defined in [3] as:

),(

),(\),(
=),,(

1

21
21

i

ii
i

pSR

pSRpSR
pSSE

This local error measure is not symmetric and it encodes a 

measure of refinement in one direction only. Given this local 

refinement error in each direction at each pixel, there are two 

natural ways to combine the values into an error measure for 

the entire image. Global Consistency Error (GCE) forces all 

local refinements to be in the same direction. Local 

Consistency Error (LCE) allows refinement in different 

directions in different parts of the image. Let n be the 

number of pixels [3]:

)},,(,É ),,(min{
1

=),( 122121 ii i pSSEpSSE
n

SSGCE

É )),,(),,,(min(
1

=),( 122121 i ii pSSEpSSE
n

SSLCE

GCELCE � for any two segmentations and it is clear that 

GCE is a tougher measure than LCE. In [3] are shown that, 

as expected, when pairs of human segmentations of the same 

image are compared, both the GCE and the LCE are low; 

conversely, when random pairs of human segmentations are 

compared, the resulting GCE and LCE are high. If the pixel 

wise minimum is replaced by a maximum it is obtained a 

new measure named Bidirectional Consistency Error (BCE) 

that is not tolerating the refinement. This measure is 

evaluated using 

Éi ii pSSEpSSE
n

SSBCE )),,(),,,(max(
1

=),( 122121 .

If an image is interpreted as a set O of pixels and the 

segmentation as a clustering of O we can apply measures for 

comparing clusters. As described in [17] we can have two 

types of distances available for clusters: the distance 

between clusters evaluated by counting pairs and the 

distance between clusters evaluated using set matching.  For 

the first case are assumed two clusters 1C and 2C belonging 

to a set O of objects and also all pairs of distinct objects 

( ji oo , ) from OxO.

Each pair can be found into one of the four categories:

a) in the same cluster under both 1C and 2C (the total 

number of these pairs is represented by N11) 

b) in different clusters under both 1C and 2C (N00),

c) in the same cluster under 1C but not 2C (N10),

d) in the same cluster under 2C but not 1C (N01).

Based on these assumptions the following statement is 

obtained: 2/)1-(=+++ 01100011 nnNNNN .

Based on these numbers multiple distances of the first type 

were defined. One of the distances described in [18] is the 

Rand index evaluated as 
2/)1-(

+
-1=),( 0011

21
nn

NN
CCR .

A perfect matching between two clusters is implied by a 0 

value. Another index called the Jacard index [19] is 

evaluated as 
011011

11
21

++
-1=),(

NNN

N
CCJ

For the second type the comparison criteria is based on the 

following term jiCci Ccj ccCCa ìÉ max=),(
1 2å å21 .

This term measures the matching degree between 1C and 

2C has a value of n when the two clusters are equal. The 

Dongan index [20] is evaluated as 

),(-),(-2=),( 122121 CCaCCanCCD .

VI. EXPERIMENTAL RESULTS

For each image three major steps are required in order to 

calculate GCE, LCE, BCE, Dongen index and Rand index 

values:

a) Obtain the image regions by applying segmentation 

algorithms (color set back-projection – CS, the 

algorithm based on the hexagonal structure – HS, the 

local variation algorithm – LV) and the regions 

manually segmented -MS

b) Store the information obtained for each region in the 

database 

c) Use a graphical interface to easily calculate GCE 

and LCE values and to store them in the database for 

later statistics

All algorithms are using a configurable threshold value to 

keep only the regions that have a number of pixels greater 

than this value. In this way only representative regions are 

saved in the database and used later in the experiments. 

The experiments were made on a working set containing 

300 images selected from IAPR-TC12 [15] and Berkeley 

[16] segmentation datasets. All values were calculated using 

the graphical interface presented in figure 1.

This application is offering to the user a list containing the 

name of all images that were segmented and that have 

regions stored in the database. After selecting from the list 

the name of an image the user needs to press GetInfo button 

to retrieve de information stored in the database for that 

image. In that moment the text boxes containing the number 

of regions obtained with each algorithm are filled. 

For each algorithm a button named ViewRegions is 

available. By pressing this button a new form is shown

containing the obtained regions as presented in image 2. 

This form helps the user to view the regions detected by 

each algorithm and to make an empirical evaluation of the 

performance. Because this evaluation is subjective we need a 

numerical evaluation.

Since the information about regions is available the user 

can press Calculate button. In this moment the error 

738 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



measures will be calculated and shown to the user. If the 

user decides that these values are needed later he can choose 

to store them in the database by pressing Store results

button. To compare the obtained results with previous results 

stored in the database View stored results button should be 

pressed. In this way it is possible to evaluate what algorithm 

is producing better results.

Fig.1. The graphical interface used for errors calculation

  

Fig.2. The form containg image regions

In table 1 are presented the images for which we will 

present some experimental results.

TABLE I. IMAGES USED IN EXPERIMENTS

Images

1 2
3

4 5

6 

In table 2 can be seen the number of regions resulted 

from the application of the segmentation algorithms.

TABLE II .THE NUMBER OF REGIONS DETECTED FOR EACH ALGORITHM

Img.No CS HS LV MS

1 4 3 6 5

2 5 4 7 6

3 5 3 5 3

4 6 4 6 3

5 4 2 5 2

6 5 2 6 3

In table 3 are presented the GCE values calculated for 

each algorithm.

TABLE III .GCE VALUES CALCULATED FOR EACH  ALGORITHM 

Img.No GCE - CS GCE-HS GCE - LV

1 0.18 0.09 0.24

2 0.36 0.10 0.28

3 0.18 0.09 0.11

4 0.10 0.09 0.09

5 0.11 0.09 0.10

6 0.04 0.02 0.03

In table 4 are presented the LCE values calculated for 

each algorithm.

TABLE  IV. LCE VALUES CALCULATED  FOR EAC H ALGORITHM

Img.No. LCE-CS LCE-HS LCE -LV

1 0.11 0.07 0.15

2 0.18 0.12 0.17

3 0.17 0.07 0.08

4 0.09 0.11 0.09

5 0.05 0.08 0.10

6 0.04 0.02 0.02

Bellow is presented the regions obtained for the third 

image after applying manual segmentation and the three 

algorithms presented above. 

Fig.3. Regions from manual segmentation

Fig.4.Regions from the color set back-projection algorithm
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− Similar With – opens the window for choosing the query 

image

− Select – permits to choose the field (or fields) that will be 

presented in the results of the query

− From – it represents the tables in database,  that will be 

used for the query
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− Where – the image type column used for content-based 

image query

− Features – it is chosen the characteristic used for content 

based visual query – color, texture or a combination of 

them

− Threshold – it is chosen a threshold of accepted simili-

tude between query image and target image. An image 

with a similitude under that threshold will not be added 

into the resulted query images

− Maximum images – specify the maximum number of im-

ages returned by the query
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Image processing is a technique used to increase the im-

ages quality in order to be easily understood by the human 

eye, or to help extract some important characteristics. In or-

der to succeed it is necessary to identify pixels groups that 

are interconnected by common characteristics. Some useful 

information can be extracted from colors repartition in pix-

els,  obtaining the color histogram. For that it  is  measured 

and represented the number of pixels for each color. The his-

togram does not say anything about the geometric relations 

between pixels. The image-histogram relation is not mutual, 

$CD��%�C)���C����CDECF��C!����FC�����!�F�D�

$CD��&�C���C����D�C��������F���C!D�F��F #����C�������
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meaning that there can be several images with the same his-

togram [3].

If the measured characteristics can have k1 values for the 

first coordinate, k2 values for the second…, and kn for the 

last, then the resulted histogram will have the size:

ED�C��
D�D

�

� � +7-

A major disadvantage of the histograms is that they need 

a lot of space, especially if the number of colors is high. A 

good  solution  would  be  to  store  only  characteristics  that 

have  a  non-zero  value,  or  the  value  is  above  a  specified 

threshold. 

The histograms are invariant to translations, rotations, and 

they have only small variations when the viewing angle is 

changed. 

The following definition can be given: a histogram repre-

sents the colors distribution in an image, region or object. It  

is calculated using the following formula:
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Starting from HSV color  space  representation,  the color 

can be  represented  in  complex.  Any point  from the  HSV 

cone can be computed using the formula [4]: 

@)CIC%C+!D�CCC?C�C���CC- +>-

The saturation can be interpreted as size, the hue as the 

phase of the complex value. There are a lot of advantages of 

such a representation. First, it is simple due to the fact that 

color is a scalar and not a vector and the combination be-

tween channels is made before filtering. In conclusion, the 

color can be represented in complex using:
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To compute the Gabor characteristics for an image repre-

sented in HS-complex it is used a method similar as comput-

ing the monochromatic Gabor characteristics. This is due to 

the fact that the color channels are combined before filter-

ing [4]:
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The Gabor characteristics are created using the value Cf,ϕ 

computed for 3 scales and 4 directions:
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The similitude between these characteristics is defined by 

the metric: 

,6���� 	��� -
$��
���� 	 ��	C�C-

$��
�� $ �� $ � 	6 C

+DE-

�;� CB,8B��)B��%C/��C�B%	2�%

:�!���� C �F C �� C � C !����F ���"�� C �����!�F�D�( C F�� C �0�!�F�D�C

F���C�������CD�CF�DC����!F�&CF��C��F�D�*C�����CF��FC��C����C

FDC����C��F�CFDCF��C��F�D�*C���CF��C��F�C��D!������C������C

�/:2BCD�
��)BC�BB�B�C��C��/�%9B�C�)/3B%

�
D

�����C���D��F�D� �����C��@� ����C������

D D>ECND>E J4CO: E(5EC�

6 67ECNC67E DJ6CO: E(J4C�

5 7KECNC7KE >J4CO: 6(MEC�

7 >7ECNC>7E D6E7CO: 4(6EC�

4 D6EECNCD6EE 766ECO: DK(5EC�

	������CF��C��ED���F�D�C���FCFDC���"��C��C#����CD�C�F�����(C

���� C F���CDEEO:C ��C��@�� C�D������ C F��C��F�D�* C����� C ��C

����C��D���CF��FCF��C�������CF���C!��C#�C!D��������C!�D��CFDC

@��D�

��CD��C!���(C��C���D�F��FC�D��C��C��F�CF����E��C��C��������F 

��C#�CF��C������C��F��C���������CFDCF��C���D��F�D�C���C!D� 

������D�C����(CF���C����FC��"�C�C��@�C��CFDC��"����C):�C��C

F���C!���C�FC��C"���C���D�F��FCF��C�����C����CFDC����C��F�CFDC

F��C��F�D�*�

COSMIN STOICA SPAHIU: ANALYZES OF THE PROCESSING PERFORMANCES OF A MULTIMEDIA DATABASE 751



��*���C��FDC�!!D��FCF��FCF��C��@�CDEC�C:)8C�����C��F�C

���D��F�D�CDECDEENDEEC��0���(C��C5ECO:C�FC!��C#�C����!F��C

F��CF���C������CFDC����C������CFDCF��C���"��&

���CF���C�EE�!F�"���C������C#�CF��C���"��CED�C��C�����FCD� 
���F�D� C �� C������ C F���C������F�� C�#D"�C#�!���� C F�� C���"��C
���� C � C �������*��� C !D�����!�F�D� C F�!������ C ED� C !����FC
!D�����!�F�D� C ��� C��F� C �������& C F�� C !����F C ����� C FD C F��C
���"��CF��C�����FC!D�����(CF��C���"��C����D���C��F�C��C�OC
!D�E����F�D��C�FC��������CF��C��F�C��0FC���C�EC�����C�D��C��F�C
+��!�C��C��!��"���C��C�����-(C�����CFDCF��C!����FC�C��F�C�� 
����F� C���C!����F C ����D��� C������� CF��C ������ C�DC F��C���FC
�F��(CF��C���"��C�!*�D�������C��!��"���CF��C������C�ECD��CDEC
F���C�D��C�DFC��!��"�C��C�!*�D���������FC�FC����C������CF��C
��ED���F�D��

/EF��C���CF��C��ED���F�D�C��C��!��"�(C#�ED��C��*���CF��C�� 
���F�D�C��CF��C��F�#���(CF��C���"��C���CFDC��D!���CF��C�����C
��!��"��C���C�0F��!FCF��C!D�D�C���CF�0F���C��ED���F�D��

�� CD���� C FD C�0F��!F C F��C!����!F����F�!�( C F�� C ����� C!D�D��C
��"�CFDC#�CF������F��CE�D�C�3:CFDCC%;C!D�D�C���!�(C���� 
F�@��CFDCD>>C!D�D��C���C�EF��CF��FC�������CF��C���D��F���C��� 
���F��C�#D"�CFDC�0F��!FC���FD����C���CF�0F����C�����CD���� 
F�D��C���C����CFDCF��C��0��C��"��C���C����C�C����C��D!������C
�D���C���C���D�F��FC�0�!�F�D�CF����

��CF��CF��F��C"����D�(CF��C���"��C��D!���CD���C:)8C�� 
����� C �E C F�� C ����� C�D��� C#� C !D�������� C +����& C P8B3-( C �FC
��D���C#�C��!D��������CE���FC���CD���C�EF��CF��FC��D!�����C
��CF��C:)8C�������

��C��#��C6C�FC��C������F��CF��CF���C������CFDC�0F��!FCF��C
!D�D�C���CF�0F���C!����!F����F�!�CE�D�C������C��"���C��EE�� 
��FC���D��F�D���C

���C������!C�����F��CE�D�CF��C�#D"�CF�#��C��C������F��C��C
E�����C6�

�FC!��C#�C�DF�!��C�C������C��D�F�CDECF��C�0�!�F�D�CF���C
��F�CF��C�����C��@�(C���CFDCF��C�������F�CDECF��C���D��F���C
�����C

�/:2BC6�
��)BC�BB�B�C��C8��AB%%C�CBC�)/3B%

�D ����� C��� 
D��F�D�

����CED�C!D�D�C
!����!F����F�!�

����CED�CF�0 
F���C!����!F���� 

F�!�

�DF��C
F���

D D>ECND>E E(74C� D7C� D7(74C�

6 67ECNC67E E(>EC� D7(4C� D4(DEC�

5 56ECNC56E E(JEC� D4(5EC� D>C�

7 7KECNC7KE DC� >5(JEC� >7(JEC�

4 >7ECNC>7E D(4EC� DEK(4EC� DDE(4EC�

9D�C��C�����C��"���CF��CD>ECNCD>EC��0���C���D��F�D�C�FC��C
��!������C����D0���F�CD4C��!D���CFDC�0F��!FCF��C!����!F���� 
F�!��C9D�C��C�����CDEC>7ECNC>7E(CF��CF���C����C��!�����CFDC�� 
�D�FC6C����F���

��*��� C ��FDC�!!D��F C F��F C F���� C��� C!���� C����C��"����C
����� C���F C FD C �0�!�F� C �����F C D����F�D�� C �����F���D����( C �FC
���C!D��������CFDC#�C���E��CFDC����FCF��C������C���D��F�D�CFDC
4EEN4EEC��0����C����C����C��"�CF��C�D���#���F�CFDCE�����@�CF��C
�����FCD����F�D��C��C�C����D��#��CF����

;� A��A2	%���%

��� C����� C������F�� C� C��� C�D��F�D� C ED� C�������� C���C

�������� C���F������C������ C!D���!F�D��� C���C ��������F��C

���F������C����F�D���C��F�#���C���������FC���F��C��!�����C

��CD������� C��F�CF���( C!�����C�)/3BC����CFDC�FD��C���C F��C

!����!F����F�!�C�0F��!F��CE�D�C�������C�����C!����!F����F�!�C

���C����C��C!D�F��FC#����C��F���"���

�F C �� C!���F�� C ED� C�������� C��� C�������� C������C��@��C

����D���C����F��C!D���!F�D��CF��FC!D�F���C#DF�C�����������!��C

��ED���F�D�C���C����F��C������C+ED�C�0������CF��CD���C����C

��C���"�F�C����!��C!D����F���C�DD��-�C���C�DEF����CFDD�C�� 

�D��C!���F���C���C����F���C��F�#����(C!���F���C���C����F���C

F�#��� C �� C��F�#����( C����F��� C��F� C �� C F�#��� C��� C���������C

���C����C!��C���C��"����CF����CDEC��F�C��C��F����(C!���(C�D� 

#��CD�C������C

��� C�����F� CDE C F�� C ���"�� C �� C F��F�� C E�D� C F�� C �0�!�F�D�C

�D��FCDEC"����C�FC��CF��F��CF��CF���C������CFDC��D!���CF��C�� 

���FC�������(C������CF��CF���C������CFDC�0F��!FC!D�D�C���CF�0 

F���C!����!F����F�!��

����C�DEF����C!��C#�C�0F�����C��CF��CED��D����C����!F�D��&C

' /�����C���CF����CDE C F����F�D��� C���C���F������C��F�C

F����C+ED�C�0�����C"���DCF���CD�C��A�)CF���C C#�!����CF��C

����C���� C����� C F��� C���F������ C�:)%C�� C���� C �F C �� C F��C

����!�� C�D����C���C F��C��A�)CF���CDE C��F�C�� C����CED�C

�FD����C�����������!��C��ED���F�D�C���C������C�0��F���C��C�C

�F������C��A�)CE���C��D"����C#�C�C����!��C��"�!�-

' %F������ C ��� C ��������F��� C ����0��� C ���D��F��� C ED�C

��F�C�����F��C��CF��CF�#���C��CD����CFDC�����!�CF��C�0�!�F�D�C

F����

�B9B�B�AB%

<D= ��CA������(C.�-*C�B��CE�D��&%/�%FA�C0
<6= ��CADAD!���(C.��A!CE���1�DEDBD����F���CEED�!�A�-��C��!�DBD��0�C	�� 

"����F����CA���D"�(C6EE4
<5= A� C8���( C�� CO������( C��C2������( CO� C%��F@��( CF3�#D� C9��F����� CDEC

AD����0CC��H%�F���F�D�C������C9D�CAD�D�C��0F���CA�����E�!�F�D�G�C��C
2B	�3�D�B����$C�C��C����4�$���ABD���%�DC��C�53��%67778(C���C74 7M(C
6EEE

<7= A�C%FD�!�C%�����(CA�C)�����!�(C2�C%F����!�(C����C:�����!�(C)�C:�� 
@D"��(CF��F�#���CO�����CED�C�����C��F���"��G�C�� C�	C�'D�EB���BC��A9
BD��A�����$C�C��C�����-*A��CE�D��+��BD�C-DA�5++ ,���677:8(CAD� 
���C.C9���!�(C���CD>M DJ5(C6EEM

<4= A� C%FD�!� C%�����( C2� C%F����!�( C���� C:�����!�( C)�C:��@D"��( CF9���C
%FD���� CED� C�C)��F������ C��F�#���C%��"��C ED� C�����C��F���"��G� C ��C
�	C � '���B	 � ��BC��ABD��A� �+��BD9���$C�C��C � �� � ���F�BD�! � D� � B	C �
"��#A� � ��$���ABD�� ��C�	����!� � 5���"� �677:8( CA�����H C2� C:D!!�(C
9���!�(C���54 7EC+6EEM-

�������

�������
�
��

��
��
��

���
���

�������

�������

	���	��

�������

�������

9���C5�C����C"��C�����C���D��F�D�

752 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



<>= )�CO��FD!�"��( C.�	C�+�*C�B��%B��C���A!CE����B	C�,ABA#AEC0�C 6EE4C
�FF�&HH����D��!���!D�HF�!��D�D��H��D��!F�H��F�������H��EH���Q�� 
����Q��Q��F�#������E

<J= 3�C2�( C.+��BD�C-DA�,ABA#AEC�+A�A!C�C�B�%�EBC�E0�C/�F�!�CCD���C
8�#�������(CDMMM

<K= C�C)�����(C/�C�D���F(C/�3��!��(CP�8�;�����(C/�C3����#�����(C.�C�C$DBE �
�$����BC�B9#AEC-�/DE�A��,ABA����CEE�D��;A-D���!�0�C����DC3�����!��C
64(C���CK7M K4K(C6EE4

<M= 2� C %F����!�( C���� C :�����!�( C)� C :��@D"��( C.+��BD�C-DA �+C-D�A� �
,ABA#AECE��	AFBC������0�C��&C%����(C/�������C%�RC����D�(C������RC
:�������(C)�FF���C+B��FD���-(C:�D����!��C��F�C���C/����!�F�D��(C%� 
����&C%F�����C��CAD���F�F�D���C��F�������!�(C;D��C667(C%�������C;�����(C
6EEM

<DE= 2�C%F����!�(CC��C��C:�����!�(CA�C%FD�!�C%�����(C)�:��@D"��(CF/C�F���C
DECF�DC!D�D�C���F���C����C��C!D�F��F #����C�����C�����CD�C����!��C
�������G�C��C��BC��ABD��A�����$C�C��C������$���ABD�E�D�����B�������9
B��ABD���A�-�;�#�BD�EC+�A��A�C6EEJ-�C���C55J 57E(C6EEJ

<DD= �� C3�"���( C/� C %��������( CAD�D� #���� C D#A�!F C ��!D���F�D�� C)ABBC���
;C��!�DBD��(C;D��C56(C���C745 7>7(CDMMM�C

<D6= C%;CAD�D�C%��!�(C�FF�&HH�����*�������D��H��*�HC%;Q!D�D�Q���!��

COSMIN STOICA SPAHIU: ANALYZES OF THE PROCESSING PERFORMANCES OF A MULTIMEDIA DATABASE 753





Constructive Volumetric Modeling

Mihai Tudorache

Faculty of Automatics, Computers

and Electronics

Craiova, Romania 200440

Email: mtudorache@software.ucv.ro

Mihai Popescu

Faculty of Automatics, Computers

and Electronics

Craiova, Romania 200440

Email: mpopescu@software.ucv.ro

Razvan Tanasie

Faculty of Automatics, Computers

and Electronics

Craiova, Romania 200440

Email: tanasie razvan@software.ucv.ro

Abstract—In this article we intend to present a method
of obtaining high complexity sinthetic scenes by using simple
volumes as the building blocks. The below described method can
be used to obtain both homogenous and heterogenous volumes.
This is done by combining volumes of different voxel densities.

Index Terms—volumetric data, voxel, constructive solid geom-
etry, volume modelling, constructive volume geometry.

I. INTRODUCTION

THE VOLUMETRIC data imaging technology has greatly

improved sice the 1990’s. Before this many fields had to

work with data images that used the depth or field effect known

from 2D screens.

Because of the improved graphical representation, the vol-

umetric data has found extensive use in medical applications

such as 3D ultrasound, CAT (Computed Axial Tomography)

or MRI (Magnetic Resonance Imaging). Other fields putting

the technology to use include geological surveying, security

scanning and, potentially, 3D gaming.

Given the importance of volumetric data, a lot of research

has been done lately in the field, ranging from volumetric

generation and rendering to volumetric segmentation, indexing

and compression. This research was mainly done using data

that resulted from real medical cases. Only recently did

researchers start to use data obtained by scanning physical

objects using lasers. Even so, volumetric data is stil scarce

and not readilly available.

Because volumetric data is in general obtained through

medical imaging devices it is usually hard to come by. Given

the ease with wich sinthetic scenes can be manufactured, the

sinthetic senes are somtimes prefered for volumetric analysis.

It must be said that the sinthetic scenes offer less diversity

than the real medical data but they can be custom made to

the precise needs of the desired field of analysis. Volume

segmentation and indexing can greatly take advantage of

sinthetic scence tailormade for its needs.

II. CONSTRUCTIVE VOLUME MODELING

The constructive volume generation technology is not a

new thing and many articles have been written on this topic.

For example the Constructive Volume Geometry (CVG) [1]

article presents an algebraic framework for modelling complex

spatial objects using combinational operations. In this article

we present another approach for volume generation. We will

use basic volumes like spheres, prisms, cylinders, cones, tori,

etc. as building blocks for more complexe volumes. These

volumes are combined using boolean operators like union

and intersection. The resulting volumes can be combined with

other volumes to form more complex objects.

The volumes that we are using are made up of voxels that

have a position in the volumetric spece they are defined in

and a density, with values in the interval [0,1]. The density

can later on be interpreted as a color in a given spectrum. For

the examples given in this article we chose a palette consisting

of shades of green ranging from light green for density 0 to

dark green for density 1.

A volume is stored in a 3D matrix of densities, where a

voxel is represented by its position in the matrix and the

density stored at that position.

Fig. 1. Sphere and cone union.

In order to combine their volumetric data, all volumes must

be defined in the same subspace.For example we consider
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a 256x256x256 cube made up of voxels. Each voxel in the

cube has a density between 0 and 1. Let us take two such

cubes, A and B, which contain the volumetric data for a

homogenous sphere of radius 100, centered in (100, 100, 100)

and a homogenous cone of radius 100 and height 50, centered

in (100, 200, 100) respectively. Both volumes have the density

equal to 1. The union of A and B will be another 256x256x256

cube of voxels as presented in Fig. 1.

When we make a union between two volumes, we actu-

ally add the densities of corresponding voxels in the cubes

containing these volumes, caping the densities at a maximum

of 1, thus obtaining a valid new cube, with all densities

between 0 and 1. The resulting cube can be used in subsequent

operations.

Fig. 2. Sphere and cylinder intersection.

For the intersection of two volumes we compute the product

of all corresponding densities in the cubes containing the

volumes. Given that the densities of voxels have values in

the interval [0, 1], after multiplication the resulting densities

also have values in the [0, 1] interval. An example of an

intersection between a sphere and a cylinder is given in

Fig. 2.

The difference of two volumes is obtained by subtracting

the corresponding densities of voxels in the cubes containing

the volumes. Because the resulting densities can fall below 0,
we need to limit these values at 0. An exemple of a difference

is given in Fig. 3.

The complement of a volume can be obtained by subtracting

from 1 the voxel densities of the cube containing the volume.

The resulting cube has all densities in the [0, 1] interval.

Fig. 3. Sphere and torus difference.

These operations have the potential of creating realy com-

plex volumes. In Fig. 4. there is a volume created from a

sphere and three cylinders.

The basic volumes used in these operations are created using

their parametrized equations. For example, a sphere is defined

by the equation (1).

x=x0 + r sin θ cosφ

y=y0 + r sin θ sinφ (0 ≤ φ ≤ 2π and 0 ≤ θ ≤ π) (1)

z=z0 + r cos θ

By taking discrete values from the intervals [0, 2π] ,[0, π],
and [0, r] we are able to build our sphere voxel by voxel. The

Fig. 4. Union of three cylinders.
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algorithm for constructing a homogenous sphere is given in

Algorithm 1.

Algorithm 1 Generating voxels for a homogenous sphere of

density 1.

Require: r > 0
r ← 1;

2: while r <= radius do

theta← 0;
4: while theta ≤ 2π do

phi← 0;
6: while phi ≤ π do

x← x0 + r ∗ sin(theta) ∗ cos(phi);
8: y ← y0 + r ∗ sin(theta) ∗ sin(phi);

z ← z0 + r ∗ cos(theta);
10: volumex,y,z ← 1;

phi← phi+ arcsin(1/r);
12: end while

theta← theta+ arcsin(1/r);
14: end while

r ← r + 1;
16: end while

In order to obtain a heterogenous volume we can combine

homogenous volumes using the operations defined previously.

For example a sphere with three layers of density d1, d2 and

d3 can be obtained by making a union between a homogenous

sphere with density d1, a homogenous sphere shell with

density d2 and another homogenous sphere shell with density

d3. A section through the resulting sphere can be seen in Fig. 5.

Fig. 5. Sphere and cylinders difference.

Fig. 6. Heterogenous sphere obtained by combining three basic homegenous
volumes through union. The section through the sphere was made by means
of a difference with a prism.

III. CONCLUSION

We have shown that more complexe volumetric objects

can be obtained by combining basic volumes using boolean

operators. This is very helpful in obtaining synthetic data

for other volume related fields of research like volumetric

segmentation and indexing, and volume compression.

The simple sinthetic data can be combined into more

complex forms thus giving a large colection of objects from

where to choose when performing volumetric analysis.

The method that we have used is a very simple but an

ingenious one as presented above. We will use this method

in our future work.
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(a)Robustness to the noise level
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(b)Robustness to the noise level
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(c)Robustness to the noise level
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(d)Robustness to the P Imatrix
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(a)Robustness to the noise level
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(b)Robustness to the noise level
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(c)Robustness to the noise level
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(d)Robustness to the PImatrix
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THE PERFORMANCE COMPARISON OF THE FDKFE 

STRATEGIES

-C�� 1�FBAF����� ����������� ����� ����)��

3 $������� C ��#���C
�E� C C DE�����C
�����F

C C C C M���C
#EE�

CCCC>EE� � �M���C
>EE�

8 $������� C ��#���C
�E� C ��!DE�����C
�����FC

CCCCCCCC.D��� CCCC.D��� CCC>EE�

5 �E'�F���FFC�E C �
 �CD������F

C C C C C �E�C
�E'�F�

�E�C
�E'�F�

��C�E'�F�

9 �E'�F���FF C �E C ���C
D�����C

��E'�'������F Cπ

C C C C C C�E�C
�E'�F�

�E�C
�E'�F�

CCCC�E'�F�

VBD'�����C�F��D��E�F7C*)!.�������C*��D��C)����� CB*!
)!B�������C*��D��C)����� C�*)!��F������C*��D��C)������

NICOLAE TUDOROIU, ESHAN SOBHANI-TEHRANI, ET AL.: REAL-TIME EMBEDDED FAULT DETECTION ESTIMATORS 765



4B6� C C C��C���E�E��C���C*�C*�E��F��� C9)����C�������E�C���C���#�E!

F�FC�E�C������E�C(����FCE� C.���������FC$�������C	E���E� C.�F��DC
�F��#C�C;��,CE�C*��D��C)�����FL C�$	�##.��5C�	F� ���� �"#$�!4
"�	�!,���A�	C��A�	����5�!,D�8�$���"C�!�.���C"#AC C��F� C�ED�!
��� C8@@: �����C3CC!8@8�

4F6� CCC��C���E�E��C���C*�C*�E��F��� CK)����C�������E�C���C���#�EF�FC

�E�C.���������FC$�������C	E���E�C.�F��DC�F��#C��C���������%�C0��!
�����C0E���C1�002C$���E���L C�$	�##.��5C�	F�"'#�8	�F#$#��# �
	��8	�"$	,�6��,��!"�	�C C�E�E��E C	����� C8@@:�C

4?6� C C C�����E�E�� C*�C*�E��F��� CK.��������C)����C���#�EF�FC�F��#C�C

;��, C E� C ����������# C *��D�� C )�����F: C ��� � �$!�C!�"�	�C � 	��
6#$	C�!�# �!�. ��,#�"$	��� � ��C"#AC CME�� C 95 C�E�9 C 8@@F C ���C
3559!35:@�

4C6� CCC��C���E�E�� CB�C.E'����!������� C���C*�C*�E��F��� �K�������!

��%�C;��,CE�C��F������C*��D��C)�����FC�E�C)����C�������E�C���C
�FE����E�C��C������E�C(����C$�����E�FCE�C.��������C$�������C	E�!
��E� C.�F��DLD � �8-�;<==>D�'#�?<�. �6���!,�8	�F#$#��#�	F� "'# �
 ���� �.�C"$�!,��,#�"$	���C��	��#"� C8@@B�

43@6� G�C��C;EF,E%��C���C*�C0�C0���� C8@@3 CKA�'���C)����C�E������C

	E���E�CE�C$��EF����CM������L C�$	�##.��5C�	F�"'#� ���� �"#$4
�!"�	�!, �8	�F#$#��# �	� �8	�"$	, �6��,��!"�	�C C0����E C 8@@3 C
���993!99B�

4336� T�C-� C-�C0� C���C*�C*�E��F��� CK)����C�������E�C��C������E�C

(����CE�C�C.��������C�F��#C�'F��%��!'�F��C����D��C������C���!
"E�,FL C�$	�##.��5C�	F� �"#$�!"�	�!,���A�	C��A�	���#�$!,��#"4
�	$�C C8@@:�

4386� B�C.E'���� C*�C*�E��F��� C���C.�C����AE�� CK3��!A����#�$!, �

�#"�	$�4E!C#.��C"�A!"	$�F	$��!�,"�3�!5�	C�C�����#!�"�	��&'##, �
6�"�!"	$�	F��!"#,,�"# �6""�"�.#�8	�"$	, ���C"#AL C�$	�##.��5C�	F �
"'#�� �"#$�!"�	�!,�@	��"�8	�F#$#��#�	���#�$!,��#"�	$�C C8@@:�

4356� ��CG�CJ���E� CJ�C0�C)���, C���C��C��C	���, CK)����C���#�EF�FC��C

����D��C.�F��DF C���E��C���C$��������E�FL CB�#��"EE�C	����F C
�G7CJ�������CA��� C3C?C�

766 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



�����������������	A�B	�CA�D	�����AE�E��F�E��E� �F�	��	F�EB�
�EA�E�F������B���F�	�F���A��	F	A��E��F�	��B��F��	����F	A���F��
�������EA�F������F�	��A�CF�C��������C�F�E��E������A	���E��E��
�BB�F��	��E��	��������		C����������EA��E�C	�CE�����C�F�E����F��
F�	�CE�FAE�����F	������F�	��AE�E�	B��	F�EB��F�	�E�F���������	��
E����A��	F	A��E���B��F��	����F	A��A	�C��C���F	B���F�����A��F		��
F�	��F�D���F����B�CE��	A�	�C	�E��F�	��������EA�F������	� �!�
CA�F	A�E�������	B��EA�F�	�"����F�����	���	�F�E����		C����������AE#
C	������EDF���	B��AE��E�F��F�E���B��F��	����F	A���F���������E#
A�F����$��F�	�	%�	A��	�F����	CF�E�����B	�CA�D	B�F�	�����E���	A�#
��C�F�E��E��F�	��AE�E�	B��	F�EB�E��F�	��FA�CF�A	�E��F�	��B��#
F��	 � ���F	A ���F� ��������EA�F�����B � E� � F�	 � �FA�CF�A	 �E� � F�	�
�B��F��	����F	A���F���������EA�F�����������C�F�E��E������A	��#
�����E��	��AE����		C���������D��������F�E�������&��&���E�F#
��A	���B�����	�	�F�F�E��E�� �'����()*+,-.(�

�	ABC�D�������B��F��	����F	A�/�	��F��	����"��A	0�� �!�
CA�F	A�E��/ �����C����	�!�A����0���E��	�C��C	��	A�

���������	A����

���BCDEF�F���DDE����B�����D�C��E���C���F�D���µ�����D���
����D����B��D������CDE����E�D����ED��D����� ����B�ED�F�

E����!�����"������E��� D����D�#E�ED"�����!B�������!��B� � D���
�� ����B�ED�F� �$� �� � �����D � B� � �CC�BC�E�D� � ��DDE�� �B� � D���
���CDE����E�D���C���F�D����E��!B���!D��C��!���E�����C�B!���E���
������#��%���D�!B���!D�D���E�B��D���B������!B��EDEB��D��B����
D�������B��D�����&�!�ED��EB��

'

�����()�$�$*��+)�'���)��&��(��� �$�,����(�

�� ������	ABCDEF

����D�F����-��%�����.�� /����B�ED�F����������BC���#"�
&E��B������(B���E��0123����E�����B�ED�F�E����F�F#���B��
�DB!���DE!�����E��D����B�ED�F��456�������� ����B�ED�F�E����
�E���� ����CDE����E�D��E������B�ED�F7���E!�7 �E���������7 �!B�8
�E�D��B��D�B�#��E!�C�B!�����9

�� �C�D�BC�	��BA��������E!��E��B����
• ABFC�DE���D���B�DC�D��.�/�B�����CDE����E�D���E�����CB����DB�
��!DB��E�C�D��E�����%.�/�.0/7

• ,�����DE��������DEF�DEB�����B� ��.�/�.'E��:/�#"�!BFC��E���
D�E��B�DC�D��.�/��ED�����E�������CB�����.�/�.'E��5/�.5/7�

�� �������DC����BA����� .;/7���E!��E��B�����D�����DBF�DE!�
��<��DF��D�B��D���C���F�D��� ��.�=0/�B��D����E�D���E���!!B�8
���!���ED��D�����DEF�DEB�����B���.�/�4;67�406

( ) ( )���� ���=/. .0/

�.�/ D�C�-���E��D���!DB�7

( ) ( )����� −=/.� .5/

( ) ( ) ( ) ( )������ ��� 50 +=+ .;/

�.�=0/ D�C�-���E��D���!DB���C��D�7
µ �D�C��E���C���F�D���

���� ������

�

� ��

� ��

����

�	��A��
�

�	���
�

� �

B�������	A	�	���C	�	��A��2µ
� �

�� ��

�	��A��
�

�	���
�

� �

	�	�������
�

������

�

� ��

�� ��

�		��A��
D��

�		���

� �

	�	�������
�

����DA��

�

D��

����DA��

�

�
2µ

E���

F���
�	�������	A	�	���������

Σ
D��

� ���
�	���������
�

�

2µ B���	C	2µ �F����E����

'E����0�'����� ����CDE����E�D�������E��DEB��456�

�� ��DDC�	��A�����D����C�����B�F�D�B�µ

�� ���� ��DC�	�A�����D����C�����B�F�D�B �µ� DA���� B��DE� �
�D��C�CD��A������DC����C�D�B�!CDE�DE��������	ABCDEF��
'B����D��FE��DEB�7������D����� ����B�ED�F���F�E����D�8

#���E����!�����"��E���D����CC���#B����B��µF�>7�D��D�������D����
�D�#E�ED"�B���� ����B�ED�F�.?/�406�

64;

0
F�>

���
<µ .?/

D�416 D��!��B��17���E!��F������F�B��D����E��B�������F��D��
B��17

1 �B�C�ED����DB!B�����DEB��F�D�E>�!��!���D�����BF���!DB��B��
E�C�D��E�����%.�/7��E���1�E����>���

�B�C�ED����DB!B�����DEB��F�D�E> �1� E��!��!���D���#"��%��8
DEB��.:/456

( ) ( )64 �� "���� Ε=� � .:/

&����C�F�E��E��E�F������	FF�����E��F�	������B��F��	����F	A��EA���		C��
��������AEC	�����

@���+�A�B
+CD8��!��E!���	�E����ED"�B��
��D����7�'))A 7���CD��B��
)��!D�E!���)��E����E��

0E���E�DBC����0:7�E3F;;���D����8
*B��#�7�A��!����C�#�E!
)F�E�9�<��������G��#�!�

+HDI������ DJ�K���
+CD8��!��E!���	�E����ED"�B��
��D����7�'))A 7���CD��B��
)��!D�E!���)��E����E��

0E���E�DBC����0:7�E3F;;���D����8
*B��#�7�A��!����C�#�E!

)F�E�9��ED��������D"�K���G��#�!�

Proceedings of the International Multiconference on
Computer Science and Information Technology pp. 767–774

ISBN 978-83-60810-27-9
ISSN 1896-7094

978-83-60810-27-9/09/$25.00 c© 2010 IEEE 767



'E����5�&����B�F7��C�!D�B���F�.���%���!"�DEF������"�E�/�����C��EB�B���F�
B��CB�����C�!D��������ED"���DEF�D��B�����E�����C��!���E������.�/�B��E�B��D���
!��!���B���L<����L�DB�D���E�C�D�B�����CDE����E�D����ED���� ����B�ED�F�

�����E��E�E!��!��B��D����CC���#B����B� �µ7���E!��E��C�B8
�E����#"�.?/7�E��D��D�ED�!������E�"�#��!��!���D�����BF�D����E�D�� �
E�C�D���FC�����������B� �µ� D��D�E��C�B�E����#"�.?/�E������E8
!E��D��B��D����D�#E�ED"�D����� ����B�ED�F7�#�D�E���BD���!��8
���"�406��

������ ��DC�	�A�����D����C�����B�F�D�B �µ� DA���� B��DE� �
�A���B	�����A������DC����C�D�B�!CDE�DE��������	ABCDEF
AB�������!� � #����EB�� � B� � �� � ���B�ED�F � E� � �E��!D�"�

�E�K���DB�D����E����������C�����B��D�����DB!B�����DEB��F�D�E>�
1�����D���CB�����C�!D��F�B��%.�/��AB�������!��B��D����� �
���B�ED�F�E���E��!D�"�����D�� �DB� D������D���� � E��D����C�!D����
!B�D��D�B��D���������"E���E�C�D�C�B!���� �)4�.�/6�!B��������
DB ����B ����� �µ� ��F�E�� ��ED�E� � D�� ������ �B� � �B�F��� �.2/��
)4�.�/6�E���>C�!D�DEB��B����E��D�-����B����!DB���.�/�M��.�/�-�
�3��

F�>

0

λ
µ ≤���� .2/

λF�> F�>EF�F��E���������B����DB!B�����DEB��F�D�E>�1�B��
D���E�C�D���!DB��%.�/�

�����#B����������B����BD���!�����E�"�������D����D�#E�ED"�
B���� ����B�ED�F������!B�������!��B���� ����B�ED�F���8
%�E����!B�������!��B��D���F����B���.�/�DB�������3��������B�
!B�������!��B��D������E��!��B��D������F��D��B���.�/�DB��BF��
�EFED����������406��+�!DB���3�E��!��!���D���#"�&E�����-�(BC��
�%��DEB� � ��� � D�� � ��C���!�ECD � N3O � E��E!�D�� � D�� � BCDEF�F�
&E������B��DEB���B��D���&E������E�D���456�

�� ���� ��DC�	�A��A�DCF������ ��A�����D����C�����B�F�D�B �
µopt�A������DC����C�D�B�!CDE�DE��������	ABCDEF�

��D��FE��DEB��B�����D�C��E���C���F�D�� �µ opt� ������E��EF8
CB�D��D�DB�!B���!D�������B�ED�F��� ��&��������!DE���C�8
��F�D���µopt�D��F��B����!BFC�BFE���#�D�����D���D�B���C�!D���

���D���B�������7��������������µ�!���������%�E!K�"�DB�D���BC8
DEF�����DDE����D����� ����B�ED�F��B���C��!���E�����C�B!���8

E�������D���BD��������7�F�"�E�!������D���������µ�B����FE�8
D�K��E��D����C��!���E�����C�B!���E���E�����D�����D�C��� F����
������µ7�B��D���!B�D���"7��������D����D�#E�ED"�����D���!B����8
���!��B���� ����B�ED�F�406��
$���������D��F����������µ�E��D�����B��B���E��D���!B����8

���!��B���� ����B�ED�F����7�!B���%���D�"7 �E�!����E���D���
E��!!���!E���E��D����E�D��DEB���B�8�D�DEB���"��E������416��'B��
D�� �BCDEF�� � ����� � B� � D�� � C���F�D�� �µ opt� E� � D�� � �B��B�E���
�%��DEB��.E/�406

( ) 64�0 ���
���

	

	

+
=µ 7 .E/

D�416D��!��B� �17���E!��F������F�B��D����E��B�������F��D��
B��17�	 C���F�D���FE���<��DF��D�

*���F�D���FE���<��DF��D � 	� E�����E���������DEB�B��D���

�D���"�-��D�D��������B��D����>!����F���8�%��������B��.� )/�
ξ�>!����DB�D���FE�EF�F�F�����%�����.� )/����B��ξFE���

64
FE�

���µ
ξ

ξ
== �#����	 � .F/

����FE���<��DF��D�	�E�����EF���EB������C���F�D���D��D�
C�B�E������F�������B���B��!�B���D����� ����B�ED�F�E��DB�
BCDEF��ED"�E��D���F����8��%�����-��������
�����F������	�E��!BFC������ED����ED"7�D���FB����!!�8

��D��E��D������CDE����E�D��E����!DEB��#�E���C���B�F���#"�D���
�� ����B�ED�F��+������B��FE���<��DF��D � 	� ����������"�
D���03P7�53P�����;3P�.��#��/7�.��#����/7�.��#�+/7�.��#�+�
/7�.��#�+��/�406��
$�������B� �	�M�03P�F����7�D��D�D������CDE����"�D�F�

�������� )�B��"�03�C��!��D�����D���D����ξFE��4F6�

Table I.

CALCULATED VALUES OF A STEP SIZE PARAMETERS µopt, µmax, µ!B�� OF LMS 

ADAPTIVE FILTER FOR INPUT SIGNAL x(n) WITH DIFFERENT SSNR  VALUES.
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�BE�����.�/��ED��  ���M27E;0.�D/�

TABLE IV.

SEGMENTAL SIGNAL TO NOISE RATIO VALUES CALCULATED FOR THE SPEECH 

SIGNAL WORD "JEDEN" (FIG.1) TO ADDITIVE NOISE AND TO ADDITIVE WHITE 

NOISE.

�BE����E��E�E!�DEB� A��!���D����������B����DEB�
�E�����DB��BE��

���EDE����BE�����.�/   ���M27E;0.�D/

���EDE�����ED���BE���0���0.�/   ���0M0F70FE.�D/

���EDE�����ED���BE���5���5.�/   ���5M;7001.�D/

���EDE�����ED���BE���;���;.�/   ���;M�-07EF;.�D/

• &�ED���BE�����;.�/�D�����DEB�B��D����C��!���E�����B��E�B��D���
�B����L<����L�.'E��5/�DB��BE�����;.�/���21�(3#.�-4(/B�0�

.��#��+/�
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����D�F�D�B���B��BCDEF�����<��DF��D�B�����D�C��E���C���F8
�D���µopt�����D�������D����B��D����� ����CDE����E�D��������C8
C�E���E����>D��D�C��4E69
0� A��!���DEB��B�����D�C��E���C���F�D�� �µopt�BCDEF���������

 .E/���BF�E�C�D��E�����#.�/�.�ED��  ��/�DB�D����� ����CDE���
�E�D���.	M03P7�	M53P7�	M;3P/�.��#��/�
5� 'B� � �������!� � ��!DB� �6� E� � ���� � ���E��� � �E���� ��.�/�

.'E���5/�DB�D����� ����CDE����E�D���
;� $����D��D���!DB��7�����!�B�������B���E������.�/�.'E��:/�
?� ��>D�����!��!���D���D����E�D��!� ��� .00/7�.05/�#�D�����
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D�������D�����E��E�D������R0�DB�0:3S�
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F�F��E�D��!����.'E��?/�#�D�����D�B�!BFC������E�������.�/�
�����.�/�

'E����?�A��!���D�����������M;0������M1720�0385�B��D����� ����CDE����E�D���

.µM:71�038;7�  ��M27E;0.�D/7� D	 M03P/�

TABLE V.

THE VALUES OF ORDER M OF ADAPTIVE FILTER AND DISTANCE d BETWEEN DESIRED SPEECH SIGNAL d(n) TO LMS ADAPTIVE FILTER AND ERROR SIGNAL e(n) FROM 

LMS ADAPTIVE FILTER CALCULATED BY WAY OF DRAFT METHOD WITH DTW CRITERION (SIMULATED IN MATLAB).
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µ0M?731�038;W�F344
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	M53

P

µ5M073F�0385W�F3.)

DEE3.�.);�.*E E#.EE

µ5M070F�0385W�F3.,
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�M;7112�0380
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	M;3

P

µ;M0?7112�038;W�F3.)
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'E����:�&����B�F7��C�!D�B���F�.���%���!"�DEF������"�E�/�����C��EB�B���F�
B��CB�����C�!D��������ED"���DEF�D��B�����B���E������.�/�.�� ����CDE����E�D���

-��E��D�ED���DEB�7��M;07�µ=:71�038;7��EF���D���E���$��$D/�4E6��

�����#���+�!���#������7�D��D�D����C��!���E������.�/��D�D���
B�DC�D�B��D����� ����CDE����E�D�� �����A	CE���9	B� .D8*�)/�
��BF � �E��D � ED���DEB�� �B� �  ���M27E;0.�D/ � .µ0M:71�038;W�

�M;07 �	M03P/7 � .µ5M073F�03857 ��M057 �	M53P/7�

.µ;M0?7112�038;7 ��M057 �	M;3P/ ���� � �B� �  ��8

�0M0F70FE.�D/ �.µ0M27?�038;W ��M027 �	M03P/� �&���� D���
���EDE����BE����������  ���� E���C��!���E�����������E����7�
D����C��!���E����������BD���!B��E����

+����	 ��,��'��()���$'���)�(���&��(���&�A���)�����'���
�� �$�$*��+)���� )�A$�A)���,�'���� *))A(� �,�$�

�� ��D�����CF ��DCA�

��������D �F�D�B���ED����&�!�ED��EB������������B��D���
�� ����CDE����BE���!��!��E�����BF��C��!���E����7��EF���D���
E���$��$D�E��D�B�!��������D��!D����B��D������CDE����E�D���
�ED���� ����B�ED�F�E������CC�E!�DEB���B��D�����CC����EB��B��
���EDE����BE���.'E��2/��$�C�EF��"�E�C�D�!B�D�E������E�����E�8
�����.�/7�����������EDE����BE����.�/��$��BE����������!��E�C�D�
E������F���DB�#�����E��#���!B�D�E�E����-.�/7���E!��E��!B���8
��D����ED��D���B�E�E����!B���CDE����BE����.�/��$����B����E�8

����2�D����� ����CDE����E�D�����!�E����D����������!���BE��7�
�E�D��� � ED7 � ��� ���#D��!D� � D�� � �����D � ��BF� D�� �C�EF��" � E�C�D��
'�BF�D���CBE�D�B���E���B��D������CDE����E�D��7�D���C�EF��"�E�8
C�D�.�.�/=�.�//��!D�����ED�����E�������CB��������D����"�D�F�
B�DC�D � �!D� � �� � ED� � ���B�� � ��� � �BE�� � !��!����� � B�DC�D ��.�/�
.'E��E/�E��B#D�E����#"���#D��!DE���D����E�D������������!���BE���
�.�/���BF�D���C�EF��"�E�C�D��$��CDE����BE���!��!��E������8
�����"�C���B�F��#�DD��7�D����D���!����E!����CC�B�!���E�!��D���
�BE���E����#D��!D���B�D���D����D�����E�D�����B�D�4F6��

'E����2� �C���DEB��B���E������.�/������BE����.�/��� ����CDE����BE��8!��!��8
E����CC�B�!��4F6��

'E����E�&����B�F7��C�!D�B���F�.���%���!"�DEF������"�E�/�����C��EB�B���F�
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!��!������-��E��D�ED���DEB�7��M0E7�µ=:71�038;7��EF���D���E���$��$D/�4E6��

��������D���&�F�D�B������������B��BCDEF�����DDE�������8
����B��D������CDE����E�D�������D�����������D�C��E�����!DB��µ�B��

Table VI.

THE OPTIMAL VALUES OF ORDER M OF FILTER AND DISTANCE d BETWEEN DESIRED SPEECH SIGNAL d(n) AND ERROR SIGNAL e(n) FROM LMS ADAPTIVE NOISE 

CANCELLER CALCULATED BY WAY OF DRAFT METHOD WITH DTW CRITERION (SIMULATED IN MATLAB).
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P
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� M;3

P

µ;M0?7112�038;W�F3-

DEE35�4-�.*E E#)EE
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D������CDE����E�D����ED���� ����B�ED�F�E��D����CC�E!�DEB��B��
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�BE�����DEB�B��E�C�D��E�����#.�/�.'E��F/�E��  ��M272E2.�D/��

'E����F�&����B�F7��C�!D�B���F�.���%���!"�DEF������"�E�/�����C��EB�B���F�
B��CB�����C�!D��������ED"���DEF�D��B��E�C�D��E�����#.�/�.���E�����E������.�/�=�
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5���D�C�8�D���!��!���DEB���������B��D����� ����CDE����E�D���
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TABLE VII.

THE CALCULATION VALUES OF DISTANCE d, LENGTH M AND A STEP SIZE 

PARAMETER µ OF THE LMS ADAPTIVE NOISE CANCELLER FOR ( � =10%, 

� =20%, � =30%) SSNR=6,676(dB), (SIMULATED IN 

MATLAB).

� � M03P � M53P � M;3P

µ µ0M3703; µ5M370FF µ;M3752

� F3). �M?3 �M11

% DEE3*�.4;E E �M3752: �M37;3E

;���D�C�8��FCE�E!���"������B���7�D��D�D���C���F�D���µ  ��B��
D����� ����CDE����BE���!��!�����7�EFC��F��D���B��D���� X�
�� ;53A2E0; � ���B� � ��D � B��" � E� � D�� � ����� �µ=1.10−8  DB�

µ=1.10−12 ����������D� ��� B��D����� ����CDE�� � �BE���!��8
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TABLE VIII.

THE CALCULATION VALUES OF DISTANCE d FOR SETTINGS OF LENGTH M=21 

AND PARAMETERS µ (x(n) (Fig.8) WITH SSNR=6,676(dB)) (LMS 

ADAPTIVE NOISE CANCELLER WAS IMPLEMENTED ON DSK TMS320C6713).

Settings of 

parameterµ
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nternational  Workshop on  Real  Time  Software  will  be 
held within the framework of the International Multicon-

ference on Computer Science and Information Technology, 
and will be co-located with the XXVI Fall Meeting of Pol-
ish Information Processing Society.

I

Proliferation  of  computers  interfacing  with  real  world 
and controlling their  environment  requires careful investi-
gation of approaches related to the specification, design, im-
plementation, testing, and use of modern computer systems. 
Timing constraints,  dependability, fault-tolerance, interfac-
ing  with  the environment,  reliability and  safety constitute 
integral  components  of the  software development  process. 
Appropriate  education  of  engineers  developing  such  sys-
tems, working in interdisciplinary teams and in a global en-
vironment is of paramount importance. 

In  addition to traditional  papers,  we plan  to organize a 
round table discussion forum on safety critical aspects of the 
education/training. We are soliciting brief one-page position 
papers  on education  and  training  of engineers  developing 
dependable  software  intensive  systems  –  presenting  the 
views of academia and industry (in  the submission clearly 
identity the "position paper" for the engineering education 
round table discussion).  The accepted position papers will 
be a base for 10 minutes presentation followed by a discus-
sion.

The workshop is planned around three main focus areas:
• Real-Time Control
• Safety, Reliability, and Dependability
• Real-Time Education

Traditional Papers topics include but are not limited to:
• Real-time system development 
• Scheduling
• Safety 
• Reliability
• Dependability
• Fault-tolerance
• Feedback control real-time scheduling
• Hardware-software co-design
• Standards and certification
• Control software
• Robotics and UAV
• Software development tools
• Model-based development
• Automatic code generation
• Real-time systems education
• Related engineering curricula
• Laboratory infrastructure
• Internet-based support

PROGRAM COMMITTEE 

Mikhail Auguston, Naval Postgraduate School, USA
Jean-Philippe Babau, UBO / LISyC, France
Albertas  Caplinskas, Institute  of Mathematics  and  In-

formatics, Lithuania
Alfons  Crespo, Universidad  Politecnica  de  Valencia, 

Spain
Karol Dobrovodsky, Slovak Academy of Sciences, Slo-

vak Republic
Frank Golatowski, University of Rostock, Germany
Luis Gomes, Universidade Nova de Lisboa, Portugal
Wojciech Grega,  AGH University of Science and Tech-

nology, Poland
Thomas Hilburn, Embry Riddle Aeronautical  Universi-

ty, USA
Wolfgang  Kastner, Vienna  University  of  Technology, 

Austria
Andrew J. Kornecki, Embry Riddle Aeronautical  Uni-

versity, USA
Phil Laplante, Penn State University, USA
Gyorgy Lipovszki, Budapest  University of Technology 

and Economics, Hungary
Jacek Malec, Lund University, Sweden
Bo Sanden, Colorado Technical University, USA
Ricardo Sanz, Universidad Politecnica de Madrid, Spain
Vilem  Srovnal, VŠB  Technical  University  Ostrava, 

Czech Republic
Miroslav Sveda, Brno University of Technology, Czech 

Republic
Jean-Marc  Thiriet, GIPSA-Lab,  Université  Joseph 

Fourier Grenoble, France
Andrzej Turnau, AGH University of Science and Tech-

nology, Poland
Shmuel Tyszberowicz, Tel-Aviv University, Israel
Tullio Vardanega, University of Padova, Italy
Janusz Zalewski, Florida Gulf Coast University, USA
Dieter Zoebel, University Koblenz-Landau, Germany

ORGANIZING COMMITTEE

Wojciech Grega, AGH University of Science and Tech-
nology, Poland

Andrew J. Kornecki (Chairman), Embry Riddle Aero-
nautical University, USA

Janusz Zalewski, Florida Gulf Coast University, USA
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���� F ������� F &����� F ������� F �� F ��� F �� F �� ���� F ��������� �F
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���F�������F���"�F����F�F��������F������$F�������F,D(F���#
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TABLE II.

INS ESTIMATION ERRORS FOR EXTREME CONDITIONS

 �A��� �����F� C���E��E�
E��������

B�"�B�B

.�������F����������F�����F4���6

5:F�����FA/0 D�BM 5�7> 5C�77

E�-��F0����� D�>M 5�B7 5C�:D

B�����F0����� D�:5 5�DD M�=5

1���F���&�F �����F����������F�����F4���%�6

5:F�����FA/0 C�>M C�: 5�>

E�-��F0����� C�>5 C�57 5

B�����F0����� C�>5 C�5A C�MB

 ������$F �����F����������F�����F4�%�6

5:F�����FA/0 C�D= C�57 5�57

E�-��F0����� C�DA C�57 5�5B

B�����F0����� C�D7 C�57 5�57

TABLE III.

INS ESTIMATION ERRORS FOR MORE COMMON CONDITIONS

 �A��� �����F� C���E��E�
E��������

B�"�B�B

.�������F����������F�����F4���6

E�-��F0����� 5�BD C�M= B�=7

B�����F0����� 5�DB C�=5 B�:B

TABLE IV.

FILTER COMPLEXITY

 �A���  123*  123*4�
B����"�

����B�0�����C

 123*4���AA�
����B�0�����C�
5�,6�70���A����
���#���	�

5:F�����FA/0 5=M7CCC 7>CCCC 5MCCCC

E�-��F0����� D>=CCC # #

B�����F0����� ACCCC # #

0��F>�FA-�����F����F�&F�F!���F���&�F����������

0��FD�FA-�����F����F�&F��������F�����F&��F���F��-��F&�����F)7F�����FA/0+F
���F���F �����F&�����
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�.BF"����F���F"����F��!�����F�$����F"������F����F����F

5CCF�����F���F�����������F��F ����F����F5<��� F)���������F

"�������F�������������++�

�A0A�A�	A(

456 0�����F?*F0�$���F�!2���F	������ F@F��������FE����������F����F&��F��F
A�!�����F($����*F�%���6==>*F���F5C=#55D�

4:6 E�������F(�F,��"��F#FC�"�����F��F<����F#F.����FD�F.����"�*F�#D/�#�
�D����D���$ ��������2 � ���E���# ���5�$���D� ���F � ����$E���D�* F �(1� FC#
>A5#DBC:D#J�

4D6 E����� F?� F�� F��* F.�FA-������ F/�����F0����� F &�� FH���������#1����F
����������� F A��������� F ����� F E.�, F (������*� ����E����D��# �
CD���E�� � � D� � ����##�$��� � �D/D�� � ��F � �������2 �:CC5�F
A��4?++�4�����DE$+@0�F�+4&/�+��A�6==-�4F�

4>6 1�2'�� F ?�* F (��$� F<�* F /����� F &����� F ���&���������� F &�� F � F ��"#����F
������$F����������F��������F�� �������F�$����F��F��F�������� F�#��5��E�
BD&E��#*F:CC=�
A��4?++#��.��$A&/��#��5��E� D�+E��E��5�+4��+�=>CD=CC-=�===�-CF

4B6 E��'��$F0� FC�* FE����������� � F �� F.����� � F0��������F&�� F F(�������&�F
.�������F�������������*F����E���DFF�EF��4� ��*#�$A��C����E�

476 J���$���F/����*F��(F���������F�����F3���������F�����F&��F��"F����F
�E�*F�#��5��E�BD&E��#2F:CC>�
A��4?%%#��.��$A&/��#��5��E� D�+E��E��5�+4��+�=>6-��>==	===-->F

4A6 ����F%%���"�'����������%"�'�%,���������U����������U�$����
4=6 <����� F ?�* F������� F,�* F������$ F ������� F,D(%��( F ����������� F &��F

�������F������������*F�#��5��E�BD&E��#*F:CC>�
A��4?++#��.��$A&/��#��5��E� D�+E��E��5�+4��+�-6D=>C9�=	===D>9

4M6 /�F?�* F/����F��* F0�- F��* FN������F��* F,D#�/0FF���������F/�����F
0������F"���F,�������FD������FD���������F���F�!��� �����FE�����
A��4?++ ������E3�����4�&��F&

45C6 .������F<����$FD�!�������F	�����$*F���F�&&�����F,����F��FC�������F
����,C*FB������F5�5*F���F>B=#7C

0��FB�FA-�����F����F�&F�F������F�� ��F�������F&�����������$F)��������F����#
������F�����+�F	�������F �����F&�����F���F��-��F���������

790 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



��������	A�B��CADE�AF��D�����F�E����CAD	E���DE	�

���������	A�BC�

�D�ECAF���F������F��CF������	�������A��F�������������C�����������B���� ! "#�$AC%&'�����(�)��%��'��*C�� ��+��C���
'BA,�C(CB�(���(E�

�������������������A����AC�		��ADE�AF����AEACAF���	����

��FA�����	���	AF�E�AD����C����F��FF	 ����������DE	�A��A��D���E��

�DE����E�AD���C��E�CE�����A���D��	E���F�CADE�AF �����	E�D������	�

DAE��������FB��DE�D�����A������!�C"�CADE�AF�A��CA���D�C�E�AD�

��E� � �����!�D����E� � ���� � ���F�E��� � ���������DE	 �����D��

����EA�����AC�		�CA�F���D�F��DC��E����BD���C	�A��E���CADE�AF�

FAA� � �D� � CA�F� � C��	� � ��A!F��	 � �D � CADE�AFF�� � ��	��D � �D��

���F���DE�E�AD �#����$������DE	����	�DE����D�E��	������������

	�A�D�E��E�����������A���FB�CAD�������%��	�C���!F��A����A����D��

��FAA��E����	�A�E����E��D�E���E����CAD	E�DE	�A����DB��D��	E���F�

��AC�		�	 �

-(�-.�/0D�1�-0.

�2/2�CA��F�A����C��A�FA������3��A����������F��E�ACA��

�����FA�C�����FA�������F���4��
• ���FA�3�F��B�C��������FAC��*��B��FA��F�A������C�F��CF�����

• ���A�C���B���F�BACF�����������������CF����F�A��B��C���F���

�����������F������FA������F������EE�AF���3��CEE���CF�������

'�A���C���'�A��������F'�A%��

• BA�'��B����C�����A�CEE���CF�������-���FC��CA��(

)��F����F������F��E�ACA�������FA�C��C�F��CF�������F����

C��EF������F����������AF��C�����FA���CA���F��F�A��567��587(������

���ACA����C�� � ���F������ � CEEA�C�� � F� � �����FA�C� � EA������

C�F��CF��� � �� � C �'��� � C���EF�� ���F��� � C3�� � F� � ��E� �'�F��

���E��9�F�����F���EA������C������F�E����A�F�A�C�����E�ACF���(�

��� � �FA��F�A� � �A�� � � :�B( � 6 � A�EA����F� � C � ����F���C��

�����E���F���� � C� � �F � �� � 3C��� � �� � �������B � ����F���C����

�����A��F�����FA����3���F�������A����AF��C������E�����F��C��A�(�

;�B��C����� �C�F�E��C�����E��9�������FA�C�� � ����FA������F���

����FA��F�A�����F���F�A����������<:�B(�6=��'�����CA�4�F�����A��F�

<������= � ���FA�� � ������ � ��E�A����A� � ����� � C�� � EA������

�EF���*CF���� �C����C�CB����F� ������(� �>C���� ��3���F���� ����

F�����A��F�<������=����FA��������� ����F���C��FC���F���EA������

�FCF������C��C����E�ACF����������C���A���B�F����F���EA���A�3���

��F��C����(�D���������FA����A�������EA���������F�A�C���F��F���

�CA�'CA�����F��A�C����ECACF�����������A�C�����A�EA������A��

����AE�ACF������F����?��E���F�F��3�����FA�����(������3�A����

��3����� � ���FA�� � ����� � � C�� � +A�BAC��C3�� � ;�B��C��

1��FA����A� � <+;1= � CA� � ���� � C� � F�� � �A��F!���� � F� � FC%� � F���

���FA���FC�%�(��

��� � ��E�A����A� � ����� � ���EA���� � '�A%�FCF���� � C���

�����FA�C� � +1� � EA������B� � F�� � ��B�!����� � EA�BAC� � ��EE�AF��

�CFC3C�����EE�AF��BACE�����C�!�C��������F�A�C��� �C�CA���B�

C�� � B���AC� � �C�CB����F � �� � ���E�F��B � A����A���( � ����

ECAF�C���3���F�������F�������������F��%��E���F��C���������������

���FA����A����A�EA��������E�F������EA���A�3����C���������A��A�

F� ����F � ���C��� � �� � EA����F � ?�C��F� � �A � �F��A � ��������C��

����FAC��F�(�

��� � ��E�A����A� � ����� � ��F�� � ��F�AC�F� �'�F� � �EF���*CF����

�����( ���� � �3���F��� ��� � F��� � ����� � �� � F� � �C����CF� � F�� �3��F�

�C��������EA��������E�F�( �-F���FA��F�A���C��3����A�����E��9�

C�� � ������� � ���� � ������� � C� � ����F����CF��� � ��������

�����CF������������A��EF���*CF�����������587(�

���C������A��F����FA����������E�ACF���'�F��C����F�A���F����

�A�?����� � ��B�����C�F�� � ��B��A � <�(�( � �C�E���B � E�A��� � ���

���AF�A=�F�C��F�����F�A���F�����A�?���������F��� ���E�A�����B�

�����(�-����A��F����FA����C�E���B���F�A�C����C��3�����F���AC�B��

�� ������������� �'��A�C� � �C�E���B � ��F�A�C� � �� � F�� � EA������

�EF���*CF���������� ��C��3�����F���AC�B��������������A������

����F��(�����������F�������F������3�����'!�CA���B����F�A3C�����

����F��B��EF��C����B�!���������F!E���F���'�������ECA���F��F���

�����������������3C�%����FA�������C����(��

����
����	�

���������	��

�

ABC�D�EF���
����	�

ABCDE���	��

�DEFCD�E�

�������

����	�������
��������	�

	�D	�F���	�

��

	A�B�C

D�E�F��C

E���������E�C

���C������F�C

�E���E�C

:�B(6��)��F��������FA��F�A�����F��������FA�C��C�F��CF�������F��

����C3���F� � F� ��C���� � ��F�BACF� � ����A�CF��� � �A������FA���

���F����C���@E�C�F�����AA���C��A����F��'�F�� ���E�A����A��

C����EF����CF���������������C��A�F��C�������(�-F������A����������F�

F� � ��CA� � �CFC � 3�F'��� � �CA���� � ������� � C�� � ���F'CA��

�C���C�F�A�� � 3� � �����A��F � �����A� � '�F���F � C � �������

�����FA�C����������CF����EA�F�����C�����F�BACF�����FC��CA��

F���C����FCF����F�A�E�AC3���F��5�7��5B7(������'�A%�'C����EE�AF���3��F���2�A�E�C��/�B���C��D�����E���F�

:�����	AC�F���(��D�!+0-	( 6( �( 6!68!6C6D ED  (

Proceedings of the International Multiconference on
Computer Science and Information Technology pp. 791–796

ISBN 978-83-60810-27-9
ISSN 1896-7094

978-83-60810-27-9/09/$25.00 c© 2010 IEEE 791



��� � %�� � �� � C� � �E�� � C�� � �����F��� � ��������CF��� � C���

��F�BACF����CA���F��F�A��������FACF��B�����CFC�C���������F����

F���F�E�������CFC(�2F��A��F�������C��C�����F����F��F����CFC�

FAC��������� � EA�3���� ����F����� � C3���� � '���� � F�� � 0+1�

<0;2 � ��A �+A����� �1��FA��= �EA�F���� �'C� �������E�� � �C� � C�

����F����'���������������A�?��A����F������E����CFC���F�BACF����

CA���F��F�A��5"7��5F7(�

-� � ��F�A�����B � F�� � �CEC3���F� � ��A � ��EA����B � F�� � E�C�F�

�E�ACF��� � F�A��B� � ���FA�� � ��F���� � ��E�����FCF���� � �F � ���

��E�AFC�F� F������A�FC���'��A��F��� ����C�� �����A�C�����'�

F�������������C�����C�����E����F�����FA�3�F��F��F������!F�!

������������CF���(����C���A�F��F�E����F�������C��C�C�������F���

��EC�F����F�����F'�A%����C�������(�

-F����'����%��'��F�CF�F�����FA����F��������CFC�FAC����������

��F'�A%� � ��F� � F�� � ����3C�% � ���E � �� ��C�� ��C��� � � ����CF���

������F���C� � ���FA�� � F���A��� � C����EF���� � ���� � C� � ���!

���C��� ��A ���������EC��� ��C�E���B�������B�C���C�F�CF���(�

��� � ���E�F�A � ��F'�A% � �� � ��CAC�F�A�*�� � 3� � �F� � �C9��C��

F�A��B�E�F( ������ECAC��F�A � ����F� � F���C����F ��� ��CFC� F�CF�

�C��3�����F�'�F����C�F�������F(��.�F'�A%!�����������C����C��

�CA� � ��E�����B ��� � F�� � ��F'�A% � ��C� � C�� ��������C������

EA�F����( �	���AC���� � ��F'�A%�� � ���FA�� � ��F�� � ��FA�������

�����C���F���C�� F��E�AC�����!��F�A������(�:�A����FA�3�F���

���FA�� � ���F��� � �CA�C3�� � ?�����B � ���C��� � FAC����������

���C����FAC��E�AF��C��A��1$����C���C���F������F�����CFC����C���

F� � F�� ���F�A��ACF��� ��� � F�� �?�C��F� ��� � ���FA�� � 5C7( �GCA�����

��F������B����'�A��EA�E��������A����E���CF������������F���

�����F��5E7(�

����������B���F'�A%����A����FA�����F������F�����E�AFC�F�F��

C����� � ��F�A������ � C� � C � H�� � ECAC��F�A( � :�A � �9C�E����

��C��CF��B � '��F��A � � ���!F�!��� � ����CB� � ��������CF����

F���� � �C� � 3� � EA����F�� � �9C�F�� � �A � CEEA�9��CF���� � C���

'��F��A � F���� � F���� � �� � 3������( � ��FC� � ���!F�!��� � ���C��

3�F'������F'�A%������� ����F���������� EA�!EA�������B�F����

<���A�EA������A=��'C�F��B�F����<��F'�A%�EA�F�����I�)�1=��

FAC����������F����<�CFC�ACF��J����BF�=��E��F!EA�������B�F����

<���A�EA������A=(�

G�A� � ��FF�� � 'C� � �C�� � C3��F � F�� � ��EC�F � �� � 0+1 � �CFC�

EA�������B � �� � F�� � ���C���� � �� � C � ���FA�� � ���E � 5#7( �����

���A��C� �C�����CF�� �'�F� �0+1� �� � �������� � � �� �EA� � <E��F=�

EA�������B�F�����C��� ���B�F�3����B�����C�F�C����CA�C3�����A�

����������B�ACF��������F������F�A�C��(� �)��F����F�������C�����

����F��F������F'CA����E�����FCF�������F���0+1�EA�F�������C��

0+1�'C����F���F��������A��CA���A�C�!F����CEE���CF����(�

K(��(�+CAA�FF��F�C�(��A���F��������A��F�����)����BC��56F7�

�C� � �����F�BCF�� ���A� � ���E�� � F�� � ���C�� � ������� � 3� � F���

CEE���CF�����C��A����F�A���F�E��������������CF���4

• �D+�����A�DCFCBAC��+A�F������C����E���FAC��E�AF��C��A�

EA�F������

• 0+1� �0;2 � ��A � +A����� �1��FA��� � C� � �E�� � CEE���CF����

��������������CF����EA�F������

• G+.� � ��AF�C� � EA��CF� � ��F'�A%�� � '���� � �A�CF� � ����A��

LF������A�F��FAC����A��CFC��3�F'������F'�A%�(

������F��A������������F�CF�CEE���CF�����C��A�����C���CA��

��A����E�AFC�F�F�C�����F'�A%����C��(�

�����C������������F����ECE�A�������F�����CB�����0+1� ����

A�C�!F�������FA�� � ���E( �-F ��C� �C�A�C���3�������F������ F�CF�

0+1 ��C� � 3��� � ����B��� � F� � ���E �'�F� � F�� � ��F�A�E�AC3���F��

EA�3���� � ����A��F � �� � C � �CA%�F � '�F� � �����A��F � EA�EA��F��

�������� � EA�F����� � C�� � �����FA�C� � ��F'�A% � �FC��CA��( �����

?���F���� F�CF ������ � F� �3� �C�%�� � ��� �'���� ����F� ����� � F����

��F�A�E�AC3���F� � ����A � �� � F�� � ���F�� � �� � F�A�� � ���

E�A��A�C���M �-���A��A�F��C�������F�����B�C���C����3�A����

�9E�A����F� �'C� � E�C���� � C�� �E�A��A���( ���� � A����F� � CA��

B��������F��������'��B����F����(��

--(�.2��0/$�

� 1�AA��F � ��������CF��� � ���F��� � � ��A � C�F��CF����

��E�����F� � �����A��F � EA�F�����( ����� � �� � C � ��3�FC�F�C��

���C��C�FCB�����C���B�F���������F���������B������A!�E�������

�CA�'CA� � C�� � ���F'CA� � ���E����F�� � '���� � ���A�C���

���FC��CF����C����C��F��C�������F�(�)�A����A��EA����F��������

�����3��� F�������B��� ��C%����AF��C� ���������CF��� �C�A����

C�� � ������ � �� � F�� � C�F��CF��� � ���F��� � ���������F( �	CF�'C���

�����F��3�������F����FC3�����������F�����3�F'���������A��F�

%���� � �� � �����3�� � ���F��� � ���� � �� � F�� � ��'�A � ������ � C���

2F��A��F����������F����EE�A�������(�

2F��A��F �EA������ �������� ��CFC � ��A�CF� �C�� � A������ � F���

���E��9�F��������FC��CF����C����C��F��C�����'������F�B�F��A�

'�F��F�����3�FC�F�C� � ���A�C�� ���� F��� FAC����������ACF���C���

��������CF����A���C3���F�����A�F����C�F���CA�� �A����F������F��

E�E��CA�F�����F���CA�C���������FA�C����������CF����(�

2F��A��F��C�������������-222�E 8(���������!��F�A�����F���

C���F�������������FC3�����A��CA��A�C�!F����CEE���CF����(�����

����C�C���������FA���EA�F������1�)�D1D�'�F���F��3C�%����

C�B�A�F����EA����F��F�����F'�A%��A�����EE�AF��B��CA��A�C�!

F������������CF���������F���F��AC��������C���C���E�F��F�C��

FAC��������� � �C���A��( � � -� � A�C�!F��� � ���F���� � ���C�� � C���

�AA�B��CA�F��� � ����CFC � FAC�����������C����A������A����C����F�

F�� � ���F�� � �E�ACF���( � ���A���A�� � �CA���� � F�����?��� � C���

��������CF��� � EA�F���� � �������CF���� � CA� � ��E������ � ���

�A��A�F��������CF���A����������F���������A��������F�(

�� � ��E��� � 2F��A��F � �� � �����FA�C� � ����A�����F� � �F��

��F�A�����F����E�ACF�������F���A�F�3��C���A����'������C��3��

C����E��������������AC��'C��(��1��9��F��������A�C�!F����C���

���!A�C� � F��� � � FAC���� ��� � F�� � �C�� ���F'�A% � ���AC�FA��F�A��

A��C����F����C���EA�3���(�������������F��C��3��A�����������

����AC��'C����3��56 74

• ��3�����B������3����A�CEE���CF����EA�F���������1+D-+�I�

F�� � �����3�� �EA�F���� � �� � � F������� ����A �2F��A��F� � C�� � �����

�E���������A�L������A�FAC���������C��FC�����

• ����B � �E���C� �DCFC �;��% � �C��A � ��A � A�C�!F��� �������� � I�

�E���C� � EA�F���� � �� � ���� � �� � F�� � ������ � 0�- � ;C��A��

��E�����F���������A��������(�����A�C�!F���������������������

��F�����F����������'���������E�������A�A�B��CA��1+D-+�FAC����� �

3�F�F���3C��'��F��C�C��C3��������C���������F�����'���

• ����B � CEE���CF��� � EA�F���� � �� � �1+D-+� � ��A��F � )�1�

C��A�����B �'�F� � EA��A�F�*CF��� � ��A � A�C�!F���� � C�� � �CA�'CA��

�'�F����B���A��C�F�A�C�!F�����

• �C��FC����B � A�C�!F��� � �� � �1+D-+ � �� � C������� � 3��

EA��A�F�*�� � ����CB��B � C�� � F��� � �����A���*CF��� � I � F���

792 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



�����A���*�����������C���B����B��A�EA��A�F��C���F����FC�E�

A�C�!F��������CB�����

��� � F�� � �E������ � F�����?��� � C���' � C � �������AC3���

��EA������F � �� � F�A�� � �� � ��F�A������( � � ��� � ����A� � F��

����AE�ACF� � C � A�C�!F��� � ������F � ��F� � F��� � E�E��CA � ���B��!

��F'�A% � ����F��� � �C� � ��� � F� � F�� �������E���F � �� � �����A��F�

A�C�!F��� � -����FA�C� � 2F��A��F � ����F����� � � �C���� � /�C�!F����

2F��A��F��C��+/0:-.2���2F��A1����2F��A��FD-+�5667��5687�

C�� ��C�� ���A�( ���� � �����F���� � ��A � F�� � �����FA�C� � ��� ����

2F��A��F � CA� � ����A�3�� � 3� � ��F�A�CF���C� � �FC��CA� � -21�

<������������	AB	�C�����CD��C�	AE�FF������=�-21�F6�CEB!8�

���	A��F�AB�D������A�:�B(8(

�

&��F�C�E�AD�

'�E���

(�E�A�"�

��B	�C�F��

#��D	�A�E�E�AD�

)��

#��*+'��

�E���D�E�,&��

-#�

)��

#��*+'��

�E���D�E�,&��
�

-#�

���A��E��	�

)��

#��*+'��

�E���D�E�,&��
�

-#�

�C����F�D���

��E �F� ��E �.� ��E �/�

�)����A��F�

-��F�E��������A���DC���

:�B(8�1�C������CF������������FA�C��2F��A��F�<-21�F6�CEB!8=

---(�0+1

0+1� 5F7 ��� � C� '����� � C���EF�� � �E�� � �����FA�C��

��������CF�����FC��CA�� F�CF���C3����F����9��C�B������CFC�

'�F���F � C�� � EA�EA��FCA� � A��FA��F���� � 3�F'��� ����F�!�����A�

��������C������FA������F'CA��<��A�*��FC����F�BACF���=�C��'����

C� � 3�F'��� � �����A��F � ���F'CA� � CEE���CF���� � <��AF��C��

��F�BACF���� �:�B(�=( �1�AA��F��� ����F ��� � �E�C�F!����� ����FA���

���F��� � �C� � 3� � �����B�A�� � F� � 3� � F�� � 0+1 � ��A��A� � ��A�

��E�A����A�����FA��������������F����C�F�A�(�

0+1 �� �� � ����� � �	 � AB� � C�DE���FA � ���C�

���D�F�D�A��	�� ���F���B��0+1�C�F�C����������F������C���

�����A��F ��CFC��9��C�B���E������CF����� � �F� ����F����������

�������A����� �DCFC��������<0+1�D�=��'�������EE�AF��3�F��

�����F!��A��A�C���E�3�����A!��3��A�3�A��CFC��9��C�B��������(�

0+1 � D� � ��C�� � ���� � '�F� � ��AA��F � EA����� � � �CFC � ! � ��F�

���F�A��C���CFC��A�C�CA��(

���0+1������F��C��3��������F���F������AC���0+1���A��A��

EA�������3�������A��F������A�( �-�E�AFC�F ���CF�A�����0+1����

F�CF�F��������F����C3���F��������F�F���0+1���A��A �'��������

���CF�������F��A����E�F�A����F�����F'�A%(���������E����3���

3��C��� ��� �D10)�<D��FA�3�F���10)=�F���10)��FC��CA��

�9F�������'�������C3���������F�A�����B�����������E�F�A�F��

�A�CF�����FC�����C�������%����F����������A��A�����C��F��A�

���E�F�A�'�F����F�����F'�A%(�

��� � 0+1 � �FC��CA� � ������� � ����A��� � 'C�� � F��

��������CF� �3�F'��� � F�� ���A��A �C�� � �F� ������F� � F� � �CF�����

�����A��F�0+1�CEE���CF����(����������F��C���E������F�CF������

�E�ACF������������3��E�A��A�������L�C���L��A�L������L(�-��

L������L�������������E�ACF������A��F������F���E�����C���������

'��� �3��A�?���F��( �-� �L�C���L���������F����CFC�'��� �3��A�C��

�A�����A��AN����F�A�C������A��'��A����A��A�%��E��C���E�����

��������CFC�A����������A��B�F����C�F�0+1�A��A���������(

>�F��A�C���B�C���'A�F��B��C��3������������A���������A�

C�����A�������4

• 0+1������A����������F�����A���F�����E��F����3���A��

A�F�A���B(�-F���C���F�CF�F���0+1������F�EA�BAC���9���F�������

�F�EE���F�����E�ACF����������A(

• 0+1�C�����A����������F����������C��3C�%�����C�����F��

����A��F���A�?���F���0+1��E�ACF����������A(����������F�

EA�BAC���9���F���������F��F�EE���'�����'C�F��B���A�0+1�

�E�ACF�������E��F��(�

���������	��

�

ABCDE���	��

�DEFCD�E�

�������

	�D	�F���	�

��

	A�B�C

+A������

�EF���*CF����

�����������

�����F��DE�

�����������

�����F��DE�

�����������

�����F��DE�

����������� �����������

:�B(���G�AF��C����F�BACF����'�F��0+1

��� � 0+1 � �FC��CA� � 'C� � ��F � EA��CA��� � ��F����� � ��A�

����3C�% � ���FA�� � �A � ��������CF��� �'�F� � ��B�!3C��'��F���

�CA��A�C�!F����A�?��A����F�(���'���A���C�������-D0���������

A�?��A� � A�C�!F��� � �CEC3���F��� � F�CF � CA� � �E������ � F� � F���

�CA�'CA��C��������F�C��F��EA�E�A��E�ACF�������F�����B�!������

�1�D��CEE���CF����� ���A���A�� ��������F������F���E�AFC�F�

���������A���������CF����3�F'���������������F��F���C���A��

EA�E�A������B�ACF����C���������A���*CF���(�

-G(��2O+2/-)2.��

�������FA�� �C�B�A�F������F �3������B��� �C���A���B� F� �C�

�E������CF���� F�CF �EA������ � F���A�?��A�� �E�A��A�C����'����

��C�B�� � ����A � CF � F�� � ��E�F � �A � �� � F�� � ���F�A3C����( � :�A�

���FA�3�F������FA������F�����CA�C3������C���CA���������A���F��

3� � F�� � ���F � ��E�AFC�F � ���F�A3C����( �:�A � ���B�A� ���C���

�3��A�������F������FA������E��F�����������������F�F������A��F���

�FC3���F� � �� � F�� � ���F�� �'�F��� � F�� � A��E���� � �E������CF���(�

���F��A � �C�F�A � F�CF � C����F� � F�� � �E�ACF��� � �� � F�� � ���FA���

���F�������F����CA�C3���F�����F������C����'������CBC����C���F�

WOJCIECH GREGA: SUPERVISORY CONTROL AND REAL-TIME CONSTRAINTS 793



3��F����CAB��'�F���F��C%��B�F������F������FC3��(��

�������FA�������F����������A������F����ECE�A���C���F'���CFC�

EA�������B���������<:�B(�B=4�F���0+1���A��A�C���0+1������F(�

�����C����3���F�������F������9E�A����F��'C��F�������F�BCF��

��'��C�F�F���0+1���A��A� �A��E�����F��C������F�A�?���F�C���

'�CF��� �� ����AFC��F��C�����CF���'�F�������C��CFC��9��C�B�M�

��� � �����B�ACF��� � ���'� � �� � :�B( � B � ����A�3�� � ���C � �� � F���

�9E�A����F�( ���C��B�� �+A����� ������CF�A � <+�= ��C�� �3����

�����C��C����������A�C�����FA������EA�����(�������������C��

�����CF� � C � F��A� � �A��A � ����CA � EA����� �'�F� � �����A��F � F����

����FC�F�(�

����+���C��F'����AA��F���E�F��<B((8 ���=�C���������AA��F�

��FE�F(�����EA���������FA����C����'C���C����CF������A�C�!F����

����������%�C��������F��+;1�<�������=���A��B�F�����9F�0+1�

��A��A������(� �-��F���������B�ACF����+;1�'C�������C�3A��B��

3�F'��� � +1 � C�� � +A����� � �����CF�A( �D�A��B � �C�� � +;1�

���FA����A�EA�BAC��������EA�������CA�C3����CA��A�C���A���+��

C��� ����FA�� � ��CA�C3��� �CA� � ����� F�� �+�( �����0+1���A��A�

�C%���F����CA�C3����C�C��C3�����A�0+1������F���E�ACF��B����

F����EE�A��C��A(�

��� �)CF�C3 �0+1 �����3�9P�'C� � CEE���� � CF � F�� � �EE�A�

�C��A( �-F � ���C���F ��������F�����'������C%��C3���F��������F�

'�F� � C� � �9F�A�C� � 0+1 � ��A��A � �A�� � )CF�C3D�������%�

EA�BAC����B�����A�����F(�:�A�F����9E�A����F������A�3������

���F����ECE�A�������������%�ECAF����F���0+1�����3�9�'C��

����(� ����� �+-D����FA����A�3���%�����������%�'C��A�����B�

����B�������A���	���F�A��F�	����������(�

��������B�A� �F���A�C���B��A �'A�F��B� �3���%����F���0+1�

�����F��F����C������E�AFC�F�F���������F�����F������'��CFC�'����

3���CEF�A����A���F���0+1���A��A(�����C�������F��� ��������

F'����EF����4��

���CD������A�����I�)��;�>��F�E�������CF����C���'C�F�

��A � F�� � ��A��A � F� � A�F�A� � �CFC � �A�� � C � A�C� � A�?���F � 3���A��

���F�����B�EA�������B( ������CFC�A�F�A����3��F�����A��A��C��

������A���F�����A��AN� �C�CD����A�F�����A��A�A�C���C�������!

A��F����A���F�������C��F�CF�F�����A��A��F���A���A��F�(�/�C���B�

�A�� � F�� � ������ � �C� � 3� � ���'�A � 3�F � �CFC � CA� ���A� � F����

C���ACF�(�

����CD������A�����I�)��;�>������F�������C�A�?���F�F��

A�C���CFC� �A���F�����A��A( �0���� F���A�?���F � �� �C���EF�� ��F�

���F�����EA�������B�'�F���F�'C�F��B�F��A��������C������A���

��A��A(���A��A�'���������C��3C�%�F������A��)��;�>�C3��F�

��'��CFC�����AA����( �)��;�>�'��� ��C����� F�CF �����F �C��

�����C���F����C3���F��E�A��A��F�CF�FC�%(�

��F���C���0+1��CFC�A�C��F�����FC�E��C�������C�����CF��(�

����A�F��C���� ����F���F���� �� � F����3�F'�������������� � F����

�FC�E���������3���?�C��F��0+1��F���A��A����ACF��<�-�2)=( �-��

A�C��F���F��CA������E�����B������A���*CF������F����C���1+��

��C�(�

D��C��F���A��AN��������F������2/G2/���A���������+;1�'C��

��F �C� � �  ��( �0+1� �F���A��A��� � ACF� � �� � �E������� � �� �0+1�

1����F � C�� � ������ �3� ����F�E���CF��� ��� �0+1���A��A � ������

F���(�0+1�E�A��A�C����'C���C����CF���C���������C3����F��

�AA�A��3�F'���� F'������������ �0+1��F���A�C��F�����FC�E��

C���0+1��F���A��A����ACF��<�-�2)=�C�����������3�����3�A����

F�����FC�E�(�����A����F�����F�����C����CF����'����EA����F��F���

C��ACB��F��������CF��������0+1��F���A�C���B4

��E
������F

�
6

�
�
� 6

��6

����F����F�
�!"
���F����F�

�
��

��B#
��

�

��������������

�C

�B� �B�
�����		�

	F�����F��

DF�F���������		��F�������

�
�
�
 

!""����

#""�$ !""����

�����%��AD

�����		�
E���� �AD�C��&���

�A�'� �A�'�

�A

������C�DAC

���F��C

������C�DAC

�F��F�C

DD�� �DD�
+A������

�����CF�A�

A

��F�	��$A��%A

(

:�B(�B��;C3�ACF�A�����FA������F��

����A����F���� � F���C3�����9E�A����F�CA������CA�*������

�C3���6(�

TABLE 1. OPC PERFORMANCE [13]
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Abstract—The complexity of embedded systems and
their safety requirements have risen significantly in
recent years. Models and the model based development
approach help to keep overview and control of the
development. Nevertheless, a support for the analysis
of non-functional requirements, e.g. the scheduling,
based on development models and consequently the
integration of these analysis technologies into a devel-
opment process exists only sporadically. The problem
is that the analysis tools use different metamodels
than the development tools. Therefore, a remodeling
of the system in the format of the analysis tool or a
model transformation is necessary to be able to perform
an analysis. Here, we introduce a scheduling analysis
view as a part of the development model, which is a
MARTE annotated UML model to describe a system
from the scheduling behavior point of view. In addition,
we present a transformation from this annotated UML
model to the scheduling analysis tool SymTA/S and a
treatment of the analysis results to integrate scheduling
analysis into a development process.With our approach
it is not necessary to remodel the system in an analysis
tool to profit from the analysis and its results. Addi-
tionally, we illustrate our approach in a case study on
a parallel robot controller.

I. Introduction

Model based development is widely appreciated in the
embedded systems domain to cope with the complexity.
As a generic and standardized approach, UML [1] has
established as one of the most important notations for
modeling software. The MARTE profile (UML Profile
for Modelling and Analysis of Real-Time and Embedded
systems) [2] makes domain specific ideas, relevant for real-
time and embedded systems design, available in a unified
modeling framework. Based on this profile, we have defined
the UML scheduling analysis view [3] as a part of the
design model that concentrates on the scheduling analysis
aspects and leaves out all unnecessary information to help
the developer focusing on these aspects. This approach is
based on the cognitive load theory [4], which states that
human cognitive productivity dramatically decreases with
the amount of different dimensions to be considered at the
same time.

Besides specification and tracing of timing requirements
through different design stages, the major goal of enriching
models with timing information is to enable early val-
idation and verification of design decisions. As designs
for an embedded or safety critical systems may have
to be discarded if deadlines are missed or resources are
overloaded, early timing analysis has become an issue and
is supported by a number of specialized analysis tools
like SymTA/S [5], MAST [6], and TIMES [7]. However,
the metamodels on which analysis models of the tools are
based differ from each other and in particular from UML
models used for design, especially the UML scheduling
analysis view. Thus, to make an analysis possible and to
integrate it into a development process, the developer has
to remodel the system in the analysis tool. To avoid this
major effort, an automatic model transformation is needed
to build an interface that enables automated analysis of a
MARTE extended UML model using existing RT analysis
technology.

In this paper, we introduce a method to integrate the
scheduling analysis into a UML based development pro-
cess. With our approach it is possible to add scheduling
parameters to a UML model and to perform scheduling
analysis based on this model. Therefore, we demonstrate
a model transformation (realized with the Atlas Trans-
formation Language - ATL [8]) from our proposed UML
scheduling analysis view as an extension of Papyrus for
UML1 to the scheduling analysis tool SymTA/S. After the
analysis, the results are published in the UML develop-
ment model to give the developer a feedback concerning
the scheduling behavior such that he/she can draw the
right conclusions. Consequently, the developer does not
need to see SymTA/S or to know how to use the analysis
tool to profit from scheduling analysis.

This paper is structured as follows: Section II gives an
introduction over the integration of scheduling analysis
into the development process, Section III presents the
UML scheduling analysis view, in Section IV, SymTA/S

1http://www.papyrusuml.org
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is explained, Section V and VI present the transformation
from the UML scheduling analysis view to SymTA/S and
the recirculation and publication of results of the analysis.
In Section VII we apply our approach to a case study of our
Collaborative Research Centre 562. Section VIII concludes
the paper.

II. Integration of Scheduling Analysis into a
Development Process

The idea of performing scheduling analysis based on
UML models assumes that all the information that is
needed for the analysis is already part of the UML model.
There is no scheduling analysis tool that is based on UML
models or that uses UML models as an input. Therefore,
the transformation described in Section V is necessary. But
for this transformation, it is necessary that all information
needed is already part of the UML development model.
If this is the case, the data/necessary information of the
system is transformed into the format of the analysis tool.

After the transformation is done, the analysis examines
the response times of the tasks and the utilization of
the resources. It checks if task chains are executed fast
enough or deadlines are missed. Following the analysis,
the results are published again in the UML scheduling
analysis view (see Figure 1 for the workflow). These steps
are done automatically and the developer only has to
start the workflow and gets back the analysis results
immediately. Afterwards, he/she just has to interpret the
analysis results. Consequently, the developer does not need
to see or use the analysis tool, as he/she can model and
parameterize the system in the UML development model.
Even the analysis results are published using UML and
the MARTE profile.

UML Model 

(Scheduling 

Analysis View)

SymTA/S

Transformation of the information

 into the format of SymTA/S

Publish the analysis result

Fig. 1. Illustration of the transformation flow

This approach is independent from the point in time
during the development process, as long as the system
under consideration is completely described to meet the
criteria of a scheduling analysis. It is useful at the begin-
ning of a development process to help making decisions
concerning the number of resources or the distribution,
even if at this time mainly estimated values must be used
and the system is not completely designed (e.g. tasks

are still combined and not yet broken down). At a later
stage of development, more exact/measured (execution)
times can be used to determine more accurate analysis
results. Regardless of the development stage, the workflow,
described in Figure 1, is the same.

III. The UML Scheduling Analysis View

The UML scheduling analysis view [3] was designed re-
garding the information required by a number of schedul-
ing analysis tools (e.g. SymTA/S). Therefore, it concen-
trates on and highlights timing and scheduling aspects.
Unlike usual design models, it contains all necessary infor-
mation for an analysis (priorities, scheduling algorithms,
task execution times, etc.).

The view consists of three different UML diagram types
and a selection of MARTE stereotypes and tagged values
(see Figure 2). The diagram types are class diagrams as an
architectural view (to describe the structure, associations,
and allocations of the systems’ elements), object diagrams
as a view on the runtime system (to instantiate the
concrete system that should be analyzed based on the
architectural view), and activity diagrams as a workload
view (to describe workload situations, flows, and depen-
dencies of tasks).

<<saExecStep>> store()

<<schedulableResource>>

DataControl

deadline=(5,ms)
priority=5
respT=[$r1,ms]
execTime=[1,ms]
sharedRes=SharedMemory

Fig. 2. Example of MARTE stereotypes and tagged values

The stereotypes and the tagged values are based on the
MARTE UML profile. We only used a small amount of the
defined elements for the scheduling analysis view. One goal
of the view is to keep it as simple as possible. Therefore,
only elements are used that are necessary to describe all
the information that is needed for an analysis. In Table I
all used stereotypes and tagged values are presented.

Class diagrams are used to describe the architectural
view/the structure of the modeled system. The diagrams
show resources, tasks, and associations between these
elements. Furthermore, schedulers and other resources,
like shared memory, can be defined. Figure 3 shows a
class diagram of the scheduling analysis view that de-
scribes the architecture of a sample system. The func-
tionalities/the tasks and communication tasks are rep-
resented by methods. The tasks are described using the
«saExecStep» stereotype. The methods that represent the
communication tasks (transmitting of data over a bus)
are extended with the «saCommStep» stereotype. The
tasks or communication tasks, represented as methods,
are part of schedulable resource classes (marked with the
«schedulabeResource» stereotype), which combine tasks
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TABLE I
Elements of the scheduling analysis view

Stereotype used on Tagged Values
«saExecHost» Classes, Objects Utilization, mainScheduler, isSched

«saCommHost» Classes, Objects Utilization, mainScheduler, isSched
«scheduler» Classes, Objects schedPolicy, otherSchedPolicy

«schedulableResource» Classes, Objects
«saSharedResources» Classes, Objects

«saExecStep» Methods deadline, priority, execTime, usedResource, respT
«saCommStep» Methods deadline, priority, execTime, msgSize, respT

«saEndToEndFlow» Activities end2endT, end2endD, isSched
«gaWorkloadEvent» Initial-Node pattern

«allocated» Associations

or communications that belong together, e.g. since they
are part of the same use case or all of them are service
routines. Processor resources are represented as classes
with the «saExecHost» stereotype and bus resources are
classes with the «saCommHost» stereotype. The tasks
and communications are mapped on processors or busses
by using associations between the schedulable resource
and the corresponding bus or processor resource. The
associations are extended with the «allocated» stereotype.
Scheduling relevant parameters (like deadlines, execution
times, priorities, etc.) are added to the model using tagged
values.

<<saExecStep>> run()

<<schedulableResource>>

GUI

<<saCommStep>> send()

<<schedulableResource>>

Communiction

<<saExecStep>> save()

<<schedulableResource>>

DataControl

<<saExecHost>>

CPU

<<saCommHost>>

Bus

<<saExecHost>>

CPU2

<<allocated>>

<<allocated>>

<<allocated>>

Fig. 3. The architectural view of the scheduling analysis view

The object diagram or runtime view is based on the
class diagram/architectural view of the scheduling analysis
view. It defines how many instances are parts of the
runtime system respectively what parts are considered
for the scheduling analysis. It is possible that only some
elements defined in the class diagram are instantiated.
Furthermore, some elements can be instantiated twice or
more (e.g. if a processor is redundant). Only instantiated
objects are taken into account for the scheduling analysis
and, consequently, for the model transformation.

Activity diagrams are used to describe the behavior of
the system. Therefore, workload situations are defined that
outline the flow of tasks that are executed during a certain
mode of the system. The dependencies of tasks and the
execution order are illustrated. The «gaWorkloadEvent»
and the «saEnd2EndFlow» stereotypes and their corre-
sponding tagged values are used to describe the workload

behavior parameters like the arrival pattern of the event
that triggers the flow or the deadline of the outlined
task chain. For example, in Figure 4, it is well defined
that at first cpu.run() has to be completely executed,
before communication.send() is scheduled etc.. There are
restrictions like that no decision nodes are allowed, because
the analysis tool SymTA/S does not support these model
elements.

cpu.run()

communication.send()

datacontrol.save()

<<saEnd2EndFlow>>

Fig. 4. A workflow description of the scheduling analysis view

The scheduling analysis view can be easily be extended,
if necessary. If a scheduling analysis tool offers more
possibilities to describe or to analyze a system (e.g. a
different scheduling algorithm) and needs more system
parameters for it, these parameters have to be part of
the scheduling analysis view. Therefore, the view can be
extended with new tagged values that offer the possibility
to add the necessary parameters to the system description
(added to Table I).

Another advantage of using the scheduling analysis view
is that the tagged values help the developer to keep track
of timing requirements during the development, as these
parameters are part of the development model. This espe-
cially helps to keep considering them during refinement.

IV. Scheduling Analysis with SymTA/S

We use SymTA/S (Symbolic Timing Analysis for
Systems) [4] for the scheduling analysis. The example
depicted in Figure 5 is the SymTA/S representation of the
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system described in Section III and illustrated in Figure
3 and Figure 4. There is one source (trigger), two CPUs
(CPU and CPU2), which run two tasks (run and save),
and a bus (Bus) with one communication task (send). All
tasks are connected using event streams, representing task
chains.

SymTA/S links established analysis algorithms with
event streams and realizes a global analysis of distributed
systems. At first, the analysis considers each resource on
its own and identifies the response time of the mapped
tasks. From these response times and the given input event
model it calculates the output event model and propagates
it by the event stream. If there are cyclic dependencies, the
system is analyzed from a starting point iteratively until
reaching convergence.

V. Transformation and Analysis

During the transformation, the information is taken
from the UML metamodel of the scheduling analysis view
and is placed in the metamodel of SymTA/S. The schedul-
ing analysis view is modeled in Papyrus for UML and saved
as an XMI[9] file. SymTA/S files are also based on XML.
Therefore, the ATL transformation [8] has to read the XMI
file and create a, for SymTA/S valid, XML file containing
the system represented in the scheduling analysis view.

First, the transformation checks whether the model
is suitable at all for a transformation. After that, the
hardware components are transformed. The transforma-
tion searches for all objects with the «saExecHost»
stereotype and generates CPU objects for them in the
SymTA/S model. The same happens with objects with
the «saCommHost» stereotype for busses.

Thereafter, the activity diagrams/workflow descriptions
are considered, and, depending on the parameters of
the initial nodes, corresponding source elements in the
SymTA/S model are created. In the next step, all tasks
and communication tasks (all methods with a «saEx-
ecStep» or «saCommStep» stereotype) are created as
often, as the class/schedulable resource they belong to is
instantiated in the scheduling analysis view (e.g. if a class
“Calculate” with the «schedulableResource» stereotype
has a method calculateValues() that has the «saExec-
Step» stereotype, and the “Calculate” class is instantiated
two times in the scheduling analysis view, there will be
two calculateValues tasks in the SymTA/S model).

Analyzing the «allocated» stereotypes does the map-
ping: For example, if there is an «allocated» marked
association between a resource and a class with a
«schedulabeResource» stereotype, all methods/tasks of
the «schedulabeResource» class are mapped on this re-
source in the SymTA/S model. The corresponding parame-
ters of the tasks (annotated with tagged values in the UML
scheduling analysis view) are entered into the SymTA/S
model.

In the last step of the transformation, the event streams
in SymTA/S are created based on the dependencies de-

scribed in the activity diagrams/workflow descriptions.
The activity diagrams of the UML scheduling analysis
view are observed and the dependencies are added to the
SymTA/S model. It is only necessary to detect which
actions are connected in the UML view and to reproduce
these connections using Event Streams in SymTA/S. As
SymTA/S does not offer decision nodes, these elements
are not supported during the transformation.

After the complete transformation, SymTA/S is used for
the analysis. For this, the tool is started with the created
XML file as a parameter. SymTA/S analyses the system
and writes back the results into the XML file.

VI. Publishing the Analysis Results in the
Scheduling Analysis View

After the analysis is finished, the results are published
in the scheduling analysis view. The developer gets the
information whether there are tasks or paths/task chains
that are not schedulable or that miss their deadlines. Some
of the tagged values of the scheduling analysis view are
used to give the developer a feedback about the analysis
results. For example, in Figure 2 the respT tagged value is
empty before the analysis and has a variable ($r1), which
means that the response time of the corresponding task
is entered at this point after the analysis. There are also
other parameters, which give a feedback to the developer
(see also Table I):

a) respT: The respT tagged values gives a feedback
about the response time of the (communication) tasks and
is offered by the «saExecStep» and the «saCommHost»
stereotype.

b) end2endT: As the respT, the end2endT tagged
values offers the response time, in this case of a path/task
chain and is offered by the «saEnd2EndFlow» stereotype.
It is not a summation of all response times of the tasks
that are part of the path, but a worst case calculated re-
sponse time of the whole path examined by the scheduling
analysis tool (for more details see [5]).

c) Utilization: The «saExecHost» and the
«saCommHost» stereotype offer a utilization tagged
value that gives a feedback about the load of the CPU
or the bus. The value is given in percent. If the value is
higher than 100%, it is obvious that this resource is not
schedulable (and the isShed tagged value is false too),
but even if the value is only slightly under 100% , this is
a warning for the developer that this resource is nearly
overloaded.

d) isShed: This tagged value gives a response whether
the tasks mapped on this resource are schedulable or
not (false or true) and is offered by the «saExecHost»
and the «saCommHost» stereotype. The tagged values
are connected to the Utilization tagged value (e.g. if
the utilization is higher than 100%, the isShed tagged
value is false). This tagged value is also offered by the
«saEnd2EndFlow» stereotype. As the «saEnd2EndFlow»
stereotype defines parameters for a path/task chain, the
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Fig. 5. A sample of a system described in SymTA/S

isShed tagged value gives a feedback whether the deadline
for the path is missed or not.

After an analysis is finished, the developer can check if
the system is schedulable. For this, the developer checks
if the paths/tasks chains are schedulable (isShed tagged
value of the «seEnd2EndFlow» stereotype). If this is false,
the developer has to find the reason why the scheduling
failed. The end2EndT tagged value shows to what extent
the deadline is missed, as it gives the response time of the
path/task chain. The response times of the tasks and the
utilization of the resource give also a feedback where the
bottleneck might be (e.g. a resource with a high utilization
and tasks scheduled on it with long response times is more
likely a bottleneck as resources with low utilizations).

VII. Case Study

The aim of the Collaborative Research Centre 562
(CRC 562)2 is the development of methodological and
component-related fundamentals for the construction of
robotic systems based on closed kinematic chains (parallel
kinematic chains - PKMs), to improve the promising
potential of these robots, particularly with regard to high
operating speeds, accelerations, and accuracy [10]. This
kind of robots features closed kinematic chains and has
a high stiffness and accuracy. Due to low moved masses,
PKMs have a high weight-to-load-ratio compared to serial
robots. The demonstrators which have been developed in
the research center 562 move very fast (up to 10 m/s)
and achieve high accelerations (up to 100 m/s2). The high
velocities induced several hard real-time constraints on the
software architecture that has been designed to control the
robots. The latest version is PROSA-X (Parallel Robots
Software Architecture - eXtended) which uses multiple
control PCs to distribute its algorithmic load. PROSA-
X is a generic architecture which is used to control
several different robots. A specifically tailored middleware
(MiRPA-X ) and a bus protocol that operates on top of a
FireWire bus (IAP) realize communication satisfying the
hard real-time constraints [11]. The architecture is based
on a layered design with multiple real-time layers within
QNX3 to realize e.g. a deterministic execution order for
critical tasks [12].

The robots are controlled using cyclic frequencies be-
tween 1 and 8 kHz. If these hard deadlines are missed, this
could cause damage to the robot and its environment. To

2http://www.tu-braunschweig.de/sfb562
3QNX Neutrino is a micro kernel real-time operating system.

avoid such problems, a scheduling analysis on the basis of
models ensures the fulfillment of real-time requirements.
The case study presented below has been performed in
this context and is based on [13].

In Figure 6 a scheduling analysis view representation of
the software architecture, PROSA-X [14], is presented. It
consists of a control PC (“Control PC1”), which performs
various computing tasks (“CP1 Tasks”). The control PC
is connected via a FireWire (IEEE 1394) data bus with
a number of other processors (“DSP 1-7”). The DSPs
supervise and control the machine.

The methods represent the following tasks:

• IAP D : This instance of the IAP bus protocol re-
ceives the DDTs (Device Data Telegram) that contain
the instantaneous values of the DSP nodes over the
FireWire bus.

• HWM : The Hardware Monitoring takes the instan-
taneous values received by the IAP D and prepares
them for the control.

• DC : The Drive Controller operates the actuators of
the parallel kinematic machine.

• SMC : The Smart Material Controller operates the
active vibration suppression of the machine.

• IAP M : This instance of the bus protocol IAP sends
the setpoint values, calculated by DC and SMC, to
the DSP node.

• CC : The Central Control activates the currently re-
quired sensor and motion modules (see below) and
collects their results.

• CON : Contact Planner. Combination of power and
speed control. For the end effector of the robot to
make contact with a surface.

• FOR: Force Control, sets the force for the end effector
of the robot.

• CFF : Another Contact Planner, similar to CON.
• VEL: Velocity Control, sets the speed for the end

effector of the robot.
• POS : The Position Controller sets the position of the

end effector.
• SAP : The Singularity Avoidance Planner plans paths

through the work area to avoid singularities.
• SEN : An exemplary Sensor Module.

Next we explain the real-time demands on the system.
There is no deadline on a specific task, but there are
deadlines on task chains/workflows. The first task chain
receives the instantaneous values and calculates the new
setpoint values (IAP D, HWM, DC, SMC). The deadline
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<<saExecStep>> IAP_N4()
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IAP_Nodes_4
<<saExecHost>>

DSP_4

<<allocated>>

<<saExecStep>> IAP_N5()

<<schedulableResource>>

IAP_Nodes_5
<<saExecHost>>

DSP_5

<<allocated>>

<<saExecStep>> IAP_N6()

<<schedulableResource>>

IAP_Nodes_6
<<saExecHost>>

DSP_6

<<allocated>>

<<saExecStep>> IAP_N7()

<<schedulableResource>>

IAP_Nodes_7
<<saExecHost>>

DSP_7

<<allocated>>

<<saCommStep>> MDT()

<<schedulableResource>>

fwCom1

<<saCommStep>> DDT1()
<<saCommStep>> DDT2()
<<saCommStep>> DDT3()
<<saCommStep>> DDT4()
<<saCommStep>> DDT5()
<<saCommStep>> DDT6()
<<saCommStep>> DDT7()

<<schedulableResource>>

fwCom2

<<saCommHost>>

FireWire

<<allocated>>
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<<saExecHost>>

Control_PC1

<<saExecStep>> IAP_D()
<<saExecStep>> HWM()
<<saExecStep>> DC()
<<saExecStep>> CC()
<<saExecStep>> CFF()
<<saExecStep>> FOR()
<<saExecStep>> MPI()
<<saExecStep>> POS()
<<saExecStep>> SMC()
<<saExecStep>> CON()
<<saExecStep>> VEl()
<<saExecStep>> SEN()
<<saExecStep>> SAP()
<<saExecStep>> IAP_M()

<<schedulableResource>>

CP1_Tasks

<<allocated>>

Fig. 6. The architectural view of the PROSA-X system

for this is after 250 microseconds (see Figure 7 for the
scheduling analysis view description).

cp1_tasks.IAP_D()

cp1_tasks.HWM()

datacontrol.SMC()

<<saEnd2EndFlow>>

cp1_tasks.DC()

Fig. 7. The receiving of the instantaneous values and the calculation
of the new setpoint values

The second task chain contains the sending of the
setpoint values to the DSPs and their processing (IAP M,
MDT, IAP N1, . . . , IAP N7, DDT1, . . . , DDT7). This
must be finished within 750 microseconds (see Figure 8).

Finally, the third chain comprises the control of the
sensor and motion modules (CC, CON, FOR, CFF, POS,
VEL, SEN, SAP) and has to be completed within 1945
microseconds (see Figure 9).

The system was modeled in Papyrus for UML as a
Scheduling Analysis View. Every element of the architec-
tural view (depicted in Figure 6) is instantiated once in
the runtime view.

cp1_task.CC()

<<saEnd2EndFlow>>
cp1_task.SAP()

cp1_task.CON()

cp1_task.POS()

cp1_task.VEL()

cp1_task.FOR()

cp1_task.CFF()

cp1_task.SEN()

Fig. 9. Control of the sensor and motion modules

The ATL transformation creates a corresponding
SymTA/S model and makes it possible to analyze the
system. The transformation was successful, the output
model was analyzed by SymTA/S and confirms to the
expectations: The analysis was successful, all paths keep
their real-time requirements, the resources are not over-
loaded. The SymTA/S model is depicted in Figure 10.

After the successful analysis, the results are published
back into the scheduling analysis view (see section VI).

The analysis has confirmed that the system is schedula-
ble. We also integrated this analysis into our approach for
finding the best distribution using graph partitioning [15].

VIII. Conclusion and Further Work

We have presented a model transformation from a
MARTE annotated UML model to the scheduling anal-
ysis tool SymTA/S to make a scheduling analysis based
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cp1_tasks.IAP_M()

fwcom1.MDT()

<<saEnd2EndFlow>>
iap_nodes.IAP_N1()

iap_nodes_2.IAP_N2()

iap_nodes_5.IAP_N5()

iap_nodes_6.IAP_N6()

iap_nodes_3.IAP_N3()

iap_nodes_4.IAP_N4()

iap_nodes_7.IAP_N7()

fwcom2.DDT1()

fwcom2.DDT2()

fwcom2.DDT5()

fwcom2.DDT6()

fwcom2.DDT3()

fwcom2.DDT4()

fwcom2.DDT7()

Fig. 8. Sending of the setpoint values to the DSPs

on UML design models possible and to limit the ef-
fort for a developer to get feedback concerning the
timing/scheduling behavior. We have demonstrated this
transformation on a parallel robot controller of our CRC
562. Further steps would be to create more model trans-
formations for other non-functional parameters to corre-
sponding analysis tools.

Another extension of this approach would be to describe
a method how to create the scheduling analysis view and
how to add the necessary and typically missing parameters
to this view to make a scheduling analysis possible (we
have made first approaches in [16] and [17]). It is also
possible to integrate further tools into the method (e.g.
aiT [18]).

Furthermore, a method to help finding the bottleneck if
an analysis fails would be of great benefit.
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Fig. 10. The SymTA/S description of the PROSA-X system
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BCDrobot-soccer is a popular application that has ability 
to  attract  young  people  and  to  popularize  technical 

branches  on  the  faculties  of  mechanical  engineering, 
electrical engineering and computer science. It is also used 
as  a  test  bed  to  evaluation  and  testing  of  new  methods, 
algorithms and solutions in different technical branches.

�

Current  solution  of  robot-soccer  application  consists  of 
the Vision module, the Strategy module (divided into Higher 
strategy and Motion control), the Wireless transceiver and 
the  Communication  module.  The  Communication  module 
provides interface for distributed data exchange among the 
other modules of the system [1].

This  paper  describes  the  development  of  computer-
assisted  Manual  control  module  as  the  part  of  the  3rd 
generation  of  robot-soccer  strategy  system for  VŠB-TUO 
robot-soccer team. The module has been developed for two 
reasons – strategy testing against human opponents and for 
attraction of young people to study at technical universities.

II. MANUAL CONTROL MODULE INTERFACE

The manual control module allows a player to control the 
robots  using  connected  game  controllers  or  joysticks.  It 
cooperates with other robot-soccer modules so it makes an 
interface between the game controller and controlled robot. 

��EF�D����DF�D��F��D������D��D�E�D�� !��"E�F"��D	�F����F�#D�$D�������%D
A&�"ED��'(��F"�D�E�D'��)�"�DF�D�(''�����D�#D*+,�D'��)�"�D-./0.10-2/3D
���D����D�#D�E�DF�������D�����D�40/.-.-56D7������'8���D���D(�F��D���D
8��E���D$��D���F��D���D����F&��F��D�$D�8������D�#���8�9�

A. Wheeled robot

The  robot  with  basic  parameters  is  in  the  Fig. 1.  The 
relationship between velocities, angular velocity and radius 
of rotation is defined [2]
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�
�
�����

�
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B. Game controller

After  testing  several  types  of  controllers,  the  gamepad 
was chosen. It allows quick control of associated values. 

The selected gamepad (Fig. 2) has
� 2 analog sticks
� 1!��#D4��D:'�F��D�$D�F��;DE��
� 12 buttons.D

These controls can be utilized to comfortably support both 
left-hand and right-hand mode.

The position of main stick has coordinates jx, jy∈〈-1;1〉 in 

axis x, y respectively and button values b0, b1, .. bN∈{0;1}.

III. ANALYSIS OF CONTROL METHODS

There are several ways of how manually control the robot 
–  differential  steering,  semi-automatic  steering,  fully-
assisted  steering  and  group-assisted  steering,  from  the 
simplest one to the most advanced.

A. Differential steering

The first  generation  of  manual  control  used the  simple 
differential  steering.  Its  principle  is  based  on  direct 
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conversion of desired velocity vd and angular velocity ωd of 

robot into the movement of stick

���
��

����

, �	�
��

����
(2)

Than,  the velocities  of  robot’s  left  and right  wheel  are 
defined

��� �	������ ���������� �	/

 ��� �	������ ���������� �	/ (3)

This  principle  is  shown  in  the  Fig. 3.  The  computer-
assisted control (CAC) block in this case is very simple and 
the control loop is opened. It leads to very difficult manual 
control  of  the  robot  to  move  it  into  desired  position  or 
orientation. Human is unable to both accurately and quickly 
control  the  rotation  of  the  robot  and to  adjust  its  relative 
position. That is why this steering is unsatisfactory.

B. Semi-automatic steering

Current solution of the computer-assisted manual control 
is based on automatic control of the robot according to the 
desired direction and speed. This requires closer cooperation 
with the vision system. See the Fig. 4.  The vision system 
supplies  a  position of  the robot  rx,  ry in  axis x,  y of  the 
playground and angular position rϕ.

The objective of this control is to allow moving with the 
robot as it was a 2D point

���
���

����
, �	�

�	�

����
(4)

where  vxd,  vyd are desired speeds along the axis x and y. 

There  are  two  possible  configurations,  without  a  filter 
(Fig. 4) and with a filter (Fig. 5). The filter reconstructs the 
precise position and the speed of the robot. It also allows the 
CAC  to  compensate  the  error  from the  trajectory  due  to 
rotation of  the robot.  Currently,  there is  used an extented 
Kalman filter [1][3].

The schema of the CAC block is in the Fig. 6. Suppose 
that a player wants to move the robot to given direction with 
certain speed.

If the robot does not move it should first rotate around its 
vertical axis to a desired direction and then it should start  
moving with a desired speed. This will ensure following of a 
desired  trajectory.  This  function  is  implemented  in  the 
Stationary rotation block. If actual velocity v of the robot is 
smaller than predefined minimum velocity  v0 and absolute 

value  of  angle  error  ∆ϕ is  greater  than  a  predefined 

maximum angle error ∆ϕ0 then desired speed  vd is zeroed. 

Simulated trajectories are shown in the Fig. 7.
If the robot is already moving, it is not possible to change 

the desired direction and to maintain the planned trajectory.
First, the robot has to rotate to the desired direction while 

it  is  still  moving.  Then  it  can  gradually  approach  the 
trajectory that it would move as a mass point from the time 
of direction change in an ideal case. The tracking of ideal 
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mass point is encapsulated in the Trajectory tracking block. 
The control  requirements  – direction (angle  error ∆ϕ) and 
position control (parameter ε) act against each other and this 
must be reflected by compensators design including system 
non-linearity  and  bounds  of  centripetal  acceleration.  The 
compensators are placed in the Angular compensator block. 
The Velocity  converter  block converts  the pair  of  desired 
velocity vd and  angular  velocity ωd into  the  desired 

velocities  vl,  vr of  left  and  right  wheel.  Simulated 
trajectories are shown in the Fig. 8.

If the robot is standing or moving, it is possible to invert 
the  direction  of  robot.  This  reduces  the required  angle  of 
rotation.  This  functionality  is  not  shown in  Fig. 6.  If  the 
robot is moving, the range of desired directions suitable for 
the inversion of robot direction is significantly lower. This is 
because gradual approach to the desired trajectory is more 
time  efficient  than  stopping  the  robot  and  turning  the 
direction of motion by 180 degrees.

C. Fully-assisted steering

This steering is next logical step in evolution of manual 
control module. See the Fig. 9. It requires cooperation with 
the  Higher  strategy  and  the  Motion  control  module.  The 
higher  strategy  controls  all  robots  except  the  manually 
controlled ones and instructs them the desired positions and 
velocities  [4].  The CAC block  overrides  the  position  and 
velocity for manually controlled robots. The motion control 
plans  trajectory  in  real-time  and  controls  position  of  the 
robots by changing the desired wheel velocity [5].

There are three modes of operation
� Free movement
� Tracking the ball
� Shot.

The free movement mode allows similar movement of the 
robot as semi-automatic steering.  The difference is in this 
mode the robot will cooperate with other robots and avoid 
collision with them.

The tracking ball mode causes the robot to start catching 
the ball. It is activated by pressing the button b0. If the stick 

is also applied, it controls the direction in which to meet the 
ball.

The shot mode makes the robot to shoot to the direction 
specified by stick.

D. Group-assisted steering

This steering will be the final extension of fully-assisted 
steering.  The  basic  principle  is  same  as  previous  except 
a fact that one player is controlling all of the robots.

Only  one  robot  is  controlled  at  the  moment,  so  the 
capability of robot switching has to be developed. There are 
several possibilities of making such capability

� The robot nearest to the ball – the robot is selected 
automatically or by a button.

� Switching to  a next robot  – selection of  the next 
robot in sequence.

� Select  robot  by  POV-hat  or  stick  –  the  robot  is 
selected by analysis of current positions of robots 
on the playground.

It  may  be  difficult  for  player  to  quickly  recognize  the 
selected robot on the playground. This can be solved by

� External lighting of the robot by LEDs.
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� Only  virtual  selection  of  the  robot  on  soccer 
monitor.

IV. ADDITIONAL FUNCTIONS

There  are  several  additional  requirements  on  the 
computer-assisted manual control. Some of them are general 
extensions,  others  are  important  for  concrete  type  of 
steering. 

A. Collision Detection

In  the  robot  motion  control,  a  collision  detection  is 
necessary.  When  a  collision  occurs,  it  leads  not  only  to 
stagnation of the robot but it also causes that the underlying 
mathematical  model  of  the  robot  gives  false  output.  The 
model is part of the filter block in the motion control module 
and  provides  the  predicted  position  and  the  speed  of  the 
robot based on control requirements. The information about 
collision can be used to the resetting of the model.

Another problem occurs if there is a permanent obstacle 
in the way. Then the described motion control is not able to 
react properly and rotate the robot. The solution is to stop 
the robot until it rotates and gets out of the collision.

Collision detection is performed in two ways
� A priori  –  detection  is  made  on  the  basis  of  the 

position  of  the  robot  to  known  bounds  (of  the 
playground)  and  the  direction  of  the  velocity 
vector,

� A posteriori  –  detection  is  made on  the  basis  of 
significant  difference between the predicted robot 
position and its actual position.

B. Game controls

In addition to the control of the direction of the robot in 
two axes, there are more features important for the strategy 
testing.  Some  of  these  functions  apply  only  on  semi-
automatic steering

� Acceleration  –  the  possibility  of  a  short-time 
increase of robot speed, this function is useful for 
shooting the ball.

� Brake – allows rotation of the robot in place.
� Tracking  the  ball  –  robot  automatically  targets 

towards the ball, allowing its easy hitting.

C. Force feedback

When the robot gets stuck, typically due to an impact of 
the robot or an attempt to pass through the barrier, the game 
controller vibrates strongly for a brief moment.

V. CONCLUSION

In this paper we described the Manual control module of 
the  robot-soccer  system.  This  module  provides  interface 
between the game controller  and robot.  Currently  there is 
used the principle of semi-automatic steering, which is the 
step between the simple differential steering and the fully-
assisted  control  method.  The  manual  control  module  also 
uses additional functions as the collision detection and force 
feedback.  Next  research  will  focus  on  design  of  fully-
assisted control.  The requirements  for  the upcoming CAC 
methods were also described.
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Real-time controller design based on NI

Compact-RIO

Maciej Rosol, Adam Pilat, Andrzej Turnau

Abstract—The paper is focused on NI Compact-RIO config-
ured as a controller for the active magnetic levitation used
here as a benchmark for time-critical systems. Three real-
time configurations: soft, soft with IRQ and hard FPGA are
considered. The quality of the real-time control has been tested
for each configuration.

Index Terms—real-time control, magnetic levitation, Com-
pactRio, scheduling.

I. INTRODUCTION

THREE different NI Compact-RIO (cRIO) configurations

are designed and verified in control experiments per-

formed in the real-time. The main attention is focused on real-

time deterministic behavior of the PID controller constructed

in a different way for a particular configuration. cRIO is

recommended and promoted by National Instruments company

as a rugged industrial control and acquisition system that

incorporates a real-time processor and reconfigurable FPGA

for reliable stand-alone embedded applications. The active

magnetic levitation used here as a benchmark is a time-critical

system. Therefore, a punctual and fully determined control

algorithm is required. The quality of the control algorithm

execution depends strongly on a used platform: Power PC or

FPGA and the execution mode: software timing loop, interrupt

event, hardware timing loop. A desirable design goal is usually

the construction of the so-called ”hard real-time” system. We

do not always manage to meet this goal. In principle, to

develop the hard real-time controller a certain level of famil-

iarity with cRIO and skill is required. Control experiments

that have been performed illustrate several timing aspects:

jitter, execution time of control algorithm, determinism of

data exchange, ect. It is important to answer to the following

question. How far one can dimnish the sampling period not

disturbing the system performance?

II. REAL-TIME CONTROL APPLICATION DESIGN

The reconfigurable control system may contain the follow-

ing components:

1) cRIO FPGA core application for input, output, commu-

nication, and control,

2) time-critical loop for floating-point control, signal pro-

cessing, and point-by-point decision making

3) normal-priority loop for embedded data logging, remote

Web interface, and Ethernet communication

4) networked host PC for remote graphical user interface,

historical data logging, and postprocessing

Depending on requirements of an application, one can imple-

ment particular components. The RIO FPGA chip is connected

to the I/O modules in a star topology, for direct access to each

module for precise control and unlimited flexibility in timing,

triggering, and synchronization. A local PCI bus connection

provides a high-performance interface between the RIO FPGA

and the real-time processor. The magnetic levitation control

system structure is shown In Fig. 1.

A PC is dedicated to data acquisition and monitoring. The

cRIO-9014 controller is equipped with two hardware platform:

the Power PC microcontroller operating under the real-time the

VxWorks operating system and FPGA (a Spartan-3 XILINX

chip containing 3 milions gates). Power PC is triggered by

a 400 MHz clock. FPGA is triggered by a 40 MHz clock.

The PWM generator of the control signal is implemented

in FPGA. There are also two modules: NI 9401 digital I/O

and NI 9215 analog I/O. The PWM signal is transfered from

FPGA through the NI 9401 output digital module and the

PWM power interface to the electromagnet that operates as

the actuator. The signal proportional to the sphere position is

transfered from the sensor to the sensor conditioning circuit

and farther to the NI 9215 input analog module.

III. TIME-CRITICAL EXPERIMENTS OF TWO CRIO

CONFIGURATIONS

Three cRIO configurations shown in Fig. 2 have been built

to be tested:

1) Power PC soft real-time,

2) Power PC Interrupt ReQuest (IRQ),

3) FPGA hard real-time.

The PID controller operating in a hard real-time loop is built

inside the FPGA chip (Fig. 3). The sampling period can be

changed.

However, its minimal value has to be set to 10 ms due to

the conversion time of the analog signal (the maximal value

is equal to 100 kHz per chanel). The real-time platform is

responsible for communication with FPGA and the application

that runs on PC and is responsible for changing the parameters

of the generator PWM and PID controller. If we use Power

PC and VxWorks as a real-time control platform then FPGA

is only used to receive the measurment signal and transfer

the control signal and measure the so-called jitter signal. The

timing loop operating at the 40 MHz frequency is responsible

for generating the PWM resolution signal. It generates also

the 32-bits counter (in ticks) for the jitter measuring. The mea-

surement accuracy is the clock triggering frequency dependent

and is equal to 25 ns. The time-critical while loop executes

the PID control algorithm. The position signal related to the

sphere position is scaled in meters due to the one-dimensional
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Fig. 1. Structure of magnetic levitation control system
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Fig. 2. Three experimental cRIO configurations

look up table. Calculations of the controller are expressed as

fixed-point numbers wit the accuracy equal to 1.5259 · 10−5.

The output signal of the controller is a number from the range

0 ÷ 1. It is scaled and becomes a duty cycle in the range

0 ÷ 4095 as far as the 12-bits resolution is concerned. The

sampling period for the FPGA hard real-time configuration

has been verified and the 25 ns value has been confirmed.

This is obvious due to the hardware paralel implementation of

the PID algorithm. In Fig. 4 the logging sessions of primary

work parameters corresponding to the operational VxWorks

system (the upper frame) and to the realization of the user

application (the lower frame) are shown. During the Power PC
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Fig. 3. The PID controller operating in a hard real-time loop running on FPGA chip

session calculation procedures have been executed with data

exchange with the FPGA system. This was done to check the

performance of this platform with the overhead time devoted

to communication. The grey area in Fig. 4 corresponds to

one complete execution of the loop which lasts 1 ms. Four

interesting signals can be noted in the lower frame, namely: 0-

SquareGener, 1-PositionScale, 2-PD Controller, 4-Saturation.

The first one provides square wave signal generator. The

second one is devoted to scaling of the sensor signal. Next

one implements the PID controller and the last one limits the

control signal to the physical bounds. The execution times

of these procedures are 28.1334 ms, 22.8882 ms, 30.0407

ms and 16.2125 ms respectively. It means that the time of

calculations together with the context switching time between

the procedures is equal to 355.84 ms. Hence, the maximal

theoretical sampling frequency, without taking into account

VxWorks time overhead, is equal to 2.81 kHz. In practice

one should not go beyond 1 kHz. Similarly to the Power PC

soft real-time configuration the performance of the Power PC

Interrupt ReQuest control structure was check by running the

Real-Time Execution Trace Toolkit session.

In Fig. 5 the logging data are presented. As can be seen the

real-time task is IRQ triggered. The PowerPC platform waits

for interrupt generating by FPGA. The execution times of the

calculation procedures are comparable to Power PC soft real-

time configuration. However the total time of calculations is

shorter (equal to 253.27 ms). Hence, the maximal theoretical

sampling frequency, without taking into account VxWorks

time overhead, is equal to 3.95 kHz. In practice one should

not go beyond 2 kHz.

IV. EXPERIMENTAL JITTER OF TWO CONFIGURATIONS

The real-time controllers have been tested in three cases.

However, the jitter has not been illustrated in the third case.

This is not a mistake. There is nothing to show. Only the

third case is characterized by high accuracy and repeatability

of execution determined by 25ns resolution. The FPGA chip

is triggered by the hardware timer. In contrast to this case,

the first two have different triggering mechanisms. Usually,

they introduce uncertainty into the real-time execution. The

time stamps in the number of control task events 650 were

registered for jitter analysis. The histograms are scaled in the

full range of the available data. The results corresponding to

two experimental cRIO configurations (see Fig. 2) are shown

in Fig. 6 and Fig. 7. Let us define the following factors for

further results analysis:

• min - is the minimal time instant registered for an event,

• max - is the maximal time instant registered for an event,

• N - is the maximal number of requests at the same time

interval.

• xs [µs] - is the time instant related to the maximal number

of events, alas different to the nominal (desired) time

instant,

• DN [%] - is the negative deviation from xs,

• DP [%] - is the positive deviation from xs,

• DNn [%] - is the negative deviation from the nominal

(desired) time instant,

• DPn [%] - is the negative deviation from the nominal

(desired) time instant.
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Fig. 4. Real-Time Execution Trace Toolkit session for the Power PC soft real-time configuration with 1 ms sample period

Fig. 5. Real-Time Execution Trace Toolkit session for the Power PC Interrupt ReQuest configuration with 1 ms sample period

A. Configuration 1

One can notice that the sampling frequency equal to 1

kHz is a critical value for the soft real-time. Decreasing the

sampling period (from 1 ms to 0.5 ms) is not feasible. The

system operates at 995 ms (see Fig. 6c). This demonstrates that

the clock mechanisms used by LabView and VxWorks do not

cooperate correctly in the Power PC timing loop configuration.

Moreover this environment shows also a lack of punctuality

for 1 and 2 ms sampling periods (see the histograms in Fig.

6a and Fig. 6b).

TABLE I
STATISTICS OF CASE 1

Case min [µs] max [µs] N

a 1976.847 2065.452 99

b 1083.259 1116.691 36

c 963.333 1026.092 80

In the case of timing events triggered by the FPGA clock.

when tasks are executed at Power PC (illustrated in Fig. 7)

TABLE II
CONFIGURATION 1 CASE A

xs 2005.788

DN % -1.442

DP % 2.974

DNn % -1.157

DNp % 3.272

TABLE III
CONFIGURATION 1 CASE B

xs 1098.379

DN % 1.376

DP % 1.667

DNn % 8.325

DNp % 11.669

we are also surprised by the fact that the system triggered

by the FPGA interrupt responds in a strange way. There is

a large distribution of single events fortunately quantitatively
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Fig. 6. . Histograms a) 2ms, b) 1ms, c) 0.5 ms for the timing loop with the
time critical priority.

TABLE IV
CONFIGURATION 1 CASE C

xs 995.185

DN % 3.200

DP % 3.105

DNn % 92.666

DNp % 105.218

insignificant. It is surprising, as if the interrupt handler poorly

managed IRQ despite the existence of the acknowledgment

mechanisms. Of course, one could neglect the events that

occurred fewer times than 10% of the 650 recorded events.

Then statistics would be beneficial for the IRQ. As far as

Configuration 2 is concerned we can notice a significant

improvement in control quality, much of the tasks is executed

in the vicinity of the desired time. However, even at such a

small number of events as 650 there was a significant time

variation (jitter) resulting from the interrupt handler (interrupt

routines).

B. Configuration 2

Analysing the collected data it should be noted that in both

cases (the Configurations 1 and 2), the magnetic levitation

system steered by PID controller, where the derivative of the

error is determined, would pay a high risk of loss of stability in

the worst case, at best, the occurrence of oscillations. Uneven

course of events has influence on the rate of change of the error

signal fed to the input of the differentiating controller part.

Unfortunately, a value calculated in such a way is incorrect

and inconsistent with reality.

TABLE V
STATISTICS OF CASE 2

Case min [µs] max [µs] N

a 1791.058 2490.667 353

b 723.133 1214.041 410

c 373.309 645.915 105

TABLE VI
CONFIGURATION 2 CASE A

xs 2005.510

DN % 10.693

DP % 24.191

DNn % 10.447

DNp % 24.533

TABLE VII
CONFIGURATION 2 CASE B

xs 999.423

DN % 27.644

DP % 21.474

DNn % 27.686

DNp % 21.404

TABLE VIII
CONFIGURATION 2 CASE C

xs 499.338

DN % 25.239

DP % 29.354

DNn % 25.338

DNp % 29.183
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Fig. 7. Histograms a) 2ms, b) 1ms, c) 0.5ms for IQR timing events triggered
by the FPGA clock. Tasks executed at Power PC

V. CONCLUSION

With this research it has been shown that the real-time

control development must be considered precisely and with

specific attention to the used hardware. The designed controller

must be checked and verified how operates. Especially the

punctuality of the control task call must be satisfied. The

timing loop mechanism with time-critical priority is a fine

mechanism for triggered tasks, but is limited to 1kHz of

the sampling frequency. The timing events are condensed

around the requested sample period. In the case of IRQ driven

task, generated on the base of FPGA clock, the events are

handled at the desired sample time, but sometimes a few events
are called with a distance of about 25% far away from the

nominal trigger time. The observed jitter gives a number of

inequalities in the controller calculation. Note, that the error

derivative calculation is very sensitive for incorrect timing.

The tested National Instruments CompactRIO hardware gives

a number of possibilities to develop a wide range of control

configurations. The PowerPC is dedicated to data management

and exchange between hard time-critical layer realised in the

FPGA. Summarising, the control task should be implemented

in the FPGA and the Power PC used for data acquisition and

controller adjustment task only.
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he SIS workshop is envisioned as a forum to promote 
the exchange of ideas and results addressing complex 

security issues  that  arise  in  modern  information  systems. 
We aim at  bringing  together  a  community of security re-
searchers and practitioners working in such divers areas as 
networking  security,  antivirus  protection,  intrusion  detec-
tion, cryptography, security protocols, and others. We would 
like to promote an integrated view at the security of infor-
mation systems. 

T

As information systems evolve, becoming more complex 
and ubiquitous, issues relating to security, privacy and de-
pendability  become more  critical.  At  the  same  time,  the 
global and distributed character of modern computing – typ-
ically involving interconnected heterogeneous execution en-
vironments  – introduces many new and challenging  engi-
neering  and  scientific  problems.  Providing  protection 
against increasingly sophisticated attacks requires strength-
ening  the interaction between different  security communi-
ties,  e.g.  antivirus and networking.  New technologies lead 
to the emergence of new threats  and attack strategies,  in-
volving  smart  mobile  devices,  peer-to-peer  networks,  in-
stant  messaging,  VoIP, mesh networks or even networked 
consumer  devices,  such  as  house appliances  or  cars.  Fur-
thermore,  the  increasing  openness  of the communications 
infrastructure  results  in  novel  threats  and  can  jeopardize 
critical enterprise and public infrastructure,  such as indus-
trial automation and process control systems. Not only it is 
estimated  that  half  of  all  Web applications  and  Internet  
storefronts still contain some security vulnerabilities, but se-
cure commerce applications are also exposed to increasingly 
elaborate attacks, including spyware, phishing and other so-
cial engineering methods. 

In  order  to develop a secure system, security has  to be 
considered in all phases of the lifecycle and adequately ad-
dressed in all layers of the system. At the same time, good 
engineering has to take into account both scientific and eco-
nomic aspects of every solution: the cost of security has to 
be carefully measured against its benefits – in particular the 
expected cost of mitigated risks. Most companies and indi-
viduals treat  security measures in  information system as a 
necessary, but often uncomfortable, overhead. The increas-
ing penetration of computing in all domains of everyday life 
means  that  security  of  critical  business  systems  is  often 
managed and maintained by personnel who are not knowl-
edgeable in the field. This highlights the importance of us-
ability and ease of configuration of security mechanism and 
protocols.

Covered topics include (but are not limited to):
• Access control
• Adaptive security
• Cryptography
• Copyright protection
• Cyberforensics
• Honeypots
• Intrusion detection

• Network security
• Privacy
• Secure commerce
• Security exploits
• Security policies
• Security protocols
• Security services
• Security evaluation and prediction
• Software protection
• Trusted computing
• Threat modeling
• Usability and security
• Viruses and worms
• Zero-configuration security mechanisms
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Abstract—Nowadays, computer users especially run their ap-
plications in a complex open computing environment which
permanently changes in the running time. To describe the
behavior of such systems, we focus solely on externally observable
execution traces generated by the observed computing system. In
these extreme circumstances the pattern of sequences of primitive
actions (execution traces) which is observed by an external
observer cannot be designed and/or forecast in advance. We have
also taken into account in our framework that security policies
are partial-natured.

To manage the outlined problem we need tools which are
approximately able to discover secure or insecure patterns in
execution traces based on presupposes of computer users. Rough
set theory may be such a tool. According to it, the vagueness
of a subset of a finite universe U is defined by the difference of
its lower and upper approximations with respect to a partition
of the universe U . Using partitions, however, is a very strict
requirement. In this paper, our starting point will be an arbitrary
family of subsets of U . Neither that this family of sets covers the
universe nor that the universe is finite will be assumed. This
new approach is called the partial approximative set theory. We
will apply it to build up a new security model for distributed
software systems solely focusing on their externally observable
executions and to find out whether the observed system is secure
or not.

I. INTRODUCTION

NOWADAYS, computer end users especially run their

applications in a complex open computing environment

which as a rule consists of software components of finite

numbers. Each component has an individual behavior, and

the global behavior of the whole system is a collection of

individual ones.

Personal users watch their applications, work with one of

them, and, in general, also follow details of other appli-

cations with attention. Moreover, the open computing en-

vironment permanently changes in the running time. Con-

sequently, the pattern of the sequence of primitive ac-

tions, which is observed by an external observer, can-

not be designed and/or forecast in advance. Neverthe-

less, from an execution trace which is actually ob-

served during a short observation time interval someone

ought to decide whether the system works safely or not,

of course, with respect to a certain security specifica-

tion.1

Under these peculiar circumstances, organizations first of

all have to understand what has to be protected, and why. The

answers determine the choice of the organization’s security

strategy which is, in turn, expressed in security policies [6].

Security policies prescribe and proscribe behaviors of software

systems specifying acceptable and unacceptable execution

traces of applications.

In corporate information security management there have

been many approaches for security policy specification. Tra-

ditionally, security policies are formulated along the so-called

CIA taxonomy [18] which sees security as the combination of

three attributes—confidentiality, integrity, and availability.

However, there are different challenges between corporate

information security management and personal information

security management. Under the personal information security

we do not exclusively mean the privacy. Under the information

security from personal point of view we also mean, among

others, the protection of personal desktop PCs or notebooks

from the intrusion, applications and data from the damage, etc.

Users in personal computing environment are inundated

by recommendations how they should use and operate their

system. In headwords only: strong password creation tips

and maintenance, virus protection, software downloading and

installation, removable media risks, encryption and crypto-

graphic means, system backups, incident handling, e-mail and

internet use best practices, etc. Non-professionals, of course,

cannot convert these pieces of good advice into security

policies, particularly into a formal one.

Arising from the human thinking [26], all computer users

have anticipated hypotheses how an application or the whole

computer system should or should not work. This may range

from informal expected behaviors of the system, their elements

might be called expected ‘milestones’, to more formal ones

described in user manuals. Without any knowledge about

1This strange situation is smartly described by Schneier: “You have to
imagine an intelligent and malicious adversary inside your system (the ‘Satan’
of Satan’s computer), constantly trying new ways to subvert it. You have to
think like an alien.” ([3], from the Foreword by B. Schneier)
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running application or having either some informal behaviors

and/or more formal descriptions about it, we have to make an

attempt to build up an information security management model

which is approximately able to discover secure or insecure

patterns in execution traces of the running system. Thus, in

contrast to the traditional approach mentioned above, in order

to describe the behavior of distributed software systems in a

personal computing environment, we focus solely on externally

observable executions generated by the observed computing

system.

As usual, the software components can operate with each

other. Their interconnections may be intended or ad hoc.

Notice, however, that in both cases, the mechanisms of these

interconnections mostly remain concealed from the external

observers. In particular, based on only external observations,

we cannot model these synchronization mechanisms.

II. RELATED WORK

Our approach partly relates to the theory of a very spe-

cial class of security policies called properties proposed by

Lamport [20]. Informally, a security property is a set of

execution traces which is defined exclusively in terms of

individual execution traces, or, in other words, a property

may not specify a relationship between possible execution

traces of an application [21]. Access control or availability are

properties, while information flow policy is typically not, the

latter is a more general one. According to another terminology,

properties are point-wise in nature, while the information

flow policy is point-free in nature. Methods for specifying

and reasoning about properties are well understood. Alpern

and Schneider have shown [1] that every property is the

intersection of a so-called safety and a liveness property. For

more details about properties see, e.g., [20] [30], [21], [22].

We also partly relate to the theory of hyperproperties pro-

posed by Clarkson and Schneider in [7]. In this approach every

set of execution traces is a property. Thereupon, the hyperprop-

erty is a set of properties, or simply, a set of sets of execution

traces. In other words, both properties and hyperproperties

are defined in a point-wise manner—properties based on their

elements, the execution traces, and hyperproperties based on

their elements, the properties.

Analogous to safety and liveness property, Clarkson and

Schneider defined the notions of hypersafety and hyper-

liveness. They have proved that every hyperproperty is the

intersection of a hypersafety and a hyperliveness [7]. This

generalizes Alpern and Schneider’s result about properties.

Both theories of properties and hyperproperties have a char-

acterization in terms of topology. In the Plotkin topology on

properties, safety and liveness correspond to closed and dense

sets, respectively [1]. In [7], this topological characterization is

generalized to hyperproperties, showing that hypersafety and

hyperliveness also correspond to closed and dense sets in the

lower Vietoris topology which is a construction on Plotkin

topology [31], [32].

It is an interesting question of the relation between the

traditional approaching to the security policies based on CIA

taxonomy and the formulation of them based on properties

or hyperproperties. This is an open question. Clarkson and

Schneider [7] think that the language of confidentiality, in-

tegrity, and availability is orthogonal to hypersafety and hy-

perliveness. Whereas Benenson et al. worked out a framework

which, in their opinion, offers a new perspective onto the CIA

taxonomy [5]. Namely, to some extent, confidentiality has a

large overlap with information flow, integrity has parallels with

safety, and availability has some resemblance to liveness.

However, our approach to hyperproperties as sets of sets of

execution traces is different from the Clarkson and Schneider’s

one [7]. Namely, in contrast to their notion, we do not consider

every set of execution traces as a property. Our proposal

is characteristically a point-free approach. We deal with the

set of execution traces per se, and the same is true for

hyperproperties. Of course, in some special cases, a point-free

feature can coincide with a feature defined in a point-wise

manner. Avoiding the ambiguities, in our framework we will

not use the terms ‘property’ and ‘hyperproperty’.

We model distributed software systems as semantic system

model, so-called traced-based model. A traced-based model

describes the behavior of a system as a set of execution traces

where a trace models a possible execution sequence of the

whole system or its some components. To our notion the

Mazurkiewicz’ trace theory stands the nearest [23], [13]. We,

however, at least temporarily, use it in a very simple form.

III. PROBLEM STATEMENT

We briefly sum up our framework informally as follows.

We model security policies as sets of sets of execution

traces. We also have taken into account in our framework that

security policies are partial-natured. Typically some policies

may apply only to a specific application or type of information.

For example, the average response time policy would be practi-

cal to be applied to the whole observed system. But, in an open

computing environment, we cannot influence the response

time of unknown applications, such as a database’s query via

the internet. As another example, probably it is enough to

enforce the information flow policy on such software processes

which handle confidential information.

To manage the outlined problem we need tools which are

approximately able to discover secure or insecure patterns

in execution traces. By applying some sort of knowledge

discovery method it is possible to some extent to reveal the

secure or insecure nature of the observed system. However, the

result, obtained from the execution traces in this way, cannot

be precise (exact) due to the permanent changes of the open

computing environment and insufficient knowledge about it.

Rough set theory is a relatively new data-mining technique

used in the discovery of patterns within data. This theory pro-

vides a powerful foundation to reveal and discover important

structures in data and to classify complex objects. One of the

main advantages of rough set theory is that it does not need

any preliminary or additional information about data.

The rough set theory was introduced by the Polish math-

ematician, Z. Pawlak in the early 1980s [27], [28]. It was a
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new mathematical approach to vagueness [29]. According to

Pawlak’s idea, the vagueness of a subset of a finite universe

U is defined by the difference of its upper and lower approx-

imations with respect to a partition of the universe U .

Using partitions, however, is a very strict requirement. In

this paper, our starting point will be an arbitrary family of

subsets of an arbitrary set U . Neither that this family of

sets covers the universe nor that the universe is finite will

be assumed. Within this new framework, our concepts of

lower and upper approximations are straightforward point-free

generalizations of Pawlak’s ones [9]. This is called the partial

approximative set theory. This new approach suits the partial

nature of security policies, as well. We will apply this theory to

build up a new security model for distributed software systems

solely focusing on their externally observable executions and

to find out whether the observed system is secure or not.

The rest of the paper is organized as follows. In Section IV

we summarize the basic notations. Section V will outline a

general approximation framework. Sections VI and VII briefly

present the basic principles of the rough set theory and the

partial approximative set theory, respectively. In Section VIII

we will describe the behavior of distributed software systems

by means of partial approximative set theory.

IV. BASIC NOTATIONS

Let U be any set. Let A ⊆ 2U be a family of sets of which

elements are subsets of U . The union of A is
⋃
A = {x |

∃A ∈ A(x ∈ A)}, and the intersection of A is
⋂
A = {x |

∀A ∈ A(x ∈ A)}. If A is an empty family of sets we define⋃ ∅ = ∅ and
⋂ ∅ = U .

The number of elements of the set U is denoted by #U .

If ǫ is an arbitrary binary relation on U , let [x]ǫ denote the

ǫ-related elements to x, i.e., [x]ǫ = {y ∈ U | (x, y) ∈ ǫ}.
Let A be a finite set of symbols called the alphabet. A string

is a finite or infinite sequence of symbols chosen from A. We

denote strings by small Greek letters σ, ̺, τ, . . ., with possible

sub- or superscripts. String containing no symbols is called

the empty string and is denoted by λ.
If σ = a1a2 . . . an is a finite string, n = |σ| = |a1a2 . . . an|

is called the length of σ. In particular, |λ| = 0.
Let A∗ andAω denote the set of all finite and infinite strings

made up of symbols chosen from A, respectively. We also use

the following notations: A+ = A∗ \ {λ}, A∞ = A∗ ∪ Aω .

For any finite strings σ1 = a1a2 . . . an, σ2 = b1b2 . . . bm,

the concatenation σ1◦σ2 = a1a2 . . . an◦b1b2 . . . bm of σ1 and

σ2 is the string σ1σ2 = a1a2 . . . anb1b2 . . . bm. If σ1 ∈ A∗,
σ2 ∈ Aω then σ1 ◦ σ2 = σ1σ2 is also defined. The empty

string is the identity for concatenation, that is for any string

σ1 ∈ A∗, σ2 ∈ Aω, we have λσ1 = σ1λ = σ1 and λσ2 = σ2.

A symbol a ∈ A occurs in string σ ∈ A∞, if σ = σ1aσ2

for some strings σ1 ∈ A∗, σ2 ∈ A∞.

Let σ ∈ A∗, τ ∈ A∞ be two strings. σ is a prefix (initial

part) of τ if there exists ρ ∈ A∞ such that τ = σρ. The prefix
is proper if ρ 6= λ and nontrivial if σ 6= λ.
Given L ⊆ A∞, let pref(L) denote the set of all prefixes

of all strings in L. Clearly, L ⊆ pref(L). In particular,

pref({σ}) = pref(σ) is the set of all prefixes of the string

σ ∈ A∞. Note that pref(L) =
⋃{pref(σ) | σ ∈ L} ⊆ A∗.

Let A be an alphabet and σ be a finite string over an

arbitrary alphabet. Then πA(σ) denotes the (string) projection
of σ onto A defined as follows:

πA(σ) =





λ, if σ = λ;
πA(σ′), if σ = σ′a ∧ a /∈ A;

πA(σ′)a, if σ = σ′a ∧ a ∈ A.

Informally, a projection onto A cleans strings of all symbols

not in A. πA(σ) 6= λ, if at least one symbol a ∈ A occurs in

string σ.
Similarly, if Σ ⊆ A∗, πA(Σ) = {πA(σ) | σ ∈ Σ}. πA(Σ) 6=

{λ}, if in at least one string in σ ∈ Σ, at least one symbol

a ∈ A occurs in σ.

V. A GENERAL APPROXIMATION FRAMEWORK

In order that the vagueness can be treated in a general ap-

proximate framework, let our initial concept be the following.

A pair of maps f, g : 2U → 2U is a weak approximation pair

on U if

∀X ∈ 2U (f(X) ⊆ g(X)).

As Düntsch and Gediga noticed in [14], this constraint seems

to be the weakest condition for a sensible concept of approx-

imations of subsets in U .

The maps f, g is a strong approximation pair on U if each

subset X ∈ 2U is bounded by f(X) and g(X) [14], i.e.,

∀X ∈ 2U (f(X) ⊆ X ⊆ g(X)).

In [26], a new hypothesis about approximation was drawn

up recently. According to this assumption, the notion of

“approximation” may be mathematically modelled by the

notion of Galois connections. From now on, we call it the

approximation hypothesis.

Let (P,≤P ) and (Q,≤Q) be two posets.

Definition 1. A pair (f, g) of maps f : P → Q, g : Q → P
is a (regular) Galois connection or an adjunction between P
and Q if

∀p ∈ P ∀q ∈ Q (f(p) ≤Q q ⇔ p ≤P g(q)).

f is called the lower adjoint and g the upper adjoint of the

Galois connection.

We also write (P, f, g,Q) for a whole Galois connection.

If P = Q it is said (P, f, g, P ) is a Galois connection on P .

Remark 2. Here we adopted the definition of Galois con-

nection in which the maps are monotone. It is also called

monotone or covariant form. For more details, see, e.g., [11],

[12], [15], [17].

VI. FUNDAMENTALS OF ROUGH SET THEORY

The basic concepts and properties of rough set theory can

be found, e.g, in [28], [19]. Here we cite only a few of them

which will be important in what follows. We partly restate

these well-known facts on the language of approximations.
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Definition 3. A pair (U, ε), where U is a finite universe of

discourse and ε is an equivalence relation on U , is called

Pawlak’s approximation space.

A subset X ⊆ U is ε-definable, if it is a union of ε-
elementary sets, otherwise X is ε-undefinable. By definition,

the empty set is considered to be an ε-definable set.

Let DU/ε denote the family of ε-definable subsets of U .

In Pawlak’s approximation spaces, the lower and upper

approximations of X can be defined in two equivalent forms,

namely, in a point-free manner—based on the ε-elementary

sets, and in a point-wise manner—based on the elements.

Definition 4. Let a Pawlak’s approximation space (U, ε), a
subset X ∈ 2U be given. The lower ε-approximation of X is

ε(X) =
⋃

{Y | Y ∈ U/ε, Y ⊆ X}
= {x ∈ U | [x]ε ⊆ X},

and the upper ε-approximation of X is

ε(X) =
⋃

{Y | Y ∈ U/ε, Y ∩X 6= ∅}
= {x ∈ U | [x]ε ∩X 6= ∅}.

The set Bε(X) = ε(X) \ ε(X) is the ε-boundary of X .

X is ε-crisp, if Bε(X) = ∅, otherwise X is ε-rough.

Based on binary relations on U , lower and upper ε-
approximations can be generalized via their point-wise defi-

nitions [19].

Definition 5. Let ǫ be an arbitrary binary relation on U and

X ∈ 2U . The lower ǫ-approximation of X is

ǫ(X) = {x ∈ U | [x]ǫ ⊆ X},
and the upper ǫ-approximation of X is

ǫ(X) = {x ∈ U | [x]ǫ ∩X 6= ∅}.
If ǫ−1 denotes the inverse relation of ǫ, in the same manner

one can also define lower and upper ǫ−1 -approximations.

Theorem 6 ([19], Proposition 134). Let ǫ be an arbitrary

binary relation on U . Then the pairs (ǫ, ǫ−1 ) and (ǫ−1 , ǫ) are
Galois connections on (2U ,⊆).

Some other properties of lower and upper ǫ-approximations

are expressed by some properties of binary relations, and vice

versa.

Theorem 7. Let ǫ be an arbitrary binary relation on U .

1) The pair (ǫ, ǫ) is a weak approximation pair if and only

if ǫ is connected.

2) The pair (ǫ, ǫ) is a strong approximation pair if and only

if ǫ is reflexive.

3) The pair (ǫ, ǫ) is a Galois connection on (2U ,⊆) if and
only if ǫ is symmetric.

Proof: In [19]. 1. Proposition 136., 2. Proposition 137.,

3. Proposition 138.

It can be shown that even if the relation ǫ is symmetric,

it is not sufficient that the lower and upper ǫ-approximations

defined in a point-free manner form a Galois connection [10].

VII. FUNDAMENTALS OF PARTIAL APPROXIMATIVE SET

THEORY

In practice there are attributes which do not characterize all

members of an observed collection of objects. A very simple

example, when one investigates an infinite set via a finite

family of its finite subsets. For instance, a number theorist

studies regularities of natural numbers using computers.

Throughout this section let U be any non-empty set.

Definition 8. Let B ⊆ 2U be a non-empty family of non-

empty subsets of U called the base system. Its elements are

the B-sets.

A family of sets D ⊆ 2U is B-definable if its elements are

B-sets, otherwise D is B-undefinable. A non-empty subset

X ∈ 2U is B-definable if there exists a B-definable family

of sets D such that X =
⋃
D, otherwise X is B-undefinable.

The empty set is considered to be a B-definable set.

Let DB denote the family of B-definable sets of U .

Definition 9. Let B ⊆ 2U be a base system and X be any

subset of U . The weak lower B-approximation of X is

C♭
B(X) =

⋃
{Y | Y ∈ B, Y ⊆ X},

and the weak upper B-approximation of X is

C♯
B(X) =

⋃
{Y | Y ∈ B, Y ∩X 6= ∅}.

Notice that C♭
B and C♯

B are straightforward point-free gen-

eralizations of lower and upper ε-approximations.

Theorem 10 ([10], Theorem 4.5). Let the fixed base system

B ⊆ 2U and maps C♭
B and C♯

B be given.

1) ∀X ∈ 2U (C♭
B(X) ⊆ C♯

B(X)).
2) ∀X ∈ 2U (C♭

B(X) ⊆ X)—that is, C♭
B is contractive.

3) ∀X ∈ 2U (X ⊆ C♯
B(X)) if and only if

⋃
B = U—that

is, C♯
B is extensive if and only if B covers the universe.

In other words, the pair of maps C♭
B,C♯

B : 2U → 2U is a

weak approximation pair on U , and it is a strong one if and

only if the base system B covers the universe.

Remark 11. If
⋃
B 6= U , then ∀X ⊆ U \⋃B ∀B ∈ B(X ∩

B = ∅). Consequently, for all these subsets C♯
B(X) =

⋃ ∅ =
∅, i.e., the empty set is the weak upper B-approximation of

certain non-empty subsets of U . This uncommon case may be

interpreted so that our knowledge about the universe encoded

in the base systemB is incomplete. This case may be excluded

by a partial map called strong upper B-approximation. For

more details, see [9].

Definition 12. Let the fixed base system B ⊆ 2U and maps

C♭
B and C♯

B be given. The quadruple (U,B,C♭
B,C♯

B) is called
a weak B-approximation space.

Theorem 13 ([10], Corollary 4.10). Let the weak B-

approximation space (U,B,C♭
B,C♯

B) be given.

The pair of maps (C♯
B,C♭

B) forms a Galois connection on

(2U ,⊆) if and only if the base system B is a partition of the

universe U .
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VIII. THE SECURITY MODEL

An execution sequence consists of linearly ordered observ-

able atomic actions. The manner in which execution sequences

are represented is irrelevant, they may be finite sequences

of primitive events, higher-level system steps, program states,

state/action pairs, etc., or a mixture of all these [4], [30].

A. Types of Atomic Actions

Let Ai = {a1, a2, . . . , aim} be a finite set of externally

observable atomic actions of the ith components of the dis-

tributed software system called the ith required component

action set (alphabet) (i = 1 . . . , n). The required component

action sets are not necessary pairwise disjoint, and the com-

mon atomic actions in different alphabets are undistinguish-

able. An execution trace (string) σ ∈ A∞
i is a finite or infinite

sequence of not necessarily different atomic actions.

Let Aunsafe be a finite set of insecure actions, called the

unsafe action set, which may happen during the running time

of the observed system.⋃
Ai =

⋃n
i=1 Ai = A1∪A2∪ . . .∪An has to be augmented

by a number of additional atomic actions which may or may

not influence the safety of the system. Their set is called the

doubtful action set and denoted by Adoubtful. For instance,

usual interactions between end users and peripheral devices

probably do not influence the safety of the system. But, too

frequent interactions between them may indicate an unsafe

behavior.

Note that the required component actions sets Ai are

component specific, while the unsafe and doubtful action sets

are not.

Let A =
⋃
Ai ∪ Adoubtful ∪ Aunsafe, called the (system)

action set. Let Ai = Ai ∪ Adoubtful ∪ Aunsafe denote the

finite action set correspond to the ith component called the

ith component action set (i = 1, 2, . . . , n).

B. Anticipated Behaviors of Applications

We model the users’ anticipated behaviors of a software

component by a set of acceptable (feasible) finite linearly

ordered sequences of the expected ‘milestones’ from Ai, in

informal cases, or finite linearly ordered sequences of the re-

quired component actions corresponding to a given precedence

dependency on Ai, in formal cases.

In latter case, let us suppose that the actions in a re-

quired component action set Ai have to be performed with

respect to the ordering constraints called ‘precedence’ de-

pendencies. Two actions are precedentially ordered if one

has to precede the other specifying the precedential ordering

such that starting a certain action depends on other actions

being completed beforehand. For a simple example, one

must enter into an application before quitting it. In symbols,

Ai = {‘enter into application’, . . . , ‘quit application’}
and ‘enter into application’ ≤ ‘quit application’. Of

course, there may be many other precedences that must be

obeyed.

We can represent these precedences by a set consisting

of the pairs of type (‘before action’, ‘after action’). This

situation is usually modelled as a scheduling problem which

is a common source of partial orders. That is, the precedence

dependency relation is reflexive, transitive, and antisymmetric,

and renders the required action set Ai to a poset (Ai,≤). It
is assumed that the precedence dependencies is configurable

in this way and it is captured by the system architect in a

precedential model.

In formal cases, let
−→
Ai denote the set of all topological sorts

of the poset (Ai,≤). By the Szpilrajn’s Theorem [33], #
−→
Ai ≥

1. An element of
−→
Ai can be represented as a finite execution

ai1ai2 . . . aim of all elements of Ai in such a way that for all

ik < il, either aik ≤ ail or aik and ail are incomparable in

≤. This means that a topological sort in
−→
Ai is consistent with

the precedence dependencies defined on Ai.

Similarly, in informal cases, let
−→
Ai denote simply the set

of all acceptable (feasible) finite linearly ordered sequences of

the expected ‘milestones’ from Ai.

Note that,
−→
Ai ⊆ A∗

i , in both cases.

C. Modelling Software Systems and their Components

A distributed software system is modelled by a non-empty

set of infinite execution traces over the system action set A.

Definition 14. Let Σ ⊆ Aω be a non-empty set of infinite

executions over the action set A. Then, by a distributed

software system we mean an (A,Σ) pair.

Similarly, a software component or application is a non-

empty set of infinite execution traces over the ith component

action set Ai.

Definition 15. Let Σi ⊆ Aω
i be a non-empty set of infinite ex-

ecutions over the action set Ai. Then, by a software component

or an application we mean an (Ai,Σi) pair (i = 1, 2, . . . , n).

If a software system or its a component execution termi-

nates, i.e., it is representable by finite execution trace, we

represent it as an infinite execution trace by infinitely stuttering

the empty action λ. The empty action λ represents the fact that

the software system or its any application has not started yet,

or their running has already finished.

D. Modelling Observations

An observation of a distributed software system is modelled

by a non-empty set of finite execution traces over the system

actions set A.

Definition 16. Let Σobs ⊆ A∗ be a non-empty finite set of

finite execution traces over the system action set A.

Then, by a system observation we mean an (A,Σobs) pair.

Observations on components can be analogously defined

over Ai (i = 1, . . . , n).

Definition 17. Let Σobs
i ⊆ A∗

i be a non-empty finite set of

finite executions traces over the component action set Ai.

Then, by a component observation or an application obser-

vation we mean an (Ai,Σ
obs
i ) pair (i = 1, 2, . . . , n).

In particular, Σobs and Σobs
i may consists of exactly one

execution trace.
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E. Modelling Security

According to the expected behavior of the system, an

application is acceptable if it fully meets the requirements

of the precedential model (prescription).

The component which contains at least one unsafe action

is unacceptable (proscription). However, the transition from

the ‘acceptable’ decision to the ‘unacceptable’ decision is a

vagueness problem.

For the ith component (i = 1, . . . , n) we define

Si = pref(
−→
Ai)

= {pref(σij ) | σij ∈ −→
Ai, ij = 1, . . . ,#

−→
Ai},

where pref(σij ) is the set of all prefixes of either a topolog-

ical sort σij of the poset (Ai,≤) in formal cases or a linearly

ordered sequence of the expected ‘milestones’ in informal

cases.

Let S =
⋃n

i=1 Si. Clearly, S ⊆ 2A
∗ ⊆ 2A

∗
.

The sets in S ⊆ 2A
∗
are not necessarily pairwise disjoint,

and, in general,
⋃
S does not cover A∗. In other words, S is

a base system over the universe A∗ by the terminology of the

partial approximative set theory.

F. The Vagueness of Acceptability

Let an observation set of the ith application Σobs
i be given.

If Σobs
i includes at least one finite execution trace over Ai

in which at least one unsafe action occurs, i.e.,

πAunsafe
(Σobs

i ) 6= {λ},
the observed action set Σobs

i is unacceptable.

Let us assume, that the observed action set does not include

unsafe action, i.e., πAunsafe
(Σobs

i ) = {λ}. By based on

only this observation set Σobs
i , can the observed application

be considered acceptable or not? This problem, as we also

mentioned above, is a vagueness problem.

In order to answer this question, let us form the lower and

upper approximations of pref(Σobs
i ) with respect to the base

system S.

The lower S-approximation of pref(Σobs
i ) is

C♭
S(pref(Σobs

i )) =
⋃

{S ∈ S | S ⊆ pref(Σobs
i )},

and the upper S-approximation of pref(Σobs
i ) is

C♯
S(pref(Σobs

i )) =
⋃

{S ∈ S | S ∩ pref(Σobs
i ) 6= ∅}.

By means of lower and upper S-approximation, the set

pref(Σobs
i ) of all prefixes of observed execution traces may

be approximated, consequently, the safety of the observed

action set Σobs
i can be estimated to a certain degree, by the

information encoded in S.

C♭
S(pref(Σ

obs
i )) and C♯

S(pref(Σ
obs
i )) can be interpreted

as a security evaluation of the system working at the moment

of the end of an observation time interval.

The execution traces in C♭
S(pref(Σobs

i )) can be classified

with certainty as members of pref(Σobs
i ). Formally, all

elements of C♭
S(pref(Σobs

i )) suit an element in pref(
−→
Ai),

or, in other words, a prefix of an execution trace in
−→
Ai. Its

elements can be interpreted as certainty safe execution traces

of the observation set Σobs
i with respect to S, i.e., they fully

correspond to the users’ expectations.

pref(Σobs
i ) \ C♭

S(pref(Σ
obs
i )) may include, e.g., action

sequences that miss some required actions or contain required

actions in wrong order. It may also include right ordered action

sequences which, however, contain doubtful actions between

two required actions.

The execution traces in C♯
S(pref(Σ

obs
i )) are not guaran-

teed that all of them are members of pref(Σobs
i ). It may

happen, e.g., that an execution sequence for a while suits a

prefix of an execution trace in
−→
Ai, but the next action is not

a required one, it may be missing or it is a doubtful one.

By the partial feature of the base system S, it may take

place that pref(Σobs
i ) * C♯

S(pref(Σobs
i )). It may emphasize

that our knowledge about the system encoded in the base

system S is not enough to approximate pref(Σobs
i ).

The situation pref(Σobs
i ) ⊆ C♯

S(pref(Σobs
i )) can be

interpreted so that all observed execution traces for a while

suit a prefix of an execution trace in
−→
Ai, but some of them

has a wrong continuation or the next action is a doubtful one.

Of course, C♭
S(pref(Σobs

i )) ⊆ pref(Σobs
i ). If

C♭
S(pref(Σ

obs
i )) = pref(Σobs

i ), it means that all elements

of the observation set Σobs
i can be viewed as safe execution

sequences with respect to the users’ expectations.

IX. CONCLUSIONS AND FUTURE WORK

We have shown a framework in which many questions cor-

responding to security features of distributed software systems

can be represented uniformly.

The presented model is a theoretical outline. The next

most important task is to work out a partial approximative

information system model analogous to Pawlak’s one [28].

This will enable to set up models which can be applied to

solving practical problems. Such a model could be a base on

which expert systems for enforcement of security policies can

be built up.

Theorem 13 shows that the pair of weak lower and upper

B-approximations forms a Galois connection only in a very

special case. This restriction can be partly exceeded by using

the notion of partial Galois connection [24].
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ZOLTÁN CSAJBÓK: A SECURITY MODEL FOR PERSONAL INFORMATION SECURITY MANAGEMENT 845





�������������������	AB���C�	�AD�E�D�FE����FD�	���E�D��	�F���
�����D	EF	��	����F��E�FD���	D�F�������E��A������D	E��	D��C�D��
�AF�����A���EA�������A�����	���A	�EF	�E��E�BA����FD��FEEA�����	�
E�D��	A���A��	������D	E��	A����C�F�������	�F���������C�D��AF�����
�A���EA���F		F��D�����FD��D	�����FD�����E	F����	������ED	F���
	���������������A	��������F�F����FD�������EF�	A	A���ED�	��
���	EA��	��A�DA��	C�����A�A��D�� ��	�AD��FDAD�F��A��E�B���������
�C�D��AF�����A���EA����FD���F		F��D��FD�C�E���F	���

�� �������	����

�A�BCADEF����AE�A�F�E�����EFA��D������A�ED���A�F��F����F�A

���D�����A�A��� E�AE�A���FD �F�A����D!�A����F��A�F�E���"

��EFA�F�A�F�E�����EFA��������A#E� AE���F�$���EF�A�F�A�F��"

%������ A  �%� A �������� A �FE��E�� A �E�� A ��E� A � ��� A ����D!��A

BE&�%���A�ED���A�F��F����F�A��A�A��D�����A� ����A��ADEF���F���A

E%���EE!��A��D����A�&���F��� AE� A � ��A' �FE��FEFA��AD��"

��F���A�E&A�F�A� ���A��A�A��D!AE�A�ADEFD�'����A�E���A�EA��'��"

��F�A� ��A�E��AE�A����D!�

�

� �AE�(�D��%�AE�A� ��A������D A&��A�EA'����F�A�F�A���EF"

������A� �A��(E�A��'�D��A�F�A�F������F�ADEF����D��AE�A�ED���A

�F��F����F�A�F�A���F����A� �A������EF�A���&��FA� ���A)FA�F"

"��'� A����������A��%��&A&��AD������AE��A�������F�A�FA� �ADEF"

����D��EFAE�A�ADEFD�'����A�E���AE�A� �A�ED���A�F��F����F�A��"

��D!��

)AD���A�����A&��A�F�����!�FA�EA�F������F�A� �A' �FE��"

FEFA�F�A�A�E���AE�A�&�F��"��%�A��&A*����F�"�����A��A'��D��"

��EF���A'����D�'����A�FA� ��A������D A�EADEF�������A�F��� ����A

E'�F�EF��

)F������AE�A� �ADE���D���AE'�F�EF�A���E&��A��A�EA'����F�A

�FA��'�E%��A�E���AE�A�ED���A�F��F����F�"�����A����D!��

� �A'�'��A������A&�� A� �A�E�������EFAE�A� �A������D AE�"

(�D��%�A�F�A �'E� ����A�E��E&��A��A�A'����F����EFAE�A�A������"

����"����� A�E��� A E� A � ��� A ����D!�� A )F������ A E� A � � A��&A

*����F�"�����A������D ���+AE'�F�EF�A��A� �FA'����F����A� �A

'�'��A�����F����A��A� �A�E�������EFAE�A�FA��'�E%��A�E���AE�A

�ED���A�F��F����F�A�����A����D!��A

��� �C,C)�	BA�#-C	��.C�A/��0��1AB23��BC,C,A)��A
4C�B���5�12

� �AE%�����A������D AE�(�D��%�AE�A� ��A�����A&��A����F��A��6

	ABCD�EF� � ��� � �E�FE�E��F� � �F�E�E�� � �F� � ��C��EDF� � �E��EF �
�D�E�C��F�EF���EF���������������

�EA'�E'����A�������A� ��A������D AE�(�D��%�� A&�A�E��������A
� �A�E��E&�F�A�'�D���DA������D A7�����EF�6

��������������	AB�ACD�B�EF�A����F�C����A�A�A�B���AE��E�C��� �
�	���A�������B�EA����CDAC���ACD���B�������E�B�

�������� � ��� � ��� � ������B � �� � B�EA�� � �CDAC���ACD���B�� �
����E�B��

�������� � ��� � ��� � E�CB��F�CE�B � �� � � � BFEE�BB�F� � B�EA�� �
�CDAC���ACD�����E��

�������� � E�C � �� � ��C� � �� ��A�AD��� � ��EA�� � �CDAC���ACD�
��B�������E�B�

�������� � AB �  �� � !����C�"B � ���B��E�A�� � �� � B�EA�� �
�CDAC���ACD���B�������E�B�

)FA��'�E���E��AD���A�����A�''�E�D A&��AD E��FA�EADEF��D�A
� �A������D A�F%��������EF�

���� 3��3�,C�A4��C5

#���� A EF A �F������ A �F� A ���D����EF A E� A � � A DEF��D���A
����������A��%��&� A��%���� A!��A�F������AE�A�ED��� A�F��F����F�A
����D!� A �%� A ���F A ���F������6 A3�E'��� A,�D����� A)&���F����A
3��D E�E��D�� A /��!F������ A ��D FE�E��� A ����F���� A �F�A
)���D!A4�� E���

)�A� E&FA�FA�����A8�A �D!�F�A�F�A�ED���A�F��F����F�A���A
� �A�E��ADE��EFA����D!A��� E��A��E'���A�D�E��A�E��A�������A
�������EF��A �D!�F�A�F�A����D�E��ADE��A����D!�A���A��D F�D��"
������ A �������F� A ������ A E� A �''��D���EF A %��F������������A
BE&�%��� A � � A ����D��%�F��� A E� A ��D F�D��"����� A����D!� A ��A
��D������A�� A��D FE�E��D�� A��D�����A�E����EF�A���A���������A
���F�A��E'���A��A�E��A�F�A�E��A'�E'��A�F�AE���F�$���EF�A
98:�AB�FD��A� ��A ��A�FDE������A��D F�D��A �D!���A�EAD EE��A
� � A �����F���%� A; A �ED��� A �F��F����F�� A �������F� A � � A������F�A
%��F����������� A E� A �E� A '�E'�� A �F� A ��D FE�E�� A 9<:� A )� A �A
�������A��A��ADEF�������A��A� �A�������A��D�����A� ����A��D��A��A
�E� AE���F�$���EF�A�F�A�F��%������A�E����

,ED��� A�F��F����F� A ��A� A��%���� A�F� ADE�'���A ��D F�7��A
�E� A���F�F� A�F��� E��$��A�DD��� A�EADEF����F���� A'�E'�������A
�F�A'���EF��A�F�E�����EFA9=:�A��A��A'��������A!FE&FA��AFEF"
��D F�D�� A > ���F"�����? A ����D!� A �FD����F� A ��'���EF���EF�A
���'���� A ��%�F�� A � E����� A �����F�� A �F� A ��%���� A �ED���A
�F��F����F�@ A  E&�%��� A �� A DE��� A ���E A �� A ��D FE�E��"������A
�FD����F� A 'E' A �' A �''��D���EF�� A ����� A ����D ��F�� A EF��F�A
�D����A�F�A%�� �F��A� �A����������A��%��&A���EA�F��D����A� ��A
� �A���F�AE�A��D FE�E��"�����A����D!A��A�FD�����F�A&�� A� �A
������F�A�F���F��A��D FE�E�����A��D A��AEF��F�A���%�D��A�F�A
�ED���AF��&E�!�A9A:�A9B:�A9C:A�F�A9D:�A

�.� 	��,CE�C�	C,

� � A ��'�D� A E� A �ED��� A �F��F����F� A ����D!� A D�F A ��A
���F���D�F� A �E A �E� A �F��%������ A �F� A E���F�$���EF� A9=:� A� �A
' ���AE�A� �A����D!A��D����A� �A��'�AE�A�F�E�����EFA� ��A���A
�� A %������� A �E A �ED��� A �F��F����� A FE� A �F���FD�� A �� A � �A
�F�E�����EF A ��� ���F� A ������ A �F�E�����EF A ��D A ��A
���D����F�E�� A ���%�� A &�� �F A �F A E���F�$���EF@ A �F���F��A
�ED���F�� A ��D A �� A ' EF� A ����D�E���� A �F� A E���F�$���EF��A
D ����AD�FA��A%���A�������AF�E�A�FA�F��%�����A'���'�D��%��A��A
&���A��A'���EF��A�F�E�����EF�A��D A��A����AE�A���� �A�������A
�F�A�EAEF�A5E��AE�A	�)A��A� �A������A������A�F�A���FA��A� �A

5�D A-�A-�FD$�&�!�
� �A�F�%������AE�A)�D!��F��A��&A*����F�

C����6A��D G��D!��F���D�F$

5�F���FA>��FH?AF�
� �A�F�%������AE�A)�D!��F��A��&A*����F�

C����6A��F�&����8AG������DE�

!��AF��"��A���EA���#FD����		F��D$�%�����F���������F�F���&�ED���	AB�

Proceedings of the International Multiconference on
Computer Science and Information Technology pp. 847–853

ISBN 978-83-60810-27-9
ISSN 1896-7094

978-83-60810-27-9/09/$25.00 c© 2010 IEEE 847



�F������
!���FE���C�!���EA	����E�F	D�F����		F���%�	���D

��E�F	���A	AF	�E %�	ABF	A�� �		F�����	A�� %�	���

'F��	ABAD��> �D!���AD��D!���A3 ���!���A
�D��'�A!������?

• C�E�A����

• ������D��EFAE�A������AE�A

�F�E�����EF

• �E,AIA��E,

• ,�����A�F�����EF

• /������A����D���F�

• ��,A����D!

• B�D!�F�

• !��AF�����A���EA��

(����	�E�(EA�A�F� • � ���AE�A����

• 4EF�����A���F

• 3��%�D�ADE�'�E����

• �������A�F�E�����EFA���D�E����

• �F��� E��$��A����A��������EF

• 	����A����!�F�

• F�������F�A�D�A>��F"�F"� �"���"

����A�'EE��F�?

• B�D!�F�

• !��AF�����A���EA��

��DA��E
>������F�����A'EE���A����F���A��� EF����A
����D�E���AF������F��A�E����A��'�E���A?

• ��%�F��

• 4EF�����A���F

• �F�������FD�

• �F��� E��$��A�DD���

• 	E�'����A�����

• F����

• � ���AE�A'�E'�������A�F�E�����EFA

>�E� A�E��D��A�F�A' ���D��?

• #������

• ,�����A���E����

• 4���D�E��ADE��A>�E��DA

�E���A��E(�F�A���DE��A
�F������A��A'���AE�A� �A
�E��&���A��%��E'��F�A
'�ED���?

• !��AF�����A���EA��

����D	EAF��"D�A��F�� • 	E�'�����%�A��%�F���� • �F��� E��$��A�DD���

• �F�E�����EFA� ���

• ,�����A3�F������EF

• B�D!�F�

• !��AF�����A���EA��

F���A8A� �A	EFD�'����A4E���AE�A� �A4�(E�A)�'�D��AE�A,ED���ACF��F����F�"#����A)���D!�

848 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



'������A������AE�A�A��DD������A�ED���A�F��F����F�A����D!�A� �A
�F�E�����EFA��� ����A��A�����A����A�FA� �A�����7��F�A�����A"A
����D!A' ����A)���FA��'�F��F�AE�A� �A'��'E��AE�A� �A����D!�A
� � A ��%�� A E� A ������ A %������ A � �� A �� A DEF������� A �� A � �A
��DEF����A������AE�A��DD������A����D!��

� � A ��DEF���� A������ A �� A �&E�E��� A F�E�A� A DE����D���A

'���'�D��%��A��������A�ED���A�F��F����F�A����D!�A���AD����A���"

F���D�F�A��F�FD���A�E�����A�E�A�F���FD��A�E��AE�A����F���A��D����A

�EA� �ADE�'����E�A��A�A������AE�A�FA�F�����A����D!�AE�A�E��AE�A

��'E���F�A�7��'��F��A��A�A������AE�A' ���D��A����D!�A,�DEF�"

���A'����DA���D�E����AE�A��F����%�AD���E���A�F�E�����EFA��E��FA

��E�A�A��F�FD��� A �F�������EFA&���A������A� �AE���F�$���EF+�A

������A�E��E&��A��A�����7��F�A��F�FD���A�E���AF�E�A�FA�F��"

%�����+� A'���'�D��%�� A�ED��� A�F��F����F�A ��A�A � ���� A �EA'�E"

'��+�A'���EF��A����A�F�A��F�FD��A�E�A�F���FD��A�E���A��%������"

��F�A�F�A' �� �F�A����D!�A���A� �A��'�D��A����'����A� �A��"

��D�ADEF��7��FD�A�EA� ���A����D!�A��A���F����A� ���A& �D A&���A

��F����A����A�EA��F�FD���A�������

� �A��E%�A��(E�A�F������A�E��A� �A�����AE�A� �A�ED���A�F��"

F����F�"�����A����D!�A�E���A'����F���A�FAF�����A8�A

.� �)�)A)�)52,�,AJAF�����1

�EA%����� A � � A'�E'E��� A�E��� A � A �E��� A E� A<B A �F���%��&�A

&���ADEF��D����A�F�A� �A'����D�'�F��A>��E�A8DAE���F�$���EF�?A

&���AE�A%���E��A��A�������A��D!��E�F��A�F�A��'����FD���A� �A

E���F�$���EF�A� �A'����D�'�F��A&E�!A�E�A���A�D�E��A�F���������A

�FD����F� A ��F�FD��� A �F�������EF� A ��D����� A ��%��E�� A ���%�D���A

�E%��F��F�A��'�����F��A��A��%��E��� A��AE���E��D�F��A�����A

���D�'��F�ADE�'����A������A�����A���D�'��F�ADEF�����F�A������A

�F�A���D���EF�A)�EF�A� ���AE���F�$���EF��A� ���A&���A��%�FA

�ED��AE���F�$���EF�A�F�A��FA�F���F���EF��AE���F�$���EF��A� �A

'����D�'�F��+A(E�A��FD��EF�AD�FA��A�������A��%����A�F�EA��%�FA

D����E����6A��A��%��E��A��A��D ���D�A�'�D�������A��ADEF�����F��A

��D����� A�'�D������� A �� A�E����EF A�����F��� A�������� A��F���"

��F��A�F�A��A���D��E��A

� �A�F������A����A�E�A� �A�F���%��&A&���A����%��A��E�A� �A

DEFD�'����A�E���A'�E'E���A�FAF���8A�F�A�������$��A�FA��"

���A<�A4�(E�A��F��F��A���A'����F���AF���A& ���A� �A��������A

�F�&���A���A�FA9K:�

.�� �BCA�CF��C�A4��C5

#����AEFA'��%�E��A���D����EFA�F�A�F������AE�A� �A�F�E���"

��EFA��� ����A����F�A� �A�F���%��&A' ����A� �A��%����A�E���A

&��A��%��E'��A� E&FA�FAF��A<�A�FA� �AL.��F�����������MA��D"

��EF� A ,�D����� A ,������� A �� A ����� A �� A � A F�& A �F���� A & �D A

�������A��E�A� �A�F������AE�A� �A�&�F��"��%�ADEF��D���A�F"

���%��&��A,�D�����A,�������A��A�FA'��D�A�EA�����F���A������F�A

���!�@A E&�%��� A � �A������A��E�A� �A�F���%��&A�F������ A���"

�����A� ��A��������A��D�����A��������AD�FA��A��'�E����A�F��"

��D���A��A�ED���A�F��F����F�"�����A����D!��A� ����E���A,�D�"

����A,�������A��A���EADEF�������A��A�A%��F������A�F����A�FA�F"

�E�����EF A ��D������ A �F A � � A L����F���M A ��D��EF� A ��D F�D��A

	EF��E��� A,�D�����"CF �FD��A3�E��D��� A�F�AC��D���EFA�F��"

����A&���A������

� ���A���A� �A������EF��A����FD�A�''�E�D ��A& �D A&���A

�����%�� A �E A ��'�E%� A � � A��������EF A E� A �ED��� A �F��F����F�A

���!�� A�F A� �AL)���D!A4�� E��MA��D��EF� AE�����EFF����� A���A

�����A��A�AF�&A�F�E�����EFA��� ���F�A��� E��

)F�&���F�A� �A������D A7�����EF�A'����F���A��A� �A����F"

F�F�AE�A� �A'�'��6

�E86A����������	AB�ACD�B�EF�A����F�C����A�A�A�B���AE��E�C��� �
�	���A�������B�EA����CDAC���ACD���B�������E�B�

� �� A ������D A 7�����EF A&�� A �F�&���� A �� A ��F��F�� A ��E�A

�E� A� �A����������A��%��&A�F�A����A�F�������A� �A����������A��"

%��&A���F������A�&EA��(E�ADE�'EF�F��A�FA�F�E�����EFA��D���"

��A� ��AD�FA��A����D���A��'�E����A��A�ED���A�F��F����F�� A �F"

D����F�A'�E'��A�F�A��D FE�E���A�FA�������F�A&�� A� �A������"

���� A��%��&� A � � A �F���%��&A�F������ A ��������� A � �� A ��D�����A

'�ED���A� E���A���EA��ADEF�������A��A�ADE�'EF�F�A& �D A��A

%��F������A�EA��D A����D!��

#E� A� �A����������A��%��&A�F�A����A�F������A �%�A�������"

��A� ��A'�E'��A���A� �A&��!���A��F!A�FA��D�����ADEF��E�A���"

�����A�FA������EF�A��D!AE�A��D�����A�&���F���A�F�A'��D E�E��"

D��A&��!F�����AE�A'�E'��A���A� �A���FA����EF�A� ��A�ED���A�F"

��F����F�"�����A����D!�A��DD����A)DDE���F�A�EA� �A����������A

��%��&�A'�E'��A��D!A�F������F��F�AE�A� �AD����F�A��D�����A��"

���� A " A ��'�D����� A �ED��� A�F��F����F�� A� �� A �� A ��''E���� A��A

)*+ �E�A� �A�F���%��&A'����D�'�F��� A,�DEF���� A�FA�������F�A

&�� A� �A���F������A'��D E�E��D��A&��!F�����A��E�A� �A������"

����A��%��&�A*,+AE�A� �A'����D�'�F��ADE���F���A� ��A�''���"

�FD�A��A�A���F���D�F�A��D�E�A� ��AD�FA�F����FD�A'�E'��+�A'��"

D��%��A�����&E�� �F����A

� �A��F��F��A �%�A���������A� ��A� ���A���A� ���A��(E�A��"

����A���ED�����A&�� A��D FE�E���AF�����A� � A����������A��%��&A

 ��A��%�����A� ��A�A�E�AE�A��D FE�E��A'�E��D��A �%�A���&�A�FA

� �A��D�����A�����F�A� ���A���&�A���A����A��A�FA����D!��A�EA

��F�����A��D FE�E��A�����A�D���A& �D A'���� AEFA'�E'��+�A

����AE�A��D������A����A�F������A� E&�A� ��A-)+AE�A� �A'����D�"

'�F��A������A�EA� ���AA,�DEF����A�FA��F�A&�� A� �A����������A��"

%��&�A-.+AE�A� �A'����D�'�F��A'E�F���AE��A� ��A�E��A��D�����A

��D FE�E����A���A�FD�'����AE�A����D��F�A�F�A'��%�F��F�A�ED���A

�F��F����F�A��A�ED���A�F��F����F�A��'�����A��D F�D��ADEF��E��A

%��A��F�'�����F�A'�E'��A& EA���A��F���F�A� ���A)�����EF"

�����A-.+AE�A� �A'����D�'�F��A������A� ��A� ���A��A�FA�FD�����F�A

���F�AE�A����D�E��A������AE�A��%�FD�F�A��D FE�E��A'�E��D���A

��D A��A1EE���A)''��D���EF��A�� A&��A���EAFE���A� ��AEF��F�A

�ED��� A F��&E�!�F� A ���%�D�� A ��� A E���F A ���� A �� A �F�E�����EFA

��� ���F�A�EE��A��A� �A�ED���A�F��F�����A

F�E�A� �A����A�F�������A��D�����A��������A�������A�EA��A�A

���F���D�F� A �F���� A � �� A �� A %��F������ A �E A �ED��� A �F��F���"

�F�"�����A����D!�� A� �A����������A��%��&A ��A���������A� ��A

�ED���A�F��F����F�A��'�F��AEFA�FD�����F���A�E�A����'���A'�E"

'��A���A�F����A��E��A� �A��7����E�+�A���F����� AE�A'�E'��A���A

��#/"�.
!�0�"�����"!�1!"2�3 4�2�������/5!�!

CF������ ���D��'��EF
3�E'�� .��F�����������A�FA'�E'��A� ��AD�FA��A��'�E����A��A

�ED���A�F��F����F�"�����A����D!��
��D FE�E�� .��F�����������A�FA��D FE�E��A� ��AD�FA��A��'�E����A

��A�ED���A�F��F����F�"�����A����D!��
,�D�����A
,�������

.��F����������� A �F A ��D����� A �������� A � �� A D�F A ��A
��'�E����A��A�ED���A�F��F����F�"�����A����D!��

����F��� 3E������ A ����F��� A �E A�������� A � � A ���! A E� A �ED���A
�F��F����F�"�����A����D!��

)���D!A4�� E�� ��'�� A E� A � � A DE��EF A �ED��� A �F��F����F�"�����A
����D!A��� E���

	EF��7��FD�� � �A������AE�A�ED���A�F��F����F�"�����A����D!�A�EA
�E� AE���F�$���EF�A�F�A�F��%�������

LECH JANCZEWSKI, LINGYAN (REN) FU: SOCIAL ENGINEERING-BASED ATTACKS - MODEL AND NEW ZEALAND PERSPECTIVE 849



�F����A��E��A��A��A��A� �A��� �A� �F�A�EA���F�A�DD���A�EA� �A��"

7����E��A��D�A� ��A��A� �A���FA����EFA�E�A'����F�A�FA'��D�A�A

&���"� E�� �"E��A��D�����A���������ABE&�%���A*,+AE�A� �A�F"

���%��&�� A'����D�'�F�� A��' ���$�� A � �� A �F A��F���� A ��D�����A

����������AE�AE���F�$���EF�A�FA��&A*����F�A ��A'EE�A��D�����A

����������A��D����A� ��AE%���EE!��A'�E'��A�������AFE��A��'��A

E�A� �����A��E�A�F����D��%�A��D�����A����������A��������A��E�A

� �A����A�F������A"A ���FA�� �%�E��A������A��'��AE�A� �����A

��E�A �F����D��%� A ��D����� A ���������� A �������� A ��E�A � � A����A

�F������A"A ���FA�� �%�E��A������A��'����F����EF�A' ���D��A

�F%��EF��F��A�F�A�E%��F�FD�A�������A)�A� �A�F���%��&A'����D"

�'�F��A'E�F���AE���A�A'�E�'�D��%�A�ED���A�F��F���A���A���FD A

����D!�A����F��A�F�AE�A� ���A%��F�����������A�F�ADEF��D�A��D"

D������A����D!��

�E<6A�������������������B����B�EA����CDAC���ACD���B�� �
����E�B�

,ED���A�F��F����F�A��AE���FA��������A�EA��A� �A'�E'��A����A

E�A �D!�F�A& �D A������AEFA�F����FD�F��A��D��%�F��A�F�A'��"

D E�E��D��A��F�'�����EFA&�� AE�A&�� E��A� �A���AE�A��D FE�E"

��� A �� A �� A��%���� A�F� ADE�'��� A�F� A � � A �E��AE� A � � A����D!A

%����� A�����AEFA � �A����D! A�E��%���EF� A�E���� A�ED��� A�F��"

F����F�"����� A����D!� A D�F A�� A����D���� A D��������� A �F�E A �&EA

D����E�����A�FD����F�A ���F"�����A�F�A��D FE�E��"������A

B���F"����� A�ED��� A�F��F����F� A ��A'�����A����� AEFA��"

D�'��EFA�F�AD�FA��ADEF��D���A��� ��A�FA'���EFAE�AE%��A� �A

����' EF�� A � � A��� E�� A �FD���� A ��'���EF���EF� A ���'����A

��%�F�� A � E����� A �����F�� A ��%���� A �ED��� A �F��F����F�� A �F�A

7�����EFF����� A)��E� A DE�'���� A �E A �F A �F A '���EF A ����D!� A ��A

����' EF�A��A� �A�E��A&����'����A�E��A��A%E�D�AD�FA��A���"

�������A� ��A�E��A��A���EA������A�E�A� �A�ED���A�F��F����A�EA

DE%��A� ���A���D!��

��D FE�E��"�����A�ED���A�F��F����F�A��AD�E���A�EA�������EF"

��A �D!�F�A��D F�7���A� �A'��'E��A��A�EA���D!A�����A�F�EA��"

���%�F�A� ��A� ��A���A�F����D��F�A&�� A��� �F��DADE�'����A���"

����A� �E�� A� �A���AE�A�E��&���AE�A�''��D���EF�A� �A����D!A

��� E��A�FD����A'E'�'A&�F�E&��A�����A����D ��F���AEF��F�A

�ED���A�F��F����F��A��� �F��A�F�A�E���A��D�����A�E��&����A

�E=6 A�����������������D�B���������������E�B���������C �

��FCE����BFEE�BB�F����

F��A<�A� �A��%����A	EFD�'����A4E���AE�A� �A4�(E�A)�'�D��AE�A,ED���ACF��F����F�"#����A)���D!�

850 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



� �A�������AE�A�A��DD������A�ED���A�F��F����F�A����D!A���A

�&E�E���A'������A�F�A��DEF�����A,������A�EA�������EF��A �D!"

�F��A�ED���A�F��F����A�'�F�A�E��AE�A� ���A����A�FA'��'�����EFA

%�� A �F�E�����EF A ��� ���F�� A �E A �E A �E� A � � A �ED��� A �F��F���A

F����A�EA���FA��� E��$��A�DD���A�EA���E��D��A& �D A�����A�EA�A

����D AE�A	�)�A� ��A��ADEF�������A��A� �A'������A������A��A

� � A����D! A �� A ��DD������� A� � A �F�E�����EF A��� ���� A �� A � �FA

����A�FA� �A�����7��F�A����D!A' ���A"A� �A��DEF����A�������A

,�DEF����A������AD�FA��A�������A��%����A�F�EA�&EA'�����A

��'�����EFA������A�F�A��F�FD���A�������A� �A��'�D��A�ED���A

�F��F����F�A����D!A�������AE���F�$���EF�A&�� A��F����%�A�F�E�"

����EF�A��D A��AD���E���A���������A5E��A�F�A��'�E'��A���"

D�E����AE�A�F�E�����EFA&���A����E����A������A� �AE���F�$�"

��EF�+ A ��'�����EF A �� A&��� A �� A ��F�FD��� A4E��E%��� A ��F�FD��A

���A��A��������A���A'�E'��+�ADEF����FD�A�F�A'E����%�A��'���"

��EFAD�FA��!�A�����A�EA��������A

�EA6A�����E�C������C������A�AD������EA����CDAC���ACD�
��B�������E�B�

,ED���A�F��F����F�A��'����F��A�A&���A��F��AE�A� ������A�EA

����D��%���A����F�A����F�� A�ED���A�F��F����F�"�����A����D!��A

��A��AF�D������A�EA �%�A�A�������D����A�''�E�D �AF������� AEFA

� �A%���A����DA��%���A' ���D��A��D�����A����A��A'�E'����A��"

'����F���A��D����A�A�E�AE�A� �A����D!�A���A� �E�� A���F�F�A

' ���D��A�DD����A� ����E���A�DD���ADEF��E�A����A��A�FA'��D�A�EA

��#/"�)
���/5!�!� 3�&�4��(�&���!6�! (��/�"�7��""4��7�#�!"2�����(8�"0�%&/"!

�		F��
%�	���

(FD��9 2�D�EA�	A�� 2F�F��

���'����A
��%�F�

(FD��- � �A����D!��A&�F�A� �E�� A&����A�EA���DE%��A������A�F�E�����EFA
��D A��AD�����AD���AF�����A���'��A��D����A� �A���D �F�A���F+�A'��A
����F��EFA�EA� ���A&����A��F�����F��

� �A%�D���A�E��A� ���ADEF����F����A�F�E�����EFA�F�A
�EF���

�FA3���EF (FD�.

(FD�:

(FD�*

(FD�;

� �A'�F"������A'����F���A�EA��A�E��EF�A& EA&E�!��AEFA� �A
��F�����F�A��EE�A�F�A����A� �AD���F��A�����%�A ���A� �AD���F��A
 ��A����A�DD���A�EA� �A������F��A����A� ���A��D�����A�&���F���A��A%���A
�E&�A� ��A���AFE�A����F��A�EA���'EF�A�EA�F�����A��7�����A

� �A����D!��A��'���EF����A�AD���F��A�EA'��F�A� �A!��A�E����A�EA�����A
��F����%�A�F�E�����EF�A

3�E'��A�E�A�DD���A�EA� �A������F�A�F�A��E��ADE�'�F�A'�E'����A
����F�AE���D�A E���A���'��A��D����A� �AE���D�A������A�EF+�A
D ����F��A����F����A�F�A��FE����A�� �%�E����A

,������A�EA� �A'��%�E��A'�F"����AD����A� �A'�F"������A&��A����A�EA
��'���A��D�����ADEF��E��A�F�A���FA�DD���A�EADE�'�F�A���E��D��A
��D����A� �A�F���F��A�������A��D A��A� �A��D�'��EFA&��ADEF%�FD��A
� ��A� �A'�F"������A&��A'���AE�A� �ADE�'�F��A

��A��AEF��A�A'�F������EFA�����F�A�E�A� �ADE�'�F��A
� ����E��AFE� �F�A&��A�E���A

� ���A&��AFEA���F���D�F�A������A��D����A� ��A��F!A
 ��A��E'���A�''�E'�����A��D�����ADEF��E���

	E�'�F�A�7��'��F�A�E�A��E��F@A� ��A��ADEF�������A��A
�A��F�FD���A�E���A

��A&��A�A'�F������EFA�����F�@A� ����E��A� ���A&��AFEA
����A�������A

�F��F�A
,ED���A
CF��F����F�A

(FD�)

(FD�<

(FD�=

� �A����D!��A�����A�����A&�� A� �A%�D����A�F�A��F�A� ��A' E�E�A&�� A
�FA��������A��E(�F�A� �A%�D����A�DD�'���A� �A' E�E�A��D����A
� ���A��%��AE�A��D�����A�&���F���A��A%���A�E&�

� �A����D!��A���A�'A�A��!�A&������A&�� A����A���D �F�A��D�������A�F�A
��D�����AD������D���A�EA����A�E���A����'�DA��D!����A��A&��AF�%��A�A
����F���A�EA����FA&�� �A����A� �A��F!A�F�A.���,��FA���F+�A%�������A
��A����A

� �A����D!��A�EE!A��%�F����AE�A� �AEF��F�A����F�A���%�D��A�F�A
���D!��A�AF�����AE�A������A%�D�����AB�A�����AD �����A&�� A� ��A
� �E�� A�����A�F�A���������A�����A�����A&�� A� ���AB�A� �FA��F�A
� ��A' E�E�A&�� A�FA��������A!��A�E����A�EA�����A� ���A��F!A
�DDE�F�A��������A

� �A%�D���A�E��A� ���ADEF����F����A�F�E�����EFA�F�A
�EF���

)A�����AF�����AE�A'�E'��A'���A�E�A� �A��D!��A� ��A
&E���AF�%��A���A����%�����AE%��ABNA�����EFA�E�����A
&��A�D������A

.�D����A�E��A�EF���

����' EF� (FD�>

(FD�-,

(FD�--

(FD�-.

� �A����D!��A���D!��A'�E'��AE%��A� �A' EF�A�F�EA��%����F�A
��E�����DA��� �F��D���EFA>%E�D�?A'���A' ����A�EA���A��A�����A��A� �A
��� �F��D���EFA'E�F��A

� �A'�F"������A'����F���A�EA��A�AD���E���A& EA!FE&�A��E��A� �A
���%�D���AB�A&��A����A�EA���A��F����%�A�F�E�����EFAE��AE�A� �A
 ��'���!A��A��'����F�A� �AFE����A���F����AD �D!��AA�FA� �AE� ��A
 �F��A��A���EA� E&��A� ��A� ���A&��A�A��D!AE�A����F�F�A�F�A��D�����A
�&���F���A�FA� ��ADE�'�F��

)A'��D��D��A����A�EA���A E&A� �A��F!A �F����A��FE����A�������EF��A
� �A�F�����E�A'����F���A�EA��A ��'����A�F�A'���AEFA� �AD���E���A
���%�D��+A���'�� ��A

� �A����D!��AD�����A� �A ��'���!A�F�A��'���EF����AAEF�AE�A� �A
DEF���D�E��A����F�A�EA���FA�DD���A�EA� �ADE�'�F�AF��&E�!�A
FE���F������A� �A ��'���!A�E�F�AE��A�F�A��DD��������A'��%�F���A� �A
'E��F����A����D!�A

3�E'��+�A'���A' ����A�E�A��E��FA�F�A����A�E�A�����A
����D!��

��A��A&��A�A����A����D!�A� �ADE�'�F�A���A�F�A�'A�E��F�A
����F���ADEF����F��������A

� �A������A��DD��������AD �F���A� �AE� ��A'����+�A
'���&E���A�&�D��A�FA�A����A����D!�A� �A��!���A������A��A
�EF��A�E���A

�E� �F�A �''�F��A��D����A� �A ��'���!A&��A�E�F�A
� ���A(E�A'�E'�����A

LECH JANCZEWSKI, LINGYAN (REN) FU: SOCIAL ENGINEERING-BASED ATTACKS - MODEL AND NEW ZEALAND PERSPECTIVE 851



���E&A� �A��� �F��D����A'�E'��A�EA �%�A�DD���A& ���A!��'�F�A

� �A����AE���A��������AE���F�$���EF�A� E���A�''��A�������F�A�D"

D���ADEF��E�A��D �F����A�����AEFA� �A��D�����AD�������D���EF�A

,�DEF����A'�E'��A��D F�D��ADEF��E��AD�FA ��'A�EA����D�A�ED���A

�F��F����F�A���!��A��D A��A�������D�E�A��� �F��D���EFAD�FA��"

��D��%���A'��%�F�A�F��� E��$��A�DD����A��'�D�����A�E�AEF��F�A

��F�FD��� A ���F����A � ���� A� ������ A��D����� A'E��D�A �� A � �A!��A

�F�A�E��A��'E���F�A�����F�AE�A�A�EE�A����FD�A����F��A�ED���A

�F��F����F� A ��D���� A �� A D�F A ��!� A E�� A �FD�����F�� A& �D A ��A

& ��A�ED���A�F��F����F�A��'�F��AEF�A� �A'E��D�A� E���A�F"

D����A��� A � �A����F��� ADE�'EF�F�� A& �D A��� AF�D������A �EA

'�E��D��A�����������A��D�����A'E��D�A� E���A��A��''����F���A

��A���D���EF A�F� A ����F�F�� A3�E'��+� A%��F���������A �E A �ED���A

�F��F����F�AD�FA��A���D�����A�FA�����AE�A� ���A�&���F���A�EA

� ���A��'��AE�A����D!�� A� ����E��� A'�E'��A����A��A���D����A

�F�A����F��ADEF���F���A�EA��A�ED���A�F��F����F�A�������F��A

�EB6 A�����AB� ���!����C�"B����B��E�A������B�EA����CDA�

C���ACD���B�������E�B�

�FA��F�����A��&A*����F�A� ����A�A�������A���F�A&�� AE� ��A

DE�F�����A�FA�����AE�A��D FE�E��A��E'��EFA�F�A��D�����A���!��A

BE&�%��� A&�� A�������A�EA�&���F���AE�A��D�����A������A�F�A

� �A��'����F����EFAE� ADE�F������������ A��&A*����F�A��A�A

�� �F�AE� ����A

F����� A�DDE���F�A�E A)*+A E� A � �A�F���%��&��A'����D�'�F���A

� �A��(E����AE�A����F�����A�F�A'�E'��A�FA��&A*����F�A�EAFE�A

 �%� A �����D��F� A �F������F��F� A E� A ������F� A ��D����� A �������A

:.+A E�A� ��A'����D������A��F��EF��A� �A�ED���A�F��F����F�A

' �FE��FEF A �� A E%���EE!��� A� � A ��F��F�� A � E& A � �� A �'���A

��E� A '�E'��+� A D������� A �F%��EF��F��� A ��D�E�� A >�DEFE��D��A

�D����A���������EF�A�F�A����D A���D�E����?A���EA����D�A'�E'��+�A

��D�����A�&���F����A�FA'����D����� A.=+AE�A� �A�F���%��&A'��"

��D�'�F��A��F��EF��A��A��A���F��A��D����A� ���A �%�AFE�A���FA

��(E�A��D�����A���������A �FA��&A*����F�� A=+A E�A � �A�F���"

%��&��A'����D�'�F��A'E�F���AE��A� ��A� �AE� ��A����EFA��A� �A

����� A F����� A E� A ��D����� A ����D ��� A ��'�D����� A �F���F��A

����D ��A�FA��&A*����F�A� ��A���A�F�����'E����A���A�EA�F"

�����D��F� A ��&A�F�E�D���F�� A �F A������EF� A**+A E� A � �A �F���"

%��&��A'����D�'�F��ADE���F���A� ��A'�E'��A�FA��&A*����F�A

��F������A �%�A�A �� ��A��%��AE�A�ED���A�����A& �D A��'����A

� ��A� ��A���A�E��A%��F������A�EA�ED���A�F��F����F�"�����A��"

��D!��A

,�DEF����A&�� A�������A�EA��D�����A���������A*,+AE�A� �A�F"

���%��& A '����D�'�F�� A DE���F��� A � �� A � � A E���F�$���EF� A �FA

��&A*����F�A�FA��F����A�EAFE�A �%�A�A&���"����F��A��D�����A

��������A��D����A� ��AE%���EE!A'�E'��A������� A-)+�E�A� ��A

'E�F���AE��A���F�A�A�����ADE�F���@A� �A��(E����AE�A����F�����A

�FA��&A*����F�A �%�A����A� �FA�&�F��A'�E'��A& �D A �%�A

�����D������A��'����F��F�A���������EFAE�A������� A.,+AE�A� �A

�F���%��&��A'����D�'�F��A��F��EF��A� ��A� �A��D!AE�A�������"

��EF��A���F������A�F�ADE�'���FD��A�FA��&A*����F�A���EA �%�A

��'�D�AEFA��������A����������A&�� �FA� �AE���F�$���EF��AF��"

� ���E���A*,+AE�A� �A'����D�'�F��ADE���F���A� ��A��������A

����������A��'E��A�E��AD����E����AE�A%��F�����������A& �D AD�FA

��A��'�E����A��A'�E�'�D��%�A�ED���A�F��F�����A

� ������A� �A�ED���A�F��F����F�"�����A����D!A����'���A��%"

�FA��A� �A'����D�'�F��A� E&A� �A��%������A�F�ADE�'������AE�A

� ��A�E��AE�A����D!�A)�A� ��A���������A� ���A��A�AF���A�E�A���"

����D���� A����FD�A�''�E�D A �EA��������A � �A���!� A���ED�����A

&�� A�ED��� A�F��F����F�� A�F A�������F�A&�� A� �A�''�E�D ��A

���F������A�FA� �A�����������A� �A'����D�'�F��A���������A� ��A��"

�D���EF� A �''�E'����� A ��D F�D�� A DEF��E��� A �F� A ��D�����"�F"

 �FD��A'�E��D��A� E���A���EA��A��E'����A

.��� �C,C)�	BA	�����#������A5�4��)����,A)��AF����CA
�C,C)�	B

� ��A�����A��!��A� ���ADEF�������EF�6A

F�������A��A'�E%����A�F��� ��A�������F�A� �A�ED���A�F��F���"

�F�A' �FE��FEFA��E�A�E� A� �E����D��A�F�A'��D��D��A'���'�D"

��%�A�F�A��%��E'�F�A�ADEFD�'����A�E���A�EA���EF������A� �A

��F��F���

,�DEF����A��A�F �FD��A�F������F��F�AE�A�ED���A�F��F����F�A

�FA�����AE�A� �A��'�D�AE�A� ��A�E��AE�A����D!A�EA����F�����A

�F�A�F��%�������A� �E�� A����������EFAE�A����A��&A*����F�A��"

��'���A��E�A� �A������D A'����D�'�F���

� ������ A �� A'�E%���� A�A�������D����A����FD�A�''�E�D A�E"

&����A��������F�A� �A���!�A���ED�����A&�� A�ED��� A�F��F���"

�F��AA

� �A������D A��������EF�A���A�&E�E���A� �A�����A��������EFA��A

� �A����D��EFAE�A� �A�F���%��&A'����D�'�F��� A� �A'����D�'�F��A

E� A � ��A ������D A&��� A� �A��A'��D����EF��� A �FA��&A*����F�A

& EA��� ��A ��A�A��D�����A��D!��E�F�AE�A ��A�FA�F������A�FA

��D�����A�������A)�A�A�������A� ���A��A�A��D!AE�A�F������F��F�A

��E�A� �AFEF"�� A'���'�D��%� A��A'�E'��+� A'��D�'��EF AE� A � �A

'�E����A��� �A��A�������F��A� ��AD�FA��A(��������A��A� �A'��"

'E��AE�A� ��A������D A��A�EADE���D�A�F��� ����AE'�F�EF�A��E��A

��(E� A ������ A �������F� A�ED��� A�F��F����F�"����� A����D!� A �FA

��&A*����F��A� ����E���A��A&��AFE�A� �A������D ���+A�F������A

�EA�F%��������A� �A������D A�E'�DA��E�A�AFEF"��A'���'�D��%��A

,�DEF����A� ��A�����ADEF����D���A�ADEFD�'����A�E���A�E�A�E"

D���A�F��F����F�"�����A����D!�A�����AEFA� �A��F��F��A��E�A� �A

���������� A ��%��& A �F� A �F���%��& A �F������ A &�� A �&�F��"��%�A

��&A*����F�"�����A��A��'�����ABE&�%���A� �A�E���A�F�A� �A

�F������F�A� �E��A��7����A���� ��A%�������EF��

�''E���F�����A�E�A������A������D AEFA� �A�����AE�A� ��A��"

����D A���A�FA� ���A������AF�����A��A��F��EF��A�FA� �A'��%�E��A

��D��EF�AEF�A����A&E���A��A�EA%�������A� �ADEF����D���ADEF"

D�'�AE�A�ED���A�F��F����F�"�����A����D!�A��A�������F�A� �A�F"

������F�A� �E��AE�A��D A���F������A�F�����A�FA������EFA�EA� ���A�A

�E��A�E' ����D����A�E���AD�FA��A�����A���F�A� ��ADEFD�'����A

�E����A,�DEF����A� ��A������D A ��A'�E%����A��������A�F������A

E�A E&A�EADEF��D�A�ED���A�F��F����F�A����D!�� A� �A�F������A

D�FA��A����A��A� �A����DA�������F�A�EA�����FA�FA���D���EF��A

�E��&���A�''��D���EFA� ��A���D����A'�E'��AEFA E&A�EA�D�A�FA

�������F�A����D!A�������EF��A5������A��A'���AE�A� ��A������D �A�A

�����"��D���� A DE�F���������� A ����F�� A �ED��� A �F��F���"

�F�"�����A����D!�A&��A������������AC�D AE�A� �A'�E'E���A��"

��F��A�''�E�D AD�FA��A���FA��A�A������A������D A����D��EF�A

�CFC�C�	C,

98: A �&��D ���� A �� A 3� A O,ED��� A �F��F����F� A �F A �F�E�����EFA
������FD�AD����D����OA�F6 A#��E���ACDB��������$����CCF�� �
E�C����CE� � �C � %C������A�C � B�EF�A�� � EF��AEF�F� �
���������C��A)	4�A0�FF���&�A1�E�����A<NNC�

9<:A1��F����A,�AO,ED���ACF��F����F�A���E�����OA<NNC�

852 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



9=:AB�F�EF�A1�AO,ED���ACF��F����F�A��D F�7����A���!��A�F�A
	EF��E���OA�&#'(���)����&#�'F�A�*�(�C�����+���EF�A�� �
 ��B������A>=D6AIB?A<NNK�A''A=<"AC�

9A:A��/����A��AO	����D����6A� �A����A/�%��O
9B: A 0��$�� A 1� A O��� A &E�� A ��!�� A DE����D!�OA

	E�'����&E����A<NNP�

9C: A 4D)��� A O4D)��� A )�%��� A 5��� A " A �E' A 8N A � ����A
3����D��EFA�E�A<NNK�OA4D)����

9D:A4D4����F�A��AO4�!�F�A�A3#QAR�E�F��R AE��AE�A,!�'�AE�A
1EE���A.E�D�S�OA��1A��&�A,��%�D���A<NNP�

9K: AF�� A�� A,ED��� ACF��F����F�"#���� A)���D!� A" A4E��� A�F�A
��&A*����F�A3���'�D��%��A4�����A� �����A� �A�F�%������A
E�A)�D!��F��A<NNP�

LECH JANCZEWSKI, LINGYAN (REN) FU: SOCIAL ENGINEERING-BASED ATTACKS - MODEL AND NEW ZEALAND PERSPECTIVE 853





��������������������	��AB�����CAD�E��F��E��F��A�������������
���������F������������������	������F��AB�����CAD�E����A�����E�����
������������F������F��������B�����F��E��F��A������FEA����������F�
�FEA�������F���CA���A�����F��E��F��A��������������������A���F��
�E��F��A�����DF����A����EB���E���������B���C���A�AEA�����BA����F��
�A������A���D�E������AB���BB������������AB���������A������������AB�
DA���F��E��F��A���F���DF����A���������AEA���AB��AD�E�� �A���
��C�EF�� � F��E��F��A��� � !� � ����A��� � �F�� � ��F��BA�CF��A� � AB � F�
��	���F��E��F��A�����A�A�����F��E��F��A���ACF����F���FEEA"�����
�F�� ��F���FE � EF���F�� �F�� �����A�FE � EF���F��� � ��������������
�����������EADFE��F�����AB�A���F���AF����#���F��E��F��A����F	��
D������	�EA����BA��F����������A��EA"��C����C��F����AB�CAD�E��
��A����

�� �������	����

�A�BCD EF��� D �EE��������� D ������E�� D ��� D �F� D ���

E�������� D �� D F����F D �� D ����������� D ��E����� � D �F�D
�!�"������ D������ D�� D��!���DEF����� D��� D����� D�EE��������#D

	������$����D������������D��D�F�D��E��������D��D�F�DEF%���
���D&����!���'��D��D�����������D�F�D'���D��D�F��D�EE��������D

��D��D��������D��D����������D��D�������DF��D����D���D�������D
����(�D��D�F��DF�D��D�!��D��D����DF��D�������D�����D&��F���D�)�

������'DF��DE�������!��D�������D������D���D�DE���������D��%�D
�F�D���!��D��D��������D������!��D���D������E����DE��D��%D��D

����������D����'D�F�D*������A�������D�"������D+,-�D.�DF���D
�������D��D���������D���D'��EF����D���������D��DE�������D�����D

��D���D	������$����D��'�����%�D�F��D�EE��������D��D��D��DE���
������DF���D���'���DC�'���F���������D�����D!��D���D����D�F�����D

���D!�D�����������%D���E���D ��D��%D ���'��'�D���D��������D
�F�DC�'���FD��)��D��D�F�D���'��'�D��E������D�������D/���D�)�

��E��#D����0�DE������1D���D!�D������%D����������D��D��%D����
'��'�D&�D&���D��D���E�D�F�D�EE��������D���D�F�DC�'���FD��)��D

���D�F��D!�D�����%D��E�����D!%D�������������D2��D�F��D��DE�����
!��D!������D�F�D�EE��������D����'�D�����&�D���E����D�������

'%D��D�������D��D+3-�D2D���E����D�EE��������D��D��D�EE��������D
&F��FD���D�����%D!�D��������D����D���D������D��D����F���

$

�F�D������D�EE��������#D	F���D�ED��D����'���D��DF��ED��D
����������D��D�F��(D�F�D�����D��DF��D������DF����F�D���D'���D��D

��DF��ED�F�D����D��D!�����D�&���D��DF��D��E������D�����#D��DF�D
��D��D���D���D��D'��D�D������������D��DF��D'���D������D������D

��F��&����D.�DF���D�������D��D�EE�����'D���D�������'D������
����D��D�F�D����D���D����������D�F�D���&D��D�F�D�EE��������D

&��F���D��%D�������D�)E����������D.�D!������D�F��D�F�D�����
���%D���DE�����%D��D��!���DEF����D&���D��(�DE��E��D���D

�F� D�EE�������� D��� D�����"�����%DF��E D �F��D��������D�F�D
���'��D�����F��D��D��E��������DC��������%#D�F�%D&����D���(D�D

E�����������DF��E#D&F��D�������D�F�D�EE��������D�����%D����

'���D�����'��� D&F�D���D��'����D����DEF���D�����# D��'F�D!�D
��E������D!��D��F��&���D&����D���D���(DF��E�D.�D����D�F�&D

�F��D�EE��������D����'�D�����&�D���E����D������'%�

�� ������	�A�BCD�ECFB

��D�������D��# D&�DE������D�F�DEF%�����DF����FD���D�EE�����

����# D	������$����� D �� D ������� D ���# D&� D E������ D �F� D������D
F����FD�EE��������#D	F���D�E�D4��D���FD�EE��������#D&�DF���D

������!�� D �F� D �EE�������� D ������������%# D ���F����� D �������#D
�F�����'��D���D �������D������� D�� D5������D�6D&�D�F�&D�F�D

&��(��'D��D�F�D�EE���������D�����&��D!%D�F�D���E����D������
�'%D+3-�D5������D6D��D�D����������D��D�F�DE�E���

��� 	2B���C$C�C�

	������$����DF��E�D�F�D����D�������DF��D����D���D�������D
����(�� D�� D �F��D�EE��������# D �F�D���� D����DF��DE������# D������D

����D��������#D���D�F�D�EE��������D��������D���D��E����DF��D
������� D ����(� D ��� D!������� D�F� D�EE�������� D���� D ��''����D

���� D ����� D �F� D ���� D ����� D ������� D&F��� D ����� D ��������'D
&��F��D�F�DE��������D�������D����(��D

4���D��7��D�������D���������D��D��D������ED	������$�����D
�F�D�����D������D��D�F�D�����'D�!����%D�F���'F���D�F�D&�����D

.*�D+8-DE��7����D�F��D!%D39,8# D�EE��)������%D3�:D!������D
������D&���D!�D����&��'F�D���D����D�F��D;99D�������D&���D!�D

�!���� D�F� D������ D ������ D �� D �F� D ���( D�� D�&������� D�� D �F�D
���������D�����D��D����D�����D����'��D������������D2���F��D

������D��D�F�D���(D��D�&�������D��D�F�D�������D�����D��D��D���
��������D���D����D��D������E����D��D�D!�������D�����

�� ����C��ECFB���B�ECFB��CE�

��D����' D �F� D �EE�������� D ��� D �F� D ����� D ����# D �F� D���� D ��D
E���E���D��D���D�DE�������D�F� D��F�C�� �������D��������D��D�D

���� D ��(� D ��������� D&��F D ������ D ��� D ����# D ��)# D!���F D ����#D
F��'F�D���D&��'F��D��D�����'D�F�DE������#D�F� D�F�� �������D

�EE�����D�F� D�F�� �������DF��D����D�E�����< D��F�C�����FF��
��E�AF�C�������F�C������B�� ���� D���E��F� �E!!!�D2��D�F�D

�E�����D����'���D��D�F���D���E������D��������
��D�F�D�FF����E�AF�C���������#D�F�D����D�������D�F�D����D

����'��%D���D�D����D����D'���D��D�F�D������E�����'D����D����
�'��% D �EE����� D�F� D �F��� D ���� D ����'����� D ��� D���CE� � �B��

"�A�E�#���# D$��E���B��%��CB� ����D&����E���B��'F���DC��FD
����'��%D�� D��E�������� D�� D� D:=:D'��� D�� D����D������D�F�D

!��('����� D ����� D �� D �F� D �������� D ���� D ���� D �� D �F� D '���D
�F��'��D�%��������%D��������'D��D�F�D����D��D�F�D��%D����'D

&��FD �F�D�����DE������������D/4�'� D,/�11� D��D��������'D �F�D
����D ����D �F�D���� D �� D����'���� D �� D �F� D�FF�� (E���&�E�C���

$EADFE��AD�E��%��E��F��A���BA���A���A�����&�FE��

��E���D>����F��
4�����5���D5���&���#D$�������#D

��&D?��(#D������D5�����D
��E����'����F��@��������������

2����D.�����&�(�#D
A�������DB�D.��'

	��E����D5������D��E�������#D
5���%DA���(D���������%

B�����#D7&��'C@������%�!����C

D����D5��'FD��(F�
2�� ��D.�!D5�������D
��(F�@��� ������

Proceedings of the International Multiconference on
Computer Science and Information Technology pp. 855–859

ISBN 978-83-60810-27-9
ISSN 1896-7094

978-83-60810-27-9/09/$25.00 c© 2010 IEEE 855



������D/4�'�D,/!11�DE������%D���D!�D�������D��D�F�D�FF��(E���
&�E�C��D������D+���D'�����#D,D��E����D,99D'����-�D��D�F����

��'D'�)�#D�F�D��������D���D�F�D����D����D���D�����D��D�F�D���
����%D��������D��������D��D�F��DE���������D��%�

�F� D���F�C������B��D ������DF��E�D�F�D���� D�EE��)�����D
F��D�F���D��D����%DE��������D��������D��������D/��D����������D

���D����DE������D!%D���D��'����F�1D���D����D��D!�D��������D
�F���'FD�DE��D�F����D�F�D���D�����D��������D��D�F�DE��D��'���

����D��������D��������D���D�F�D'����DE������D��D�F�DE��D��'�
������D�F�D��������D������!��D���D�F�D��%D/4�'�D3/�11�D

�������E��F� �E!!!�!�����D��D�F�D�F��D������D����'����D
�F� D���� D �� D �F� D���E ��F � �E!!!D 5����� D /4�'� D3/!11� D�F��D

������ D ��''���� D �������'��� D ��� DF����F% D ���� D ����D��''���
�����D��D�F�D�����D�F�D��''�������D���D���E��%��D��D�F�D����D

��D�D'����D D2�%D����D����D��������D����D�F��D'���D�������D
�F��D�F�D����D����D���D�)����D�F�DE��������D�������D����(�D���D

�F��D��%�
�F� D�EE�������� D���� DF�� D ���������� D ����� D�����'�� D����

E��%��D��D�F�D������D��D���������D&F��D�F�D����D����D���D
���D��D�)�����D�F�D�������D������D

�� *������E����

	������$����DF��D����������D'���D����'�����D&��FD����'����
��D�����D��EE����D�F�D����D���D���D�F�D�E#D��&�#D����D���D

��'F�D!������D��D����'���D���D������D����D�����D����D�F�D�����D
��D�F�D:=:D'����D�F�D����D��D�F�D��������D����D����D��DE���

�������D��DC�'���F#D!��D�F��D���D!�D�F��'��D���D��D�F�D����
E����D����'�D��D��%D��F��D���'��'��D�F�D�EE��������D���D����D

����� D�� D ���'��'� D ����F��' D ���� D �� D� D���� D&F��D���� D ����
'��'�D��D���������D�F��D�F�D���'��'�D����D��D�F�D�EE���������D

2���F�� D ������� D �� D �F� D�%����� D ���� ��' D�� D ���'�� D �� D �F�D
'����D*����D&�D�����D���%D���D��E%D��D�F�D���'��D�F�D�EE���

������D����D��E�������D��D�������'���D��'����F�D���D��''���
�����D��DF����F%D����D�����D�F��D���D!�D��������D��D������D

&��F��D�F�D�������D������D

�� ����BC����&�E�C��

	������$����D�����E������D3;D�E�'D���'��D&��FD,39=,39D

�� �D���D3;D�&��D�����D��D�F�D�EE��������D���D��EE����D��&D
���D��!���DEF����D/	B�	#D$��FD,�91�D��DF��D!���D������

�E�� D����' D A35�D# DC���E�� D ��C# D A3$CD.������� D����(��D
���DC���E��D$C#DC���E��DE��'���D��D������EDA3$CD�����D

.�D�����D���D������D'���D��E�����������D����D&F��FD��D
E�E������D�%��������%D!����D��D�F�D����D����'��%D�F�����D

���D������D���F��D�%��������%D����� ��D�F�D���'��D��D���D
�F�D'���D�����E������D��D�F�D��!���DEF���D������D�� ��D�F�D

&���F�D���DF��'F��D��D�F�D���'��D��������%D,39=,39D���D���
�����D!%D��D����'��D������D&F��FD��D�����������D��D���������D

����D�F�D����� ��D���'�D����DE�������%D��D�F�D'����D.�D����D���
E��������D�D�����'D��(��� ��D��DE����D�F�D��)�D�����D���������'D

����D�!���D�F�D����D������D.�D����D������5�����D��D�������D
��A$5D!%D�������'D��E�����D������5�����D��D�����D��������

����D������� D �� D���� DF������# D4���D	���'�����# D4���D �����D
���D4���D	�����E�����D5����DA3$CD����D���DF���D�D!����D��D

����D�%E�#D&�D����E�D�F�D!���FD����D��D�F�D����D���D�����D��D�� D
����F#D����D���D%����DD

���E��F� �E!!! �������D���������D��������D��������D���D
�F�D��%D���DE�������!��D���������D�����D���D�F�D��%D���D����

E���D�D'���D��D����D�����D&F��FD���D!�D��������D&��F���D
�)������' D�F�DE�������!��D�������D������D�F�D&��'F���'�D���

��'���D��D���FD����'��%D��D�F�D����������D������D��D�F�D���E��D
F��D����DF����F%D�E�����D�F��D��F����F%D�����

&� ������BA����B��+���FB��+���B��

�F�D�������D��D�F�D�EE��������D��E�����D��D�F�D���'�D�� �D
���D������%D���D���%D���E��F������D!%D�F�D�����D2���#D������

����D��DE��(�'��D����D�����#DE�������D���D���!��D��D����D
�F�����D�����D��������D�F�D����������%D��D�F�D�EE���������D�F��D

���D!�D�����%D�����D�����'D�F�D������� ������D	������$����D
���D!�D����D������� ��D!%D�����'G��E�����' DE������D��� D��D

���� D ����� D ��������' D �� D �F� D �'� D'���E� D ��� D �F� D ��'����#D
��������D��D������D���D�EE��������D����D���D��������D�F�D����

"�������D��D������E����D��D����D�����D��D�F�DEF%�����D������
�����D��D �F�D����������# D!��D�F�D���E����D����'�D����&�D���D

��EE����D�)���������

 � ,���E����F�-��B���F����C�FB

�F��D�������D������!��D�D�F���D���E������D!��&���DE�����

�%E�� D�� DF����F D�EE��������� D��E��%�� D�� D ���F����'% DE����
�����D&��FD�������������D��D�%E�D��D���F��������#D�����������

��D������'%D��E��%��D���D���'��D���������D�F�D�EE���������D
&�D���E���D���DF�CAD+,,-#DA2B2�	CD+H-#D*���� D2�'��D

+,9-#D4���4��D+;-#D���D.�������D����%D+,3-�DF�CAD+,,-D���
"�����D��D��������D���!���D��!���DEF���D&F�����D*����2��

4�'D3�D/�1D	������DA������D������D/!1D.F��D��DC��IIID5�����

4�'D,�D/�1D4���D�����D>���D#D/!1D4���D����D�������

856 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



'��D+,9-D��"�����D�DA�������FD���!���D����DEF����D2��D��D�F��D
���D����������D�EE���������D&F����� DF�CAD+,,-DF��D������

��������D���F���������D2��D�F�D�EE���������D�)��E�DF�CAD+,,-D
���D.�������D����%D+,3-D��"����D��D�)������DF���&���D���

����� D4�� D�)��E�� D*���� D2�'�� D +,9- D ��"����� D� DF���� D ����D
���������' DF���&��� D������� D�F� D������������ D ������'% D ��D

F�CAD+,,- D��� D.������� D����%D +,3- D �� D�������# D �� DA2B�
2�	CD+H-D��D�F�����'�#D��D4���4��D+;-D��D���E�������D���D��D

*����2�'�� D +,9- D �� D�������'������ DA2B2�	CD+H-# D*����D
2�'�� D+,9-#D.�������D����%D+,3-D���'�� D�������D���F�������#D

F�CAD+,,-D���'���D�!���D��!���DEF���D�����D���D4���4��D+;-D
&��D������E��D���D�����'�D���������D

���� 	*CC�D�F

	F���D�ED��D����'���D��D��������D�F�D������DF����FD��D���
���������D!%D����������'D��D�F�%D���D��D�D��E������D�����#D����

�'��� �D�F��D�����D���D����D�D&�����'D��D�F�D�����DD��D��D��D���
���E� D �� D��(�D	�'������ DA�F������� D�F���E%D /�������� D��D

	A�DF��������1D+,J-D����D�������!��D���DE�������� ���D.�D
F�E�D��D&����D�EE���D��D%���'DE��E��D���D��(�D�F��D�&���D

�F��D�F�%D��'F�D����D��D���(DE�����������DF��E�

�� $FEC)�ECFB

��E�������D��D�F�D���'��D!�''���D�����D��D��������D��D�F�D

&���� D+33-� D$���D����� D�� D��E������� D'� D���������# D�����
E�����D���D���D�''�������D���D��D���(D��D������&�������#D����

��%D�������!��DE�%�F������DF��ED��D���'��D����������D&��FD����
����'D�DE�%�F��������D�F�DE����!��D���DE�������� ��D������D��D

��!���DEF����D����'D&��FD���D�!�"������D������D��'F�DF��ED��D
!����FD�F�D'�ED!��&���DE��E��D&F�D����DE�����������DF��ED

���D�F���D&F�D���������%D����FD���D��D+,8-�

�� ,�.�C����BE�� �C�CE�ECFB

�F�D����������D��DA��(0�D��'������D�F���%D��D��E�������D

��D�D�����������F����D�����D+,:-�DF������D��%D!�D�������!��D
��D��E�������D!������D�F�%DF���D�%�����������D!�������D�F���D

!������D��%D������D������D���D%����#DE����D��D���D!��&���D���
E�������DE��'�#D!��D�F�%D���D!�����DE�����D!%D�����������

���D����������D�F�D	�'������DA�F�������D�F���E%D+,:-D����D��D
(��&��'DF�&D&�D�F��(D�!���D���������D���D���D���������

��'�D���D���D���������D���������D��D������D��������'D������D
��� DA%D�F��'��' D��� D �F��'F� DE������# D&�D���D�F��'�D���D

���������D���������D&F��FD��D����D���DE����DF��E���D��D������
��'D��E��������DD

��D����D���D���'�����D��'����F�D&��FD"��������!��D��������
�����D!��&���D���'��DKD��E�������D�%E��# D&�D���������D�D

�����%D��D������D,99DE��E��D��D�F�D�'�D'���ED��D39DLD:9D

/4�'�D:/�11�D�F�%D&���D��(��D��D����D�F�D���'��D��D�F�D�����D
��D,D��D8D&F���D8D���������D��)����D�����������D��D�F�D���

�'�D&��FD�F�D�%E�D��D��E��������D�F�D�������D&��'F��D&���D
�''��'���� D��� D �F� D���� D������ D&��� D���� D �� D������ D �F�D

E��!�!����%D��D�������������
A����D��D�F�D�����%D�������D&�D��!�����D�F�D��EE��'D��D

���FD���'�D��D�������D�%E��D��D��E���������D�F��D��D������D��D
�F�D�����'�������D����D���D��D����D��D�F�D���'�����D��'����F��

�� ����C��ECFB���B�ECFB��CE�

�F�D�F��D ������D��������D��D�F���D�E������D�F�D�����D�E�
����D �� D&C�ABF�� �&F��F D �� D �F� D(�%DE��� D�� D �F�D�EE��������D

&F���D����D��(��D�D��������'�����D!%D���E�����'#D&��FD����
!���#D��D��D���E����D���E��%D��D���'��D/4�'�D:/!11�D�F�D�����0D

���E�����D���D����D��DE������D�F���D�����D���D��'���D��D���
E�������� D�F��� D������ D ��� D ������ D�� D����0� DE������ D �� D �F�D

������D�����D�����D�F�D����D��(��D�D��&D���'������D�F�D����0�D
E��������D��E�������D�%E�D���D�����D��D����D����D��D����'�D�D

E�������� �� D ��� D �� D �F���E% D ���(� D ��(� D ��� D �F���E%# D ��E�#D
����D��'�D���� D�F�D������D�E���� D�F/&F ���''����D&�%�D��D

��'���D�F�D�%E�D��D��E�������D�����������
�F� D���� �!�����D���E��%�D������������D��DF�&D��D���D�F�D

�EE���������D�F�D&C�ABF���!�����D������D�D�������F�&D��D���
�'��D&F��FD��������D�F�D�%E�D��D��E�������D��D�F�D�����D4��D

���F D ���'�# D �F� D���� D ������� D� D���!�� D ����D9�H D&F��� D�D
F�'F��D���!��D���������D�F��D�F�D����D���D������D��D�F�D���'�D

��D�DF�'F��D�)����D/4�'�D3/!��11�D����D�F�D�������F�&D��D����# D
�F�D�������D���D���E��%���D����D�F�D����D���E�����D�F�D���'�

�����#D�F�D����0�DE������D��D������D��D�F�DEF����D��D����(��'D
��D�F�D�F/&F�!�����#D�F�D�EE��������D�����F��D�D�F���E%D���(D

������� ��D���D�F�D����D!����D��D�F�D��E�������D���'������D
5���������D�������FDE�����D�F�D�������%D��D���D�F���E%D��DF����

��'D��E�������D+3:-�D�F�D���(�D���D������%D�����D���D�������
���������D��E�����'D��D�F�D���(D���'�D�F���D��%D��%D��D���

����D�F�D����0�D����#D��(�DF��D!��%D��D�D����F��'DF�!!%#D��D
��%D��D��(�DF��D�����D��D��E�D&��FDF��D������D��D��E��������

&� ����BC����&�E�C��

C)�����!����%D&��D���D��D�F�DE�����%D'����D��D���D����'�D
��D&�D&�����D��D������ED���D�EE��������D��D�D�����D&��(D���D

�D'������D�����%D��D�EE���������D�F��DE��%�D��D�����������D���D
���E����D��"�����D��D���'��D��D'��F��D�ED����D���E�����D���D

����% �D�F���D�F��D&��D����DE����!��D�F���'FD��D���������D
�!7���D��������D����'��D�F�D���'�����D2�'����F�D�����E����D

�F�D�����D�������D!%D�F�D����D!%D�F�D&��'F��D��D�������D���
E�������D�%E���D�F���D&��'F��D&���D����������D��D�D������D��D

4�'D:�D/�1D5��E��D5����%DF������D/!1D5��E��D���'����D���'�D/�1D5����%D�������

TAPSIE GIRIDHER GIRIDHER, ANITA WASLIEWSKA, JENNIFER WONG: GLOBAL MOBILE APPLICATIONS FOR MONITORING HEALTH 857



�F�D�����%D���������D!%D��(��'D�F�D&��'F���D����D��D�F�D
E�������'�D��D����D���E������D�F�D���D��D���D�������D���������

��D ��D'�� D �F�D����� D ������ D&��D �F��D��EE��D ��D �F�D�������D
�%E��D��D��E���������

.�D!������D�F��D�F�D��'����F�D&���D!�D����D��������D��D�F�D
����D�!������D����D�F�D�����%D&��D�������%D�!������D����D

����D����������D��������D������D��DE�������D��������'D����D���
E��������D���D�EE��������D��D�DE����D��D�����E�D��D�D���'����

���D�����D���D�EE��������D���D�����D��D�D���E����D���D�D����D
�EE���������D�F�D���'������D��!���D!����D����D�F����D!�D���

����E�� D �� D �����!������� D&��F D������� D �E��������� D ��� D&�D
E���D��D��D���

 � ,���E����F�-

�F���DF���D!���D����D����������D�����E��D��D���'�����'D
���DF�����'D��E�������D����'D���E����'D���F����'����D�F�%D

��� D!� D����'��� �� D ���� D �F��� D��7�� D �����D �������� DA����D
	A�D+,H-#D	��E����DA����D	A�D+39-#D$�!���DA����D+,M-#D

+,;-#D+,N-#D���D+3,-�
$�!���D!����D��E�������D�F���E%D��D�D���%D��&D����D���D

�F���D���D���%D��&D�EE���������D&�D����D�������D2D���������
��'�D��D�F���D�EE���������D��D�F��D�F�%D��"����DF�'FD���D���

!���DEF����D���D���%DF�����%D��D�F�D���D��D�F�D���������D
��D+,M-D�F�D��!���DEF���D����D��D�DE������D��������#D��!���D

EF���DE��������D�������D�F�DE������D��D�F�D��������D&F���D�F�D
��5D&�!D������D������D�F�D������������D�F�DE������D��������D

��D�����D&��FD�D���(D��D��������&DE�'��D�F�D����D�������D�D
���!��D&F��FD'����D�����������D�!���D�F�D��'���D��DE�������

���D�%�E����
�� D +,;- D �F� D ���� D �� D ������ D ��� D ��� D !� D �������� D ������D

�F���'FD�D��!���DEF����D�F��D�)�����'D�%����D��������D�D���
�������D������ D ��������� D���� D ����D������ D �������� D ��E���

�����D��D��'����F�D�F��D��DE��������D����D�F�D����D���E�����D
��D����% �D�F�D(���D��D��E�������DF�D��D��D���DE�������D���

�����'��'D��D&�����'D�����'��D��D�����D��D!����DF��D������D
���D��(�D�������D��DE������D!������

�� D +,N- D � D��!��� DEF��� DE��'���D�������� D �����������0D
����#D������D���D��E��'D!�F������D&��FD����D�E������D�����

+3,- DE������� D� D��!��� D�EE�������� D������E�� D �� D$�����FD
	F������O� D�������F D ���������� D �F�� D �EE�������� D �� D ���� D ��D

����(D%���'D�����0D�)E��������D��D�����D���D������D�������D
�F�D���F���DF���D������E��D�D���������#D%���F��������%D���

!��� D EF��� D E��'��� D!���� D�� D��������% D ���E���' D /$51D
&��F D ����������� D���������' D E��'���� D �F�� D ��� D !� D ��� D ��D

7�������!��� D$��F D3�9 D��!��� DEF����� D$5D���� D��%D!�D
��������D!%D������'DE������E����D��D��!���DEF����D���D����'D

��������� D ����������� D ����� D ���E���� D �%����� D �� D ���
�����F�������D��������&��

�6� �C$FB2�CD��C�B�>?

	������$���� D��� D!� D �����������D ����D�� D�EE�������� D��D
����F��D������D&��FD�������D(��&���'�D��DE��'������'D��D

A3$C�D�F���D�%E��D��D�F��'��D���DE����!��D��D�F�D���������
�������D4�����%D�F�D����D���D�F��'�D�F�D���D��D����D�����D����

E��%��D��D���D�EE���������D5������%D�F�D&��'F���'�D��D���FD
����'��% D ��� D !� D �F��'��� D �F����% D �F� D ����'����� D ��� D !�D

�F��'��� D�F� D���% D ���������� D �� D �F�� D �F� D���!�� D�� D �����
'�����D�F����D������D�F����D*�&����D�F�D����D&����DF���D��D

�����D���D!����D�F�D����D���D����E��%D��D��D�F�D�7��D���D�7��D
����D&����D'��D���������

2�	������$����
4��D�)��E��D�F�D	������$����D��'F�D!�D�����������D���D

���D��D���������%D��������D��D�F�D�52�D��D�F��D������������#D
�F�DE������D���D�F����D�������D��D�����D���D��'���!��D������#D

E�  ��#D!��'���#D����D������!��D��D�F�D����������D�F�D���E�D��D
���������D�F�D�EE��������D���D��D�)E������D!���&D��D�F�D����

��&��'D����������D��D�F��'�D�F�D���D��D���'��#D�F�D�E�'D�����D
��D�F�DE�������D������D��D�F�D�EE��������D������D����D�F����D

!�D��E�����D!%D�F�DE������D�����D��D��&D����D������D�F�D�� �D
��D ���'�D�F����D!�D,39=,39� D��D�F��'�D�F�D���D��D�����D

�����#D�F�D�&��D�����D�F����D!�D��E�����D!%D�F�D�����D�����D��D
��& D ���� D ������ D�F� D�����'� D �� � D �� D��� D �&�� D ����� D&��D

H9(!�D5�������D���������DF���D!���D�����&��D��D�F�D��)�D�����D
&F��F DF��� D �F� D ����������� D�!��� D �F� D�!7��� D ����� D �� D!�D

E������ D �� D �F� D'���� D�F� D �����&��'D�F���� D!� D �����&�� D��D
��������D��D�F�D��)�D������ DPQ0D��D����D��D��E������D!��&���D

���FD�����D��D�F�D����D�����DPI0D��D����D��D�F�D���D��D����D�� D
�F�D���D��D���FD������E�����DC��FD��)�D����D��D���D���'��D�����D

PIR0 D �� D���� D�� D��� D�� D ����� D4�� D�)��E��D	���'��%��������
���������)� D �� D �� D �F�D ����D�� D,Q4����Q4�����E�'Q89I D.F���D

����'��%D�� D �� D,# D����'��%D����D�� D�����# D ����D �� D������E�'#D
&��'F�D��D89#D&��'F��'�D��D3#DQD��D�D��E������D!��&���D������D

���DID��D���D���D��D�����
A�	F���D�E

��D������D����������D���E��%D��D	F���D�ED������D���������D
��!���DEF���D�������#D���D���'��D���E�D��DEF���D������D�� ��D

���� D ��'�����' D ��E������� D �%E��# D ���'������ D ���'��# D ���D
�F���E%D���(�D���D!�D�����D���D�F�D�����'�������D�����D��D�F�D

�EE���������D�F�D�EE��������D���D����D��D�D�����&��(D��D���
��'�D���D������ED�EE���������D&F��FD��������D����D���E�����D

���DE������DF���&��(D���(�D��D��D���E����D�������D2��D��)�D
�����D����D��)�D�����D&F��FD���D!�D�����%D�F��'��D���D������

������D

6� 	��	B�5���

�� D �F�� DE�E�� D&�DE�������� D �&�D��!��� D�EE��������� D ���

�E����D!%D�F�D'��!���%DE��������D������D�� D��!���DEF�����D
��� D ����� D �EE��������# D 	������$���� D F��E�� D �F� D ���� D (��ED

����(D��DF��D�������D����(�D��D�D����%D!����D�F���!%DF��E��'D
F��D��D��������D�D�F��(D��D�F�D�������D����(�D��D�DF����F%D

���F����D���D������D�EE��������#D	F���D�ED��D��D����������D��D
F��ED��E������D�����������D!�����D�&���D��D�F���D���������D

���DF��������FD���!D�F�D���'��D�����F��D&��FD���(��'D�)����
���D�������DF��E�DD$�!���DEF����DE����D��D!�D��D�����DE����

����D���DF����FD�EE���������D��D�F�%D���D�������!��#DE��������
� ��D���D������������D���E����D������'%D�������D���D�EE�����

����� D ����E������ D �� D ��'�����# D ���'��'�# D �'�# D �����������D
���D������D!��������

2	D��.BC�>$C��

.��(D��EE�����D!%D�	��2D��������D	����'����D���������D
���D����������D2�������D5�������!��D6�����D>����DQJNH,�9;#D

S5�������!�� D ���F����'%�!���� D C����E�������F�E D ��� D �F�D
5���'�����D$��(��TD���D�	��2D��������D	����'����D������

���� D ��� D ���������� D 2������� D 5�������!�� D 6����� D >����D
QJNH,�9N#DUA������'D�D>��!��D���&��(D��D5�EE���D5�������

858 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



�!�� D ����������� D ��� D 	������������ D ���F����'��� D C��
���E�������F�ED��D5���'��U�

�F�DE����D��D�����E�D��D�F�D	F���D�ED�EE��������D&��D���
����E��D!%DD����D5��'FD��(F�#DD����D��)��D���D�����FD6��

7�%���'�%�# D ���E���� D ������� D '������� D �������� D �� D 5���%D
A���(D���������%# D��&D?��(�D�F�DE����D��D�����E�D��D�F�D

	������$����D�EE��������D&��D������E��D!%DF���'D���(D���D
2����F�DA���F������# D���E���� D������� D'������� D��������D

��D5���%DA���(D���������%#D��&D?��(�

�C4C�C�	C5

+,- .�(�E�����DF��E<GG���&�(�E�������'G&�(�G*������A�������V�"������
+3- 2�D.�����&�(�#DA�D.��'#DS���E����D$�!���D2EE���������D���D5�����D

��� DC���������� D������E����T D �� DF��������'� D�� D �F� D �������������D
$��������������D��D	��E����D5������D���D�����������D���F����'%#

+:- �������������D5%�E�����D��D�������'���D$�!���D���F����'���D���D5��
����D	F��'�#D$��'�&�#DF�����#D399H#DEE�D:H,L:HN�

+J- ��D>����F��DC��D��#DS$�!���D2EE���������D���DD��������DC��������TD��D
F��������'� D�� D�F� D������������� D$��������������D�� D	��E���� D5���
����D���D�����������D���F����'%#�������������D5%�E�����D��D��������
'��� D$�!��� D ���F����'��� D ��� D 5����� D 	F��'�#D $��'�&�# D F�����#D
399H#DEE�D:J8L:83�

+8- S������5����#TDF��E<GG7�����������G7�����G���������G�E��G7��9:;G�
+M- .*��F��E<GG&&&�&F�����G�����������G�����F����G��:,,G��G����)�F���
+;- W�D4�X�� �(#D>�D$������#D���DD�D	������# DSC���������D$��������'D��D

�����������D	��E������D���D�D*����F%D����TD��D��'����D	�����'����D��D
�DD��&���'�D5�����%<D�F�D;�FD�����������D���F����'%D���D��������
����������D	���������D��K�D399;#D399;#DEE�H,�H;�

+N- A� DA��&�# D$� D	F���%# D2� D>�����# D ��� DC� D*�����# D U���������' D��D
F����F<D�D�%����D���D��������D��D�������D����D���D�)������UD��D	*�DO9M<D
	*�DO9MD�)������D�!�������D��D*����D�������D��D���E����'D�%�����#D
��&D?��(#D�?#D�52<D2	$#D399M#DEE�D,N9;�,N,3�

+H- C�D2�����#DA�D������#DA��������#D���DF�D*7�����F�#DS����'���'D��!���D
������%D����'�����D��EE���D���F����'���D���DE��E��D&��FD���!����TD��D
A������ D�� D������������ D���D��������399N# D6�����D,J# D���!��D;#D
399N#DEE�D:3H�::3�

+,9- ��D������'#D2�D2����&#D��D	F���F��#D	�D*�����'#DA�DB�����#D>�DA���
������#D���D>�D������#DUA������<D��&����D�D���!��DE��������D&�������D
�EE��������D&��FD��������D�������%D���������#UD��D*��D$�!���DO9H<DF���
������'�D�� D�F�D,9�FD&��(�F�E D��D$�!��� D	��E����'D5%�����D���D
2EE���������#D��&D?��(#D�?#D�52<D2	$#D399H#DEE�D,�M�

+,,- 	�D.%���#D���DF�D	������#DSF���������D$�!���D*����FD2EE���������TD��D
,�� D ������������� D	��������� D�� DC��������� D*����F���� D ��� D �F� D3,��D
	�����%#D399N�

+,3- 	�D����#D>�DB��#D4�D���!#D>�DA�D������#D��D5�F�#D.�D>�D>���&���#D���D
D�DF�����(#DUF�CA<D2D��!���DEF���D�EE��������D���D���������'D����D
����D�������D!������UD��D	���������D��D*����D4������D��D	��E����'D
5%�����#D399M#��&D?��(#D�?#D�52<D2	$#D399M#DEE�D,9,:�,9,N�

+,:- 2�D2F�����#D5�D�����F#DA�DA���#D���D$�D��������#DS����'�D��D��!���D
&������� D�EE���������< D �������%��' D�������������� D �������#T D�� D�W	*�D
09N< DF��������'� D�� D �F� D39�F D2����������� D	��������� D�� D	��E���
���*����D�����������# D/��&D?��(# D�?#D�521#DEE�D,MJL,;,# D2	$#D
399N�

+,J- A��(#D2�D��DS	�'������ D�F���E%< D2D:9�%���D������E������TD2�������D
F�%�F���'���DJM#D,HH,#DEE�D:MN�:;8�

+,8- S	��E����� ��D��'������D!�F�����D�F���E%D���D��E�������D���D��)���%TD
�����&D��D���F����'%D2EE������D8,#��������D���������D��D*����FD���D
	�������DC)��������#D,HHH�

+,M- *�����#D��D*�#D�(���#D*�#DD���&�(�#D��DKD�(�#D*�DS5�EE������D������
�������D����'D�D$�!���DFF���D��DA�F�����D$�����������T�2���D$��D
�(�%���DM:#D399H#DEE�,,:�,39�

+,;- �(���#D*�#D��D���DS������E����D��D��DC$2D���������D����D����������D
�%����D����'D�D��!���DEF����TDA������D��DF�%�F��������D�������FD8N#D
3998#DEE�D83�83�

+,N- 5�EF��#D	�D��#D��D���DS2D��!���DEF���DE��'���D��D����(D%���'DE��E��O�D
�)E��������D�� D����# D������D���D��E��'T� D5��DF�%�F����%DCE������#D
�JJ#D399H#DEE�D89,�89;�

+,H- F�(#D6�#D�%(�YZ�(#D��#D5����#D��#D	��7E���#DF�#D��E��#D*�#DD�% ��#DA�DS�� �
������D!����D��'������D!�F�����D�F���E%D���D��!�F���FF���D��E�������T#D
399;#DEE�D,3:�,:,�

+39- ��������D���������D�� D*����FD���D	�������DC)���������DS	��E����� ��D
��'������ D!�F����� D �F���E%D��� D��E������� D��� D��)���%DS������&D��D
���F����'%D2EE������D8,#D399M�

+3,- ����D5�D	�#DD����D5�D��#D���'���DF�#D5����DB�D2#D5F����DB�D2#DF���
���D>�D	�DSD2D��!���DEF���DE��'���D��D����(D%���'DE��E��O�D�)E����
�����D��D����#D������D���D��E��'�D������E����D���D������'D��D�F�D���
!���D�%E�DE��'���T�	�����D���D2���������D*����F#D$�����FD	F������0�D
�������F D ���������# D ��%�� D 	F������O� D *��E����# D 3 D >���F���� D 5��#D
F��(�����#D6�	#D:983#D2��������#D399N�

+33- F��E<GG&&&��,!3�:����G������'�G������,�F���
+3:- $������%D	F�#DB%��DC�DS�F�D������D��DF�����'D'������D���D���D�F���E%D

��D�����D������D&��FD����D��D��������D��E��������T*�����D����F�����DD
$���2E�[D3,/31#D399;#DEE�D;H�NJ�

TAPSIE GIRIDHER GIRIDHER, ANITA WASLIEWSKA, JENNIFER WONG: GLOBAL MOBILE APPLICATIONS FOR MONITORING HEALTH 859





���������	��AB�CDEBF�����	���	���F������������F���	�

�����������B���	��B���B���B��	�����B�����FA��B

��������	��

�����	��� !� 	���������������	�

��B	F�"#$%�CDE�&����

'��B�	�&(���)�B*B�	��

+,#&+-.��/��B�"�

C����0�*�	�1	�E�"2�

�B�	�E�����	��

�����	��� !� 	���������������	�

��B	F�"#$%�CDE�&����

'��B�	�&(���)�B*B�	��+,#&+-.

�������������������������	��	A�A��B��CDE�	��FD��B�����D��DFF����

����BE�� � �D���FD���B	� �	 � ��� �ABE����� �EB���� � �BEE�	��D��B	�

���E�	D��ED�����D���B��C����D��B	����FB��������D���D	A�D���D��

�D���FD���B	�DF��� ������D��� ����B� ��B����� � FD��B�� � ��D� �DFF����

����BE����D���FD���B	�D�B���EB���� ���B	����	F���	�����������

�BE����D����D�����B�����D����D	A��B����������CDE�	�A������EB�

���� � �BEE�	��D��B	 � ���E�	D� � �	A������ � ����� � �D� � ���	 � ����

A����	��FB��������	A�����A����B�E�	��BF��B��D�D��D����D���B��

����	������	FB�ED��B	�D	A��BEE�	��D��B	��	A��������D��D����D��

�	F���	���B	�������B�D��ED�����D�������D������ABE��������B	B�

E��� �����������������D�����FFB����B	������C����	��EB������BE�

E�	��D��B	�ED������D�����	�FB����A�B	�����EB������BEE�	��

�D��B	���������ED���� ��D�������D	�����EB������BEE�	��D��B	�

���E�	D��ED������!	�DAA���B	������D����B	�����BE����D���FD���B	�

D�B���EB������BEE�	��D��B	����E�	D�����������D�����	�AB	��

���D�F������B�D����	��������D��A�F���A����D�����	���E���A��B��������

D	A���D	A�� ���D�� ��� � ��� � ��DA���B	D� �����D�����FFB��� �B	�����

�BE����D���FD���B	�D�B���EB������BEE�	��D��B	����E�	D����BA�

������D������	�FB����A�B	������	F���	����BF��������D	A���D	A��

B	����������D���BF���BA������D�������D	�B	�������D��D��B	�BF�

��� ��	�"�� �"�D���� � D�������� � BF � �D�� ���BA���������FB��� � �����

�����������	��	A�A��B��CDE�	��FD��B����C�����A��B��	�D	�������

�BE�� � �D���FD���B	 �D�B�� ���BA���� � D	A � �C�D	A � ��� � ����BE���

�D���B�������D	������C���	D��FD��B����	���A�	�������������D	A�

��D	A��ED����BF�EB�������B	����B���D������BE���B���	��A�EB�

��������B	����D	����A����B��A�D	A�ED	�FD�����A�

�	ABC�D�E�CF�C�	��� ��C���	 � �CFF�������C� � ��D����A� �

����CF	�������������C����C���	��CFF�������C���	�F����

 "  �!34)56! 4�

43C����FFBB�B���	��B7B��E�	���AB�8����9��������F��&

�B�F����6)�������B���	��AB��B���:;;#��	�������B�����

E��7��B�F���B�F��� ��B�7�FB�� �	��AB��B�� �:;;$"�C7B����	FB�

�AB	� � �AB � ���B���F � �����B � F����	�F����	 � �	������ � A���

���2B���	��	E�BFB�B	�B�����8�A��	���F�	����B	�������"����

�����7B��B���<,,$���AB�	���B���������F���B�������AB����B�&

��F������B�F����	�F����	��B�7�FB������7B��-,�������	��8A�FA�

F��B������	B������B�EA�	B�EB��EB���	��������AB�BF�	���F�

�F��7����������EB��E�E������	����A��A���EE������B���������B�

F����	�F����	 � �B�7�FB� � =�AB ���	����� ��� �  	��������	 ��	��

6����	�F����	� � <,,$>" � #>" � !AB � ��E�� � ��EE�� � �� � �����B�

EA�	B���8A�FA�A�7B��BF��B���	BFB�������	����B�	����B���	��

�AB��B7B��E�B	�����F����	�F����	��B�7�FB��BFA	������A�7B�

�B��/��B������BF��B�����B���E�8B���	��AB�8����?��F����	�&

F����	��	�������8AB�B�F����	�F����	��B�7�FB����B��7������B�

�	��AB������F�	7B	�B	����		B�"��B�7�FB���F��7��B������AB��B&

7B��E�B	� ��� �6)���B@��E�B	� �A�7B ����B� �AB ����B���F�

�����B � F����	�F����	 ����2B� � ��E��������8��	���B7B��E��

/

A�7�	� � � � A��B � �	���B	FB � �	 � �AB � ������ � �	� � ���B���F�

BF�	���B�"�!AB�����A����/��B���������B���E�8B���	��	�����&

���	 � �BFA	����� � A�� � �B����B� � �	 � �	 � �	E�BFB�B	�B� � ���8�A�

8��A�	����A�����E�	�������B��	��AB�EB��/��B����2B��AB��B����	�

�AB�BDE��������	��������	��BFA	������8���A�:,,�������	����&

����"��������	��������	��BFA	�������	�8����BE�B�B	����7B��	&

����������/��B������AB�EB�2�����AB�A/��B�����	����B����A��

����B�	�������B�������	���B�����	����	���	��AB�8����"��B7B�&

�AB�B�����B�B��FA�B��������	��AB�BD����	�������B�F����	�F�&

���	����2B��A�7B��BB	���F��B���	��AB������B�F����	�F����	�

�B�7�FB����2B�����AB���A�	��AB������B�F����	�F����	��B���&

	������2B�"��������B�����7B���AB������B�F����	�F����	����&

2B�������F����	����	�����AB��B�7�FB��	�������8AB�B��B�7�FB��

��B�E��7��B���A����A���	B�8��2��� ������B�F����	�F����	�

�	���AB���	���F���B��	�������8AB�B�����B����	���B���	����

��B �E����FB� ��	� � ��EE��B�" �!A��� � �B�B��FA ��	 � �AB ������B�

F����	�F����	����2B��������B��FF��E�	�B������AB��	�������

�� � �AB ������B � F����	�F����	 � �B���	�� ����2B�" ����B�7B���

�AB�@�������B7�������	������	����B��B���	�����	�B	�B�������B�

�	��	����B��B�7�FB��������B���	B��B���B���AB�@�������B7����&

���	���������B�F����	�F����	��B�7�FB�"� 	��B	B������AB���&

���B�EA�	B��	������������E����F���	&�B���	�������8AB�B��AB�

��	���F���B�?����B�����������B��AB���B�?���B���B�����E��FA��B�

�AB���EE��B��E����F��"�������	B8��BFA	�������B7B��EB�����

�����B�EA�	B���	���F���B���A���F�	����B	����B��F��B��F�	&

���B��"��FF����	�����F�����B���������F���	��������B���	��AB�

����������AB�	����B����E����F�������B��B�������	���F���B����

�	�������������B	�B	F������	�B����	���AB��B7B�����F�����B��

�������F���	�����	���FAB��������������AB�F���B�E�	��	��E���&

�F��" �  	 � �������	� � �B�B��FA ��	 �F�����B� � �������F���	 �������

�����B�F����	�F����	��B���	�����8A�FA�A����BB	���	B������

�B8��FA�������	��AB��B���B����B�����A����BB	������B�����E��FB��

�	�����	��"�!A��������AB���������	����B�B��FA�B��������	�F��&

���B� � �������F���	 � ����� � �����B � F����	�F����	 � �B���	���

E����F���A�7B��BB	���F��B���	��AB��	���B	FB�����E��FB���	��

���	����	��AB�E��FA��B����E����F������AB���A�	��	��AB�B7����&

���	�����AB��	�@�B�@���������������B����B�FA�E����F�"�!A����B&

�B��FA�����B���	B������	���BB���F������A������BF��F�����B�����&

����F���	��	��AB������B�F����	�F����	��B���	������2B�"�C��&

�AB����B���AB��	���B	FB�����BDEBF�����	���B���B�E��FA��B��	��

�F������������F���	����B��E��FA��B��	�F�����B����������8�����B�

�	���BB������A�����F�����BDEBF�B�����B	A�	FB�F�����B�������&

��F���	�������E����F����	����E��7B�F�����B����������������B&

�����F�	��B�����B��B���	��F�����B�&���B	�B�������B�EA�	B��

F�	��B���	���F���B��8��A�E����������7B	�����AB��	�@�B�@����&

�����������B����B�FA�E����F�"

Proceedings of the International Multiconference on
Computer Science and Information Technology pp. 861–866

ISBN 978-83-60810-27-9
ISSN 1896-7094

978-83-60810-27-9/09/$25.00 c© 2010 IEEE 861



  " !�C43C! 6�D���6/(345�)�

�� ������	ABCD�E�FD��E��

=:>�E���������������B����������B�6����	�F����	�!B���	���

�����F��

!AB�E�B7����������B��B7�����B���AB�@������������	����B���&

�B���������A�7�	������	�����B��	����	���B�������	F���	�"���8&

B7B����AB�F�	FBE�����@����������	�8��B�	���B�	�B�E�B�B��8��A�

�AB � ��F��B� �E��FB� ��	 �A�BB��	� � �AB �	BB�� ��� �F�����B��A"�

����������	��FB��A�����	���B����=:;.#��:;..>�F������A���

@�������EB�FB�7B�����F�����B�������B�B���	B������AB�F��&

E�����	 � �B�8BB	 � F�����B��?� BDEBF�����	� � ��� � �AB � �B7B� � ���

@�����������B��B�������	���F���B����	���AB����F�����EB�FBE&

���	 � �� � @������ � ��EE��B� � �� ���	���F���B��" � ��FA � �����B��

���	�����B�A�B�7@���A������B�	�����B7�����B�F�����B���B�&

7�FB�@������" �!AB�:,�F��B����B� ����F��E��B������ �F�B����������

�B�E�	�B��F�E���������F����B�����B������������FFB�����������F��&

��	�F����	� � �	� � F�����B� � �	�B����	��	� � ��B � BDE��	�B��

8��A�	��AB����������F��E��B�������F�B�����������B�F��7����������&

�	FB���	���B�E�	�B"�!AB�@�������B7�������	����F��E��B�����&

�B��������2B������B�F����	�F����	��B���	�������	�����B���AB�

��������B�F��B�=FB��A�����:;..>���	���AB�F���B���������AB���&

������B�F��B�7�����FF����	������AB�	����B����F��E��B������B��&

���"��C3GE5�D����F������BB���	��FF����	FB�8��A��AB�F���B&

������B������B�7�FB�E��7��B�����	���AB���������B����2B�AE����B�

�	������&���2�	�������A��	��A�FF����B�F�����B���BF�������	&

�B	�	FBA���B�7B�����FA�����B�B	��������AB�@�������B7�������	�

���F��E��B������B�����"!A�����A����B�B��FA��B�BF�B��.���������B�

F��B�������<<���������B�F��B������C3GE5�D�F���B�������F�&

��B��8��A��AB��	�@�B���������B����������B�F����	�F����	��B�&

��	�����A����A��	�B�7�B8��8��A�BDEB�����	������B�F����	�&

F����	"

TABLE I. QUALITY ATTRIBUTES OF MOBILE COMMUNICATION TERMINAL 

PRODUCTS

#B��B��D���� �A�EB��	����BB����!B���	����H�)B���	����!B���	���

$��FB�ED	�

�
G�������C�	F���	�����!B���	����H�5E&��&���B�C�	F���	�����!B���	���

#B	��	��	��
6�	7B	�B	FB����6A���F�B�� 	E���H�6�	7B	�B	FB���������������

C�	F���	�����!B���	���

%��D�������

&#��A�������'
D��B����!B���	����H���B�2��8	�C�B@�B	F�����!B���	���

=<>�6�����B���������F���	

6�����B���������F���	�8��EB�FB�7B������B�B	���������	��&

�B������FA�������	��AB���E�B7����������B����	�����A����BB	������

B7�����B���	�����B�B	����		B��"�3B�B��FA�B��������	�F�����B��

�������F���	 �F�	 ��B � ����A��� F��B����BB� � �	�� � �8��EB��EBF&

��7B�"�'��=:;;,>���7��B��F�����B���������F���	��	����B�����	��

�������F���	������	B�������F�	���B��BDEB��B	FB��	���	�B����

�������F���	��	��AB������B�����AB�B7�������	�E��FB��"�4��7B��

=:;.,>��B��	B��F�����B���������F���	�����AB���	F���	����BD&

EBF�����	���B���	��EB�FBE���	��������F�BE�	F�B�������B���	��

�����F�BE�	F��E�������"�IB������2�J�3B�����=:;.+>��B�B��B��

���F�����B���������F���	������E��FA�����F����B�E�	�B�F���B��

���BDEB��B	FB������F���B��8��A��AB�E��FA��B����E����F������

�B�7�FB�"�6A��FA�����	�����E�B	�	��=:;.<>��B��	B��F�����B��

�������F���	������F�	FBE������E��F��F����B�	�	���	���B����B��

�AB�F�	FBE���� � ��E��F����	��� �F�����B���������F���	��� � �AB�

F��E�����	��B�8BB	�BDEBF�B���B���������E��FA��B����B���	��

F�	���E���	 � �	� � E��FB � �	� � F��EB	�����	" �  	 � �������	��

6A��FA�����	�����E�B	�	���B����B���AB�E��F��F�����E��F����	�

���F�����B���������F���	�����AB���������������F���	�������7��&

���� � ��������B� � �� � E����F�� � �� � �B�7�FB�" �  	 � �������	� � �AB��

F����B���A����AB�@����������E����F����	���B�7�FB���	F�B��B��

8AB	� �� � BDFBB�� � �AB ��B��	��� �	BB��� � �	� �BDEBF�����	� ����

F�����B����	��A���F�����B���������F���	��B��B���	��AB�EB�FBE&

���	���	��BDEBF�����	���� �F�����B��" �4	��AB������������FA�

�����B����A����B�B��FA�����	�B	�B������	���BB�F�����B�������&

��F���	������������B�F����	�F����	��B���	���E����F���������

BDEBF�B���������F���	��	��AB������B����B7�������	��B���B�E��&

FA��B��	���F������������F���	�F���	�������E��FA��B�BDEB��&

B	FB�"�!AB�E�B7��������B	���	B��@���������������B����������B�

F����	�F����	��B���	���E����F���8�����B��B����B��������&

*�����F�����A����B�B���	B��F�����B���������F���	����B���	��AB�

�B7B�����F�����B��EB�FBE���	�=���	B�� �:;;,K�FB��A������	��

���	B���:;;$>"�

=+>�6�����B��D������

6�����B����������A����BB	������B��8��A���8��B��F�EB������

	���B������FA�����"�!AB�BD����	�������B���	�F�����B����������

F�	��B�����A���F��B����BB���	����BA�7���������������	�����	��

�	�B����B���EE���FAB��=4A��:;;#>"�!AB��BA�7�������EE���FA�

BD���	B�� �AB�F�	��	������� �F�����B��E��FA��B�A��������	��

�B����8��A�F�����B�����������	�����F�����	�8��A��AB����B����B&

@�B	F�� � �	� � E���������� � �� � E��FA��B � =�B���	�� � :;%;K �3�*��

:;.<>"�!AB���������	����EE���FA��	�B�E�B���F�����B����������

���E��FA�����F������B����	��E�B�B�B	FB���	����7�����B�����&

���B � ��8��� � E����F���� � E����F�� � �� � �B�7�FB� � =��F��� � �	��

6AB��	��� �:;%.K�4A��:;;#K�4��7��B� ���"� �:;;<>" �6����	�	��

�AB�B��8���EE���FAB����AB��	�B����B���EE���FA���B��F�����B��

�BA�7���� � �	� � �������B� � �� � F�	FBE�����BB � F�����B� � ��������

�	�������B�������7������B��B�	������	�B����	��F�����B�����&

������	�7��������	�����������B����=)�F2��	��������:;;->"�6��&

���B����������������B���B����	�E����B������BA�7������	����&

�����B����	���AB���������	���F���B�����	F���B��BF���B	�����	��

�� ����	��� � �B�����	FB � ����	�� � ��EB���� � F��EB����7B � ���B�	�&

��7B����	�B	���	������������	���	���	�B	���	����E��������AB�E�B&

�����=�	�B���	�J������7�	��:;;+K�������	��B� ���"� �:;;+K�

6��	�	�J�!�������:;;<K�������	�����:;;$K�FB��A����B����"��

:;;$>" ����B���	���FA������B�� � �A����AB�����B��	B��F�����B��

������������AB��������%��BA�7������E���B�	���	����B���AB�����

� ��B�	� ��� ��B����B�B	�0 � ��EB������� � �� � �� ������B �EA�	B�

���	� � ����B�� � ��7�����B � �������B� � ��8��� � �����B � EA�	B�

���	����E���B��	����	�������B�EA�	B����B�����	FB�����	�����&

EB���� � F��EB����7B � ���B�	���7B�� � �BF���B	�����	� ��� �E���&

�F����B�	����B����	�B	���	������������	���	���	�B	���	����E���

�����AB�E�B����"�

   " �4� ! GC����D'� �

�� �	�	DA��B���	�BD��B������	�E�

4	��AB���������� �AB��B����������AB�E�B7����������B��� �A���
�AB��� � F��B����BB� � F�����B� � �������F���	 � �	�� � BDEBF�B��
�������F���	��	��AB������B����B7�������	��B���B�E��FA��B��	��
�F���� � �������F���	 � F���	����� � E��FA��B � BDEB��B	FB� � �	��
���������B���AB��B�����	�A�E�8��A�F�����B��������������A�8	��	�
C����B�:"!��B�EA���BB���B�C�EA������	������	������B�"�C���
F��B������B	�����B�6��B�����B������53D�����	�������EB���	2�
����B���������B�	��B��L�C��B����B�����B"

�������F���	�������E����F��������7��B���	���BDEBF�B�������&

��F���	��	��AB�F����B����B7�������	��B���B�E��FA��B��	���F��&

862 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



����������F���	�F���	�������E��FA��B�BDEB��B	FB��='���:;;,>��

�	��F�����B���������F���	�������E����F����B��B���	�F�����B��

BDEBF�����	����	F�B���	��8AB	���FA�BDEBF�����	��BDFBB���AB�

@����������E����F���=6A��FA���J����E�B	�	���:;.<>"� 	�����&

���	� � 4��7B� � =:;.,> � �B��	B� � F�����B� � �������F���	 � �� � �AB�

��	F���	����BDEBF�����	���B���	��EB�FBE���	��������F�BE�	&

F�B�� � ����B���	� � � � ���F�BE�	F� � E�������" ����B� � �	 � ��FA�

�����B���A�E��AB�B��:��	��<�8B�B�B�������AB����������8�0�:"�

!AB��B7B�����BDEBF�B���������F���	��	��AB�F����B����B7�������	�

�B���B��AB�E��FA��B���������B�F����	�F����	��B���	�������

BDEBF�B�����A�7B���E�����7B��	���B	FB��	��AB��B7B������F�����

�������F���	�F���	�������E��FA��B�BDEB��B	FB�"��<"�!AB��B7&

B�����BDEBF�B���������F���	��	��AB�F����B����B7�������	��B���B�

�AB�E��FA��B���������B�F����	�F����	��B���	����8����A�7B���

E�����7B��	���B	FB��	��AB��B7B�����F�����B���������"��FF���&

�	������AB������B����	B����IB������2�J�3B�����=:;.+>��F��&

���B���������F���	�����B��	B�������E��FA�����F����B�E�	�B��B&

����B� � ���� � BDEB��B	FB� � ����F���B� �8��A � �AB � E��FA��B � ���

E����F�������B�7�FB����	����FA��������B����B��B���B�����F��&

���B� � ������� � �	F����	� � E��FA�����F�� � ���B����	� � E�B�B�&

B	FB���	����7�����B��������B���8�����AB�F���B�E�	��	��E���&

�F�� � =��F�����	� �6AB��	��� �:;%.K �4A� �:;;#K �4��7� �B� ���"��

:;;<>"���E��AB����+�8����AB	�B�������AB�����B���	��AB��B&

�����������FA������B�"�+"�!AB��B7B������F������������F���	���&

���	B��������AB�E��FA��B���������B�F����	�F����	��B���&

	�������BDEBF�B�����A�7B���E�����7B��	���B	FB��	��AB��B7B�����

F�����B���������" �4	��AB������ ��� � �AB�+�A�E��AB�B� �����B��

���7B���A����AB����8�����	���BB��AB��B�����	�A�E��B�8BB	�7���&

���B���A����A��AB��C��=����F������C@�����	����B�>�8��A��AB�

��F���E��FB���	���F�������2B��AB��B7B�����BDEBF�B���������F���	�

�	��AB�F����B����B7�������	��B���B�E��FA��B���AB��B7B�����F��&

���B���������F���	������	B�������E��FA��B�BDEB��B	FB����	��

�AB��	�B��B���B���	���B	FB��	��	��F�������B�����	�A�E��B�8BB	�

7��������B7B������F�����B���������"��

�� �D�	��B�FB�	D��A	�B��	��

!AB���	�E�����7B��B��	����	����7������B����B������B����AB�

A�E��AB�B��B�������AB���	��A����AB����������B���	��AB�����B�&

���	�����B�����AB�E�B7����������B�"�!A����B�B��FA��B�BF�B��.�

��������B�F��B������<<���������B�F��B������C3GE5�D�F���B���

����F���B��8��A��AB��	�@�B���������B����������B�F����	�F�&

���	 � �B���	��� � �A����A � �	�B�7�B8� �8��A � BDEB��� � �	 ������B�

F����	�F����	"�!AB�-���F������A�� ����BF���AB��B7B�����F��&

���B���������F���	� �	 � �AB �F����B��� �B7�������	��B���B�E��&

FA��B�F�	��������.���B��0�F��E��B������=<���B��>��EB������	FB�

=<���B��>��F�	7B	�B	FB�=<���B��>���	�������������=<���B��>"� 	�

�������	���AB�-���F������A������BF���AB��B7B�����F�����B�������&

��F���	 � ���B� � E��FA��B � F�	���� � �� � . � ��B��0 � F��E��B������

=<���B��>��EB������	FB�=<���B��>��F�	7B	�B	FB�=<���B��>���	��

����������� =<���B��>� ���2�	�� �AB������ ��� �. ���F���� ��	��:$�

��B��" ������ � �AB � ��F���� � �A�� � ���BF� � F�����B� � ��������8B�B�

�B����B�����%���B��"�CDEBF�B���������F���	��	��AB�F����B����

B7�������	��B���B�E��FA��B���F������������F���	������	B�������

E��FA��B�BDEB��B	FB����	��F�����B����������8B�B��B����B��

����AB�D�2B���%&�F��B�F���B�����8��A��F��B�:��B�	��A����������A�

�	���F��B�#��B�	��AGB�����FAA"

�� �D�DB����	��E��BD��B��D���E�

:�,,,����B��	���B���B�F�	���B�����	��	�������:,?�����

$,?� � �F���� � �AB � 	����	 � �	F����	� � ����� � �	� ��B����&��BB��

F���B��8A���8	������B�F����	�F����	��B���	����8B�B��	�B�&

7�B8B���	�EB���	���	�����E�B��8B�B������	B���	��BD���F�B��

�	�F�	���B�����	�����B	�B�����B���B���	���	���AB��FF�E�	F��

�������	��AB����B���F������B�F����	�F����	��B�7�FB����2B�"�

�����8�����B�������������F�����E��FB����AB�@�B����		���B��B&

��������	���	��	�������8������B���������8�0��C�������AB��B��&

���EA�F��B	���������B�E�	�B	���8����	���BB�����B���	��AB�

F���BF�B�����������A����AB��BE�B�B	����7B	B�������AB�E�E���&

���	�F������B�FABF2B�"��BF�	���F�B���������8���FABF2B��8��A�

�AB�6��	��FA?����EA��7���B�������	��������	����B�����FABF2�

8AB�AB���AB��F�����F�	FBE���B����B��F���B�E�	�������AB���&

����F� �F�	FBE� � �� ��B ��B����B� � �	 � �AB ��B����B�B	� ����B��

=�B����B�B	� �7������B> ��� � �A�� � �B�B��FA� � �	� � �AB	 � �AB � �B&

�B��FA����B��8����	���BB��������	�������-",�����AB�F�7���&

�	FB�����F���B��	��������	����B�����BD���	B��AB��B�B���	�	��

��F������A������BF��F�����B���������"

�� �	�����B�FB��	B��D���E�

=:>�6A���F�B�����F������AB����E�B�)���

=�>�)����������	����(B	�B���	����B

���	���AB�:�,,,��B�E�	�B	���8A���8	������B�F����	�&

F����	��B���	������AB�B�8B�B�-%<��B	�=-%"<M>��	��#<.�8��&

B	�=#<".M>�8A��B��AB�B�8B�B�:##�EB�E�B��	��AB�:,?��=:#"#M>��

+<. � EB�E�B � �	 � �AB � <,?� � =+<".M>� � <;: � EB�E�B � �	 � �AB � +,?��

=<;":M>��:;+�EB�E�B��	��AB�-,?��=:;"+M>��+,�EB�E�B��	��AB�

#,?��=+M>���	��+�EB�E�B��	��AB�$,?��=,"+M>"�

C��"�< 3B�B��FA����B�� C��"�+ 3B�B��FA����B��

TABLE 2

 DISTRIBUTION OF GENDER AND AGE

� ()*� +)*� ,)*� -)*� .)*� /)*�
�B�D��

&�D��B'

 �E����BF�

0�	
%: :#+ :-< ;# ; <

-%<

=-%"<M>

 �E����BF�

1BE�	
.- :%# :-; ;. <: :

#<.

=#<".M>

 �E����BF�

2DE����

&�D��B'

:##

=:#"#M>

+<.

=+<".M>

<;:

=<;":M>

:;+

=:;"+M>

+,

=+M>

+

=,"+M>

:�,,,

=:,,M>

=�>�)����������	����!B���	�����	���F���B��

��������AB��B���	�����	���F���B���A�����B�F���B	�����B���	��

�����B � F����	�F����	 � �B���	��� � �	 � �AB � ���B���F ����2B���

C��"�: 3B�B��FA����B�

JIBUM JUNG, SEUNGPYO HONG: A STUDY ON THE EXPECTATIONS AND ACTUAL SATISFACTION 863



�A��B�8A��B�	��B��������8��A����D���!���������	��/�8B�B����&

�B�B�� � �	� � -#+ � �B�E�	�B	�� � ���	B� � ��� � �� � �8	 � �B���	����

��	���F���B�����F��E�	����=-#"+M>��:%;����F��E�	��D�

=:%";M�>��:,%����F��E�	���!�=:,"%M>��:,;����F��E�	����

=:,";M>� � %% � �� � F��E�	� �/ � =%"%M>� � $# � �� � F��E�	� ���

=$"#M�>���	��:,������AB����	���F���B���=:M>"

TABLE 3

 DISTRIBUTION OF MOBILE PHONE MANUFACTURERS

� 2 3 2� $ � 0 4����� �B�D�

 �E����BF�

2DE�����&5'

-#+

=-#"+>

:%;

=:%";>

:,%

=:,"%>

:,;

=:,";>

%%

=%"%>

$#

=$"#>

:,

=:>

:,,,

=:,,>

$B���D��B	

6D��B
-$".% <,"# :$"+.� $";< -"$$ <"$$ <",, :,,M

=6> � )����������	 � �� � �����B � 6����	�F����	 � �B�7�FB�

���7��B��

!AB������B�F����	�F����	��B�7�FB�E��7��B����	��AB���&

�B���F����2B���	F���B��/�!B�BF����/!C���	��D(�!B�BF����

�	��#,%��B�E�	�B	������	B���������A�7B����B���F�	���F��8��A�

�/�!B�BF���=#,"%M>��+<.�8��A�/!C�=+<".M>���	��:$#�8��A�

D(�!B�BF���=:$"#M>��	�F�	���B�����	�����AB��FF�E�	F��������

���B�FA�E��7��B���	��AB����B���F����2B�"�

TABLE 4 DISTRIBUTION OF MOBILE COMMUNICATION SERVICE PROVIDERS

#D���B�� 2�������BE ��7 38������BE �B�D�

 �E����BF�2DE�����&5' #,%�=#,"%> +<.�=+<".> :$#�=:$"#>
:�,,,�=:,,

>

$B���D��B	�&�D��B' #<M +<M :$M :,,M

=<>��	����������6�B��������

����B�	������B����AB�F�B������������7������B����AB��E���&A����

�B�A�� ��	� � �AB � �	�B�	�� � F�	����B	F� ��	������ � ��B ���B� � ���

F��E��B � �AB � F�B�������� � F�B���F�B	� � �� � �� ��B����B� � ��B��"�

!AB����� �8��B�����B� ��B�A��� �� � �AB � �	�B�	�� �F�	����B	F��

�	��������	��A�������B����F�B����������	�F�	���B�����	�����AB��7&

B���B��B�����	�A�E��B�8BB	���B���8��A�	�B�FA��B����B�B	��

�B7�FB��	�F��B���	���B�������B�����B���B������B����B��AB�

��B	��F���F�	FBE�"� 	�E����F�������	�F��B����B����B�B	��7���&

���B�F�	�����������	���B����� ��B���� �AB��B�A������	�� �AB�

6��	��FA?� � ��EA� � �B��� �8AB�AB� � �AB � F��E�	B	� � ��B�� � ��B�

����B������B����B��AB���B	��F���F�	FBE���B	A�	F�	��F�B�����&

�������BDF����	���AB���B����A���A��EB��F�B���������������AB�

�B����B�B	���B7�FB"� 	��A����B�B��FA�F�B���������8����B��B��

����AB�6��	��FA?����EA����	���AB��B��������B��A�8	��	�!�&

��B�#"

!��DC�#

�63C) � D !'�64CCC 6 C�!�

���B����G������B� ����B����� �B�� 6��	��FA9���EA�

CDEBF�B��

�������F���	�����	��

C7�������	��B���B�

���FA��B

6��E��B����� < "%$%;

�B������	FB < "%-#%

6�	7B	�B	FB < "$.%%

)��������� < "$<%;

�F������������F���	�

���B�����FA��B

6��E��B����� < ".;<.

�B������	FB < "%<<.

6�	7B	�B	FB < "%-#%

)��������� < "$;;+

!AB � ���	����� � ��� � F�B�������� � 7��� � ���	� � � � 	���B� � ���

�FA������������	��B	B���������AB�6��	��FA?����EA��F�B���F�B	��

BDFBB���,"$��	���	B���������AB��B7B�����F�B�����������	������AB�

6��	��FA?����EA��F�B���F�B	������7B��,".���AB��B7B�����F�B��&

�������������������B����	���F�	����A��A"����������AB�6��	��FA?��

��EA��F�B���F�B	��������AB��B����B�B	��7������B����B���	��A���

�B�B��FA�BDFBB��,"$����2�	������7������B��F�B����B"�

=+>�!B���	����E��AB�B�

!AB��B�A�����B�� ����	���BB� �AB��B�����	�A�E��B�8BB	���

	���B�����7������B�����	���AB�F���B�����	������D�����AB�F�&

7����	FB������D��	�����	�AB��F���		B������B�B��B���������AB�

A�����7�����B��	������A���	���AB�F�7����	FB�����F���B����B��

��������B���A����	�B����B��7��������B�A��������AB������7�����B�

�	������"�!A��������AB������E�B��B��B����	��	����������E������B�

����AB�B���B����B��A�	�<��	�BEB	�B	��7������B���	���	���:��B&

EB	�B	��7������B�8AB�B����AB������7�����B��	������������E��E&

B���B�A�������	���BB��AB�F�������B�����	�A�E��B�8BB	�7���&

���B������AB�B���B����B��A�	�<��BEB	�B	��7������B�"�D �3CD�

A����BB	�8��B�����B���E��	����	�8������AB�F�7����	FB��	���&

������������A����B7B�������8��F2���	F����	���AB�F��E�BD�����	�

B	�B��	����������E��FB���	������B�B	��"��!��F��E�B�B	����FA�

���8��F2����AB�B���B�������8�����B������	���BB��AB�����F&

������B@�����	����B���	��A����AB��	�B���FB�8��2��8B����	��AB�

I�	��8��E���������	���AB���������CDFB��8��2�ABB���������B�

B�������B���B7B�"�!AB�F�������B�����	�A�E��B�8BB	�7������B�����

�����	B������AB�F������F�B���F�B	��=B��������	>�����AB�F���B��&

���	�F�B���F�B	�����B�FA�E��A���	���AB��B7B��������	���F�	FB�

	BB�������B�B7�����B�"�������B�	�����B7�������	���AB�I����

�B���������B	���B��8AB�B��AB�A�E��AB�����A����AB�E��A�F�B���&

F�B	�����BB�������AB�B����	��F�������B�����	�A�E�����B��B�"�!A���

������B���	��AB���F���A����AB�B��������	���7��B������AB����	&

�����B������BF��B���AB��������������	"�� ���AB�	���B��������&

E�B��������	���F�	��������B�� �AB������������	�����B����B��	��&

������������AB�B��������	���7��B������AB����	�����B���������7B��

:";$�� �AB�A�E��AB���� �� ��FFBE�B���� �#M�����AB����	���F�	FB�

�B7B���	�����F�	��B�������A����AB�B������F�������B�����	�A�E"� 	�

������A���������E�������AB�F����F��������"�!AB�����F������B@��&

���	����B���	���BB���	��A����AB��������B����AB�A�E��AB�B�����

�A�8	��	�C����B�$"

FIG. 4

 COVARIANCE STRUCTURAL MODEL

3B�B��FA���E��AB��� C������B �"C 6"3 � �FFBE��	FB

�:

CDEBF�B���������F���	�

����	��C7�������	��B���B�

���FA��B�N��F�����

�������F���	����B�����FA��B

,"%+% ,",%, :,"#-# ,",,, �FFBE�B�

�<

CDEBF�B���������F���	�

����	��C7�������	��B���B�

���FA��B�N�6�����B��

D������

,"-:: ,":,, -":<# ,",,, �FFBE�B�

�+
�F������������F���	����B��

���FA��B�N�6�����B��

D������

,";:# ,"::# %";.% ,",,, �FFBE�B�

!AB��B����������AB�F�7����	FB�����F�������	��������B�8BB	�
7������B����B��A�8	��	�!���B�$"�O��FFBE�B������AB�F����F���������
����7B��:";$��	���AB��B7B��������	���F�	FB�=�>�����B��8�,",#��
6"3"�P�C������B�H��"C"������B���������AB�F�7����	FB�����F������
�	�����������A�8	��	�!���B�$���AB�A�E��AB�B��E��E��B���	��A���
�B�B��FA�=�:���<���	���+>�8B�B������FFBE�B�"�

864 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



C������A�E��AB����:�����B���A����AB��B7B�����BDEBF�B�������&

��F���	��	��AB�F����B����B7�������	��B���B��AB�E��FA��B����

�����B�F����	�F����	��B���	�������BDEBF�B�����A�7B���E���&

��7B � �	���B	FB � �	 � �AB � �B7B� � �� � �F���� � �������F���	�����	B��

�����E��FA��B�BDEB��B	FB�"�������B���������AB��	���������AB�

�B7B�����BDEBF�B���������F���	��	��AB�F����B����B7�������	��B&

���B��AB�E��FA��B���������B�F����	�F����	��B���	�������	B��

�������A�7B�,"%+%�����AB�B��������	��	��:,"#-#�����AB�F����F���

������ �8A�FA���B��������� ����A��B�����F���� ��������F���	���&

���	B�������E��FA��B�BDEB��B	FB�"��FF����	�����A�E��AB����:�

���B������B������FFBE��	FB"��BF�	���A�E��AB����<�����B���A���

�AB��B7B�����BDEBF�B���������F���	��	��AB�F����B����B7�������	�

�B���B��AB�E��FA��B���������B�F����	�F����	��B���	�������

BDEBF�B�����A�7B���E�����7B��	���B	FB��	��AB��B7B�����F��&

���B���������"�������B���������AB��	���������AB��B7B�����BDEBF�&

B���������F���	��	��AB�F����B����B7�������	��B���B�E��FA��B�

���	B���������A�7B�,"-::�����AB�B��������	��	��-":<#�����AB�

F����F����������8A�FA���B�������������A��B����F�����B���������" �

�FF����	���� � A�E��AB��� �< � �� � B������B � ��� � �FFBE��	FB" ��+"�

!AB��B7B������F������������F���	������	B��������AB�E��FA��B�

��������B�F����	�F����	��B���	���� �� �BDEBF�B�� ���A�7B���

E�����7B��	���B	FB��	��AB��B7B�����F�����B���������"�������B&

���������AB��	���������AB��B7B������F������������F���	������	B��

�����E��FA��B�BDEB��B	FB�����	B���������A�7B�,";:#�����AB�

B��������	��	��%";.#�����AB�F����F����������8A�FA���B���������

����A��B����F�����B���������"��FF����	�����A�E��AB����+����B�&

�����B������FFBE��	FB

 G" 64�6D5� 4�

!A����B�B��FA�8����	�B	�B�����E�����7B����	���BB���F�����

�A������BF��F�����B���������F���	�������E����F����	��AB���&

���B�F����	�F����	��B���	������2B���������AB��	���B	FB�����

BDEBF�B���������F���	��	���F������������F���	��B���B��	�����B��

E��FA��B��	�F�����B���������"�������B�	������B����B��AB��B&

�����	�A�E��B�8BB	��B���B��7������B��������-",�8�����E�B&

�B	�B������B����AB�����F������B@�����	����B��A�E��AB��BB���	�

�A����B�B��FA"���E��AB�B��:��<���	��+�8B�B������FFBE�B��8A��B�

B�FA�����AB��B����B�B	�7������B���B�F����	���AB��B7B�����BD&

EBF�B���������F���	��B���B��AB�E��FA��B����E����F�����AB��B7B��

����F������������F���	����B���AB�E��FA��B����E����F�����	���AB�

�B7B�����F�����B����������8���������7B��:�8��A���A��A��B7B�����

F�B��������"�!AB��B����������A����B�B��FA�E��	��������	����&

E����	����EBF������E����F���B���	������B����	��F�	����B	��F��&

���B� � �B�7�FB� ���	��B����� �AB �3J)��BE����B	� � �	� � �AB�

���2B��	���BE����B	������������B�F����	�F����	��B���	���

��	���F���B�"�C����������A�E��AB����:��AB��	���B	FB����BDEBF�&

B���������F���	��B���B��AB�E��FA��B���������B�F����	�F����	�

�B���	�����	��F������������F���	����B���AB�E��FA��B����E���&

�F������	B����������B�,"%+%��8A�FA�A����	�BD��B�B���A��A��B7&

B��������	���F�	FB"�!A�����E��B���A�� �8AB	�F�����B���E��	&

	�	��������������B�EA�	B��A�7B���A��A�BDEBF�����	������AB�

�A�EB���B���	��EB������	FB��F�	7B	�B	FB���	���������������F&

������������F���	���������FA�@�������B�B�B	������B���AB�E��&

FA��B����E����F���������	F�B��B�"�!A���������B�EA�	B���	�&

��F���B�� ������E�����AB�� �B������� �	����AB�B�B7����	����F��&

���B���������F���	��������AB��	�@�B�@���������������B�������&

���B�F����	�F����	��B���	��������AB�����B�����E����F���B���	�

�	��E����F���	"� 	��������	���FF����B��	��������	��	��AB���&

��F���������B����������B�EA�	B��������B�E��7��B���	��A����AB�

�B7B�����F�����B���������F���	��������E���E������	�F��B��AB�

�F���� � ��	F���	� ��	� �EB������	FB��� ������B �EA�	B������B��

������A��B�E����F�����7B����B�"��BF�	�����������AB��	���B	FB�

���BDEBF�B���������F���	��B���B��AB�E��FA��B���������B�F��&

��	�F����	��B���	�����	�F�����B������������AB�B��������	����

,"-::��8A�FA�A������������A��A��B7B��������	���F�	FB"����F��&

���B���A�7B���FB����	��B7B�����BDEBF�����	������AB�@����������

E����F��� �A����A��AB�E�B����	����E����F� � �	��������	�E��&

7��B� � �� ������B � EA�	B ���	���F���B��� � �����B��F ��B�A����

������B�B�������AB����� �A�� � �AB� �	��������	��	��AB��	�@�B�

�B����B�����E����F���F�	��B�E��7��B�����F�����B����A����A�

��7B����B�B	��"�����AB������B�F����	�F����	��B���	����BFA&

	������ ��E������B7B��E�� �	B8���������B� � ����� � �� � ��2B � �AB���

������8A��B�F�	7B��B	FB�E����F����A���F����	B��AB�BD����	��

��������B��������EEB��"�I�������B7B��EB����F������������	��AB�

8������	���B��������F���B�F����B����	�����	�8���B�2�	���AB�

���	���� � �B�8BB	 �8��B� � �	� �8��B�B�� � F����	�F����	 � ���

F����	�	� � �AB � A��A�� � B���F�B	� � ���	�������	 � F�E������� � ���

8��B��F����	�F����	��	���AB�������������8��B�B���F����&

	�F����	"����B�7B����AB��B��B�������)����B�7�FB�BDEBF�B�����

�B����AB�B���8AB	�F����	�F����	��	�������F����	����B�F��&

��	B��8���F���B�F������E��7��B�� �	��AB����B���F ����2B���

����� � �	 � �AB �8����� � ���8�	� � ���B	���	 � ���� ���� � ����	� � �AB�

8����" ��FF����	� � �� � ��FA � F�	7B��B	FB � ��B	�� � ��� ������B�

F����	�F����	��B���	�����F�����B����F@���B��	��������	��	�

	B8�E����F���8��A���������B������B�B	��������A��B�����AB�BD&

����	��E����F����A����A���7���B������FA�		B��"�C���AB����B��

�������B��B������A����B�B��FA��F�����B��BDEBF�����	�������AB�

@������ � �� � E����F�� �8A��B � �	��������	 � �� � �����	B� ��B���B�

E��FA��B��A����A�7�������FA�		B���8B�B��	���BB�����A�7B���

���BF� � �	���B	FB � �	 � F�����B� � �������" � !AB�B���B� � �����B�

EA�	B���	���F���B��������B	A�	FB��AB��B7B�����F�����B�����&

����F���	����E��7���	���	��������	��	��AB��	�@�B�@���������&

������B�����E����F����������B��������E��7B��AB��B7B�����F��&

���B���������"�!A�������������AB��	���B	FB�����F������������F&

���	����B���AB�E��FA��B���������B�F����	�F����	��B���	����

!��DC�$�3C�5D!��4C�!�C�64G�3 ��6C��!356!53�D����D'� �

JIBUM JUNG, SEUNGPYO HONG: A STUDY ON THE EXPECTATIONS AND ACTUAL SATISFACTION 865



�	��AB��B7B�����F�����B������������AB�B��������	����	B���������

�B�,";:#��8A�FA�A������������A��A��B7B��������	���F�	FB���	��

�A���AB�E��F�	F���B��A��������B�EA�	B���	���F���B��	BB�����

E�����AB���B��������	����AB�B	A�	FB�B	�����E����F��@��������	�

�A���F�����B���������F���	����B��E��FA��B�������BF����E��E��&

���	�� � �� �F�����B� � ���������	� � �A�� �F�����B� � ������������

��������B� �AB� �	�B	���	� �� ���������	" ��������B��B����� �AB�

E�����7B��	�������������B�EA�	B���	���F���B������������7B����

�B7B��E��	����	���F���B������B�F����	�F����	��B���	����

8��A � B	A�	FB� � �B���	�� � EB������	FB� � F�	7B	�B	FB� � �	��

����������" ������B �EA�	B ���	���F���B�� � A�7B � �BFB	��� � ��&

F��B���	��AB�3J)��	���B���	����������B�F����	�F����	�

�B���	���"���2����8��A��AB���"�:��FF�E�	F�����B��	��AB�����&

������2B���A�7B��BB	���2�	���������B������������	���F���B�

E����F�����	��	���������	����F2����F����AB����	������B��B&

7�FB���	�B���AB��������A!�����������AB�F�����B���	���AB��EB�&

����A"�C7B����	FB��AB��B���:;;+�������	��C�BF���	�F����	B����

�AB����B���F���	���F���B����A���A��B�����B��A�	�:�,,,��B&

���	B��������AB�)B���	���	��B�B	��6B	�B�������B�B	�����	����

����E����E����F����B�������A�	����F�	����B	����B	�������	���B&

7B��E�	�����B���	������""� 	��A����B�B��FA��AB��	�@�B@���������&

������B����������B�EA�	B��8B�B��	���BB���B���B��E��FB���	��

���	������B���B����B����	��B	B����������E����	����F������A���

���BF��F�����B���������F���	"����FB���	�����	������B����B��AB�

������	���B	�������������B���EE��F���B���������������E��FA��B�

F��F�����	FB�" � ��8B7B�� � �AB � �8� � ��F���� � 8B�B � BDF���B��

������A����B�B��FA��	��A�����FA�BD�B�	�����F�����A�����E����&

����������F���B�F�	���F���	��AB��	�����������AB��	�@�B�@�������

��������B�����E����F��" ��B7B��AB�B��� � �	��AB������B��B�B��FA�

�AB�E�B7����������B��	BB������B�F��B�������BBD���	B��8A��B�

�AB�����	FB������FA���F��������F�	���B�B�������������B���	&

�B����	��	���	����7B��B��B�B��FA����B�E��"�4	��AB����������

�AB��B����������A����B�B��FA����8B�������AB������8�	���B�B��FA�

B�������������F�����B���������F���	������������B�F����	�F�&

���	��B���	�����F�����B��BDEBF�����	�������AB�@����������E���&

�F�� � ���� � �B � �B� � 8A��B � �F���� � �������F���	 � �� � �FA�B7B��

�A����A��AB���B����E����F��"���������	���F���B��������E���

F���B����B	���	����������	���F����	������B�������E��7B�F��&

���B�����������	�����	���	��AB�F��EB����7B�E�8B������AB���&

�B���F������B�F����	�F����	��B���	����	��������	��AB�����&

������2B�"�

3CCC3C�6C�

Q:R   !�� �!BFA	����� �����F� �3B�B��FA �!B��� ������B �6����	�F����	�
 	���������	�A�����������F���C�FA���	�A��<,,#��<,,$�

Q<R   !�� � !BFA	����� � ����F� � 3B�B��FA � !B��� �  	��������	 � J�
6����	�F����	 � !BFA	����� � ����F� � 3B�B��FA� � C�	�� � 6�	F�����	�
3BE�����<,,#"�:<�

Q+R   !�� � !BFA	����� � ����F� � 3B�B��FA � !B��� � )��B���F � �����B�
6����	�F����	 � !B���	���� �  	7B��������	 � �	�� � �	� � �	������ � ���
6�	���B��5�B���������<,,#�:<�

Q-R �	�B���	� � C" � �	� � �" � I" � �����7�	� � A!AB � �	�BFB�B	�� � �	��
6�	�B@�B	FB� � �� � 6�����B� � �������F���	 � ��� � C����A� � ���2B��	��
�F�B	FB��:<=<>��:;;+��EE":<#&-+"�

Q#R ���	B����"��AC7������	���B�7�FB�C	F��	�B��0�!AB�C��BF�������A���F���
������	��	�� � �	� � C�E���BB � 3B�E�	�B��A � ����	�� � �� � ���2B��	���
#-=�E�>��:;;,��EE"�$;&.<"�

Q$R ������	���I"���"�/������3"����B��	��	��G"��"�FB��A�����A��)�	���F�
���FB������B� ��� ��B�7�FB�E������������CDEBF�����	� �����BA�7������
 	�B	���	��A�����	���������2B��	��3B�B��FA��+,��CB�"��:;;+��%&<%"�

Q%R 6��	�	� � �" � �" � �	� � �" � �" � !������ � A�B�����	� � �B�7�FB � E������0 � ��
3BBD���	����	��	��CD�B	���	�A�����	���������2B��	������"��:;;<��EE"�
##&$."�

Q.R )�F2� ����	 � �" � �	� �/�	�� � ����"� � A6�����B� � D������ � 0 � !�8��� � �	�
 	�B����B� � 6�	FBE���� � C���B8��2�A � ����	�� � �� � �AB � �F��B�� � ���
���2B��	���F�B	FB��<<=�E��	�>��:;;-��EE"�;;&::+"�

Q;R ��F���� � �" � �	� �3" �I" �6AB��	��"� ����	� �D������0 ��B����B�B	� ��	��
��	��B�B	����B8�'��2�0�I��B���:;%."�

Q:,R �B���	����"��"��A���	��6A��FB� 	B��������4	B���EBF������AB������	����
���	��D�������A���	��B�B	���F�B	FB�<#=���">��:;%;��EE"�$%:&$.<"�

Q::R ������	���� � �"� � A!AB � D�	2 � �B�8BB	 � 6�����B� � �������F���	 � �	��
6�����B��D������0 ��	�C�E��F��� 	7B��������	A��I��2�	��E�EB�0�;%&
,:%�����7��������	B����FA�����:;;$"�

Q:<R 4A� � �" � 6"� � �	 � C�E���F�� � ����� � �� � �AB � 3B�����	�A�E � �B�8BB	�
3B������	� �  ���B � �	� � 6�����B� � D������� � 5	E�����AB� � �A" � )"�
)���B������	��G����	��������BFA	�F� 	������B��	������B�5	�7B�������:;;#"�

Q:+R 4��7B�� � 3" � D"� � A� � 6��	���7B � ���B� � �� � !AB � �	�BFB�B	�� � �	��
6�	�B@�B	FB� � �� � �������F���	 � )BF����	��A � ����	�� � �� � ���2B��	��
3B�B��FA��G��"�:%��:;.,��EE"�-$&-;"�

Q:-R 4��7�� � !B�B	FB ��"� �3�FA��� �D" �4��7B�� � �	� �  �	 �6" ���F�����	� � A��
6�������EAB ����B� � ��� �)B7B��E�	� ��B�7�FB ��������F���	 ������B��B��A�
����	���������2B��	���#$=����>��:;;<��EE"�.+&;#"�

Q:#R ����������	��FB��A�����	���B�����A��6�	FBE��������B������B�7�FB�
E������ � �	� �  �� �  �E��F����	� � ��� � C����B � 3B�B��FA�A � ����	�� � ���
���2B��	���C����:;.#��EE"�-:&#,"�

Q:$R ����������	� �FB��A��� � �	� ��B���� � A�C3GE5�D0 ��������E�B& �B��
�F��B � ��� � �B�����	� � 6�����B� � �B�FBE���	� � �� � �B�7�FB � E�������A�
����	������3B�����	����E��	��:;..��EE"�:<&-,"�

Q:%R 3�*����"��"��G"����	�7���	��	��3"�D����A!AB�C��BF��������	��D��������	 �
6��EB����7B � ���FB � ��������	�� � �����B��B��A � ��	��B�B	� � �F�B	FB��
+$=+>��:;;,��EE"�<$%&+,-"�

Q:.R IB������2�J�3B�����=:;.+>IB������2� �3"��"��	��)"�3B�����AG���B&
�B�FBE�)��E�����0 � �	 � ���B�	���7B � �� � �AB � )��F�	��������	 � ���
CDEBF�����	� �!AB������ �6�	���B� ����������F���	�A � �	 ���7�	FB� � �	�
6�	���B��3B�B��FA��3�FA�����"������B���	�����FB��"�!������ �B��"�
�		��������� 0�����F�����	�����6�	���B��3B�B��FA��:;.+��EE"�<#$&
<$:"�

Q:;R '���'"��A��6�������3B7�B8����6�����B���������F���	A���	�FB��A�����G"�
�"=C�>��3B7�B8�������2B��	��:;.;����B��F�	����2B��	������F�����	��
6A�F����� D"��:;;,"�

Q<,R FB��A�����G"��"��A6�	���B���B�FBE���	��������FB��E��������	��G���B0�
� � �B�	�&C	� � ���B� � �	� � ��	�AB��� � �� � C7�&�B	FB�A � ����	�� � ���
���2B��	���G��"�#<��:;..��EE"<&<<"�

Q<:R FB��A���� �G"��"� �D"�D"��B�����	���"�����������	��A!AB��BA�7����� �
6�	�B@�B	FB������B�7�FB�E�������A�����	���������2B��	���$,=<>��E�"��
:;;$"�

Q<<R I"&/" � 6AB	� � D�	B�� � �B�8��2� � �	� � ����B�� � =���2 � ����B>"
�B���	���6�0�I���8���A��:;;+��EE"�:<+L:+#"

Q<+R �" ������ ��	� 	�����F���	 � �� ����	�� �)B�BF���	 ��	��C��������	"�
�B8�'��20��E��	�B�&GB������:;.#��FA"�-"

Q<-R �"�����A��S�	��EE���FA�������EA�������	B���������=5	E�����AB��8��2�
����B>�T��	E�����AB�"

Q<#R C"��"�����B���S��	��B��	��B��BF�����������=�B�����F�������BU�FFBE�B��
����E����F����	>�T� CCC�!��	�"��	�B		������E����"������B�E�����AB�"

Q<$R �" � I�	�� � SC�	���B	���� � �� � B�����&��EB� � ���B� � ��E����B�� � �������
=�B�����F�� � ����BU�������B� � ��� � E����F����	>�T �  CCC � �" � E��	����
C�BF���	"���������B������E����F����	"

Q<%R 6"��"�/�����	��3�F2�����	���	�3B�B��FA�D��"�������B���64��E��7��B�
F����	�F����	������:;;#"

Q<.R '"�'���B����"�����	�� �/" �42����	��'"�!���8���SC�BF���	��EBF���&
�F�E�������B� ��	����	B��&�E��F�� ��B��� ��	��E�����F���������B� �	�B�&
��FB�=!��	������	�����	��������B>�T� CCC�!��	��"��"����	"�E	"��7��"�<��
���" � :;.%� � EE" � %-,L%-: � Q)��" � ;�A ��		�" �6�	�" ����	B��F� � ��E�	��
:;.<��E"�+,:R"

Q<;R �" � '��	�� � !AB � !BFA�	F�� �I���B�� � ��	����2" � ����� � G���B�� � 6�0�
5	�7B�������F�B	FB��:;.;"

866 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



he extent to which wireless networking has succeeded 
as  a  practicable  approach  to  telecommunication  de-

pends on the class of applications and the underlying tech-
nology. On one end of the "success spectrum" we have cel-
lular telephony with its avalanche of existing and forthcom-
ing  services.  On  the  other  end,  there  are  various  (so  far 
mostly hypothetical)  applications  and  embodiments  of  ad-
hoc networking,  usually connotated with wireless sensing, 
which, despite enormous attention of the academic commu-
nity,  find it  difficult  to materialize in the real  world.  Our 
workshop  will  focus  on  practical  aspects  of  wireless 
telecommunication,  with  stress  on  mobility,  survivability, 
resilience, quality of service, and security. Its leitmotif will 
be an identification of the problems hampering progress in 
the  "practically  challenged"  areas  of  wireless  networking. 
Case studies,  especially  ones  illustrating unorthodox  solu-
tions adopted in the context of specific practical applications 
are particularly encouraged. The non-exclusive list of topics 
includes:  

T

• performance studies and comparisons 
• network protocols 
• cross-layered protocol design 
• design and programming methodologies for net-
work protocols and applications 
• wireless sensor networks 
• virtual execution platforms 
• simulation and modeling methodologies 
• security and reliability in wireless networks 
• traffic patterns, including multimedia traffic 
• multimodal networks 
• satellite networks 
• high-altitude platform networks
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Efficient Coloring of Wireless Ad Hoc Networks

With Diminished Transmitter Power.
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Abstract—In our work we present a new approach to the
problem of channel assignment in Wireless Ad Hoc Network. We
introduce a new algorithm which works in distributed model of
computations on Unit Disc Graphs modeling the Wireless Ad Hoc
Network. The algorithm first modifies the transmitting power
of the devices constituting the network (radii of the vertices of
the Unit Disc Graph) and then it assigns the frequencies in the
network adjusted to our demands. We assume that initially all
the devices have the same transmission range and we are able
to reduce the transmission range of some of them in order to
decrease the number of necessary frequencies. We are able to
diminish the number of communication links without loosing
connectivity of the network, i.e. reduce the number of possible
interference threats without risk of loosing possibility to exchange
information. In addition, the diminution of communication range
reduce the power consumption of the transmitting devices.

Index Terms—Diminished Transmitter Power, Distributed Al-
gorithm, Wireless Ad Hoc Networks, Coloring

I. INTRODUCTION

THE WIRELESS Ad Hoc Network consists of the de-

vices having computational ability placed on the given

area (for example wireless cellphone network formed by the

cellphones). We consider the problem of channel assignment

in the Wireless Ad Hoc Network. In the proper channel as-

signment each vertex transmits information using one channel

and without interference. An interference may occur due to

two possible collisions. The primary one have place when

a vertex simultaneously transmits and receives signals over

the same channel. The secondary one occurs when a vertex

simultaneously receives more than one signals over the same

channel. Thus, to prevent the primary collision, two vertices

may be assigned the same channel if neither of them is within

the transmission range of the other. Similarly, to prevent the

secondary collision, two vertices can be assigned the same

channel if no other vertex is located in the intersection of

their transmission ranges. The crucial problem concerning

Wireless Ad Hoc Networks is finding the appropriate channel

assignment. This problem is equivalent to determining opti-

mal proper coloring of the square of graph representing the

network.

In the standard model of the Ad Hoc Network each device

of the network is placed in some point of the given area and

all the devices have the same transmitting power. Therefore

a widely used model for such a network is the Unit Disc

Graph (UDG) model. The Unit Disc Graph is a graph in

which the set of vertices is a set of vertices on the plane

and two vertices are connected by an edge if and only if

they are at the distance at most one in Euclidian norm. The

optimal coloring (which bound from below minimum number

of channels in channel assignment) of any Unit Disk Graph

uses at least ω(G) colors, where ω(G) is the size of the largest
clique. Moreover the chromatic number of UDG G (χ(G))
is between ω(G) and 3ω(G) (see [1]). Obviously, for dense

graphs, the number ω(G) may be large, thus the number of

channels necessary to ensure appropriate communication is

large as well. The algorithms, working in various models,

finding proper colorings of the Disk Graphs may be found

in [3], [5], [6] and [11].

Surely, the absorbing issue is how to change the character-

istics of the Wireless Ad Hoc Network which is represented

by the graph with a large chromatic number in order to as-

sure good communication using small number of frequencies.

An effective approach to minimize the number of assigned

channels is to diminish power of the transmitters installed in

the devices (make the radius of transmission smaller). This

concept has already appeared to be beneficial in total energy

reducing problem (see [4],[9],[8],[10],[14],[17],[18],[19]) and

interference reduction (see [2],[7],[12]). Diminishing power of

transmitters enables to save energy of the batteries in devices,

since during the transmission the full power of the transmitters

is not used. Moreover such procedure reduce number of

edges in the corresponding Unit Disc Graph and, since the

graph is sparser, decrease the chromatic number. However

diminishing transmission power may have disadvantageous

impact on the connectivity of the network. Due to reduction

of the number of active links the network may be partitioned

(i.e. the corresponding graph would become disconnected)

and some messages may never be delivered. Therefore our

goal is to create an efficient algorithm which diminish powers

of transmitters keeping strong connectivity of the graph and

significantly reducing the chromatic number of the graph. To

the best of our knowledge, in our algorithm the concept of

diminishing transmitting power for solving the problem of

channel assignment is used for the first time. Moreover this

is fast distributed topology control algorithm which combine

ideas of coloring and reducing total energy.

Our work is organized as follows: in Section II we introduce

the model of computation in which the algorithm works.

In Section III we sketch the main results of our work. In
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Section IV we present the main algorithm and show that it

works properly. In the last section we show that the number

of colors used by our algorithm is the best possible.

II. MODEL

The presented algorithm will work in distributed syn-

chronous model of computations on Unit Disc Graphs with

possible reduction of radii length. The Unit Disc Graphs

(UDG) is a wiely used Wireless Ad Hoc Networks. The set

of vertices of UDG is a set of vertices on the plane and any

vertex v is connected by an edge with the vertex w if and

only if the vertex w is contained in the disk of radius 1 with a

center in v. In our model we make also additional assumption

that every vertex can diminish its radius. We introduce a

function f : V (G) → (0, 1] assigning to each vertex its

reduced radius. The value f(v) will be interpreted as the power
of the transmitter v. Given the Unit Disc Graph G and the

function f : V (G) → (0, 1] we define the directed Disc

Graph G 〈f〉 as follows: V (G 〈f〉) = V (G) and in G 〈f〉
there is an edge pointing from v to w if and only if w is

contained in the circle of radius f(v) and a center in v (i.e.

vw ∈ E(G 〈f〉) ⇔ ‖v, w‖ ≤ f(v)). The existence of the edge
vw in G 〈f〉 is interpreted as the fact that vertex v can send

information to w (w is in the communication range of v).
We make also additional assumption that all the devices con-

stituting the network are equipped with the Global Positioning

System (GPS), or know their position on the plane by other

sources. We also assume that the network is synchronized and

in one round a vertex can send, receive messages from its

neighbors and can perform some local computations. Neither

the amount of local computations nor the size of messages

sent is restricted in any way. Concluding, the algorithm will

work in a synchronous, message-passing model of computa-

tions introduced in [13], called LOCAL model, in which we

additionally know the position on the plane of each element

of the network.

III. PREVIOUS WORK AND OUR RESULT

The presented algorithm DIMINISHPOWER works in the

model introduced in Section II and finds a function f and

channel assignment such that the network represented by

G 〈f〉 is connected and in the network the number of necessary

frequencies and energy consumption is significantly dimin-

ished comparing to the network with initial characteristics.

In order to formalize our arguments we give two additional

definitions. We say that the directed graph G 〈f〉 is strongly

connected if for all v, w ∈ V (G 〈f〉) there exists a directed

path form v to w. Strong connectivity of G 〈f〉 will imply the

possible communication between any two devices constituting

the network represented by G 〈f〉. The second definition

concerns the amount of energy consumed by the network.

By total energy cost we will mean the value TE(G 〈f〉) =∑
v∈V (G〈f〉) f(v)

2. The concept of saving energy in wireless

networks was introduced in [15], [20]. Our definition of total

energy cost includes the value f in second power since in the

real two dimensional space the area of transmission is of order

square of the power of the transmitter.

Fig. 1. Division of the plane into 7 classes of hexagons.

The idea of the algorithm DIMINISHPOWER is to divide the

plane into 7 classes of hexagons with diameter 1 as in Figure 1.
To each class we will attribute a different palette of colors.

The subgraph of UDG G induced by the vertices contained in

one hexagon form a clique. We will use that property of the

division and in each hexagon we will run independently the

procedure ONCLIQUE, which will locally color the vertices

of the hexagon with colors from the palette attributed to that

hexagon and assign the value of the function f to each vertex

v from the given hexagon. The function will be such that

the subgraph of G 〈f〉 induced by the vertices from a hexagon

will be strongly connected and the coloring constructed by the

procedure will be proper coloring of that subgraph. Finally

we will join local colorings and obtain the proper colloring

of G 〈f〉.
We will prove that for a given connected Unit Disc Graph

G the algorithm DIMINISHPOWER finds in constant number

of synchronous rounds in LOCAL model (see Theorem 8) a

function f : V (G) → (0, 1] such that:

1) G 〈f〉 is strongly connected (see Theorem 5);

2) G 〈f〉 has proper coloring with O (log (χ(G))) colors

(see Theorem 6);

3) total energy cost of the wireless network represented by

G 〈f〉 is of range

TE(G 〈f〉) = O

(
|MIS(G)| log |V (G)|

|MIS(G)|

)

(see Theorem IV) , where |MIS(G)| is the size of the

maximum independent set in G.

Moreover there exists a channel assignment with the above

properties (see Remark 9). Another important property of

the construction is possibility of defining an effective routing

protocol in G 〈f〉 (see Remark 10).

In comparison M. Fussen, R. Wattenhofer and A. Zollinger

in [7] present the Algorithm NCC which finds strongly

connected Gncc 〈f〉, i.e. the graph which has property 1.

However the maximum degree in Gncc 〈f〉 is O(log(|V (G)|))
(in G 〈f〉 it is O(log(ω(G)))). In their approach they do not

solve problems of coloring, channel assignment and do not

compute total energy. The Algorithm NCC strictly base on one

predefined global sink and its distributed implementation takes

O(diameter(G)) synchronous rounds (our algorithm takes

O(1) time). Also the graph constructed by the Algorithm NCC

do not allow to define fast routing protocol (see Remark 10).
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Moreover vertices in one hop distance in G can be at distance

of O(diameter(G) log(|V (G)|)) hops in Gncc 〈f〉 (in G 〈f〉
they are at most O(log(ω(G))) hops away).

IV. MAIN ALGORITHM

First we present the procedure ONCLIQUE, which will be

implemented independently on each subgraph induced by the

vertices contained in a hexagon. We assume that the input

graph K is a clique, therefore information about all the

vertices may be send to one vertex of the clique and all

the computations may be performed by that vertex. In the

algorithm and later on we will call a pair of vertices vw a

double directed edge if in the directed graph there are edges

pointing from v to w and pointing from w to v.

ONCLIQUE

Input: Unit Disc Graph K which is a clique and palette P (K)
of colors.

Output: Disc Graph K 〈f〉 and its coloring.

(1) Let i := 1, Mi = V (K), f ≡ 1 and K 〈f〉 [Mi] be the

graph induced by the set of vertices Mi.

(2) For all v ∈ Mi set f(v) := minw∈Mi,w 6=v ‖v, w‖.
(3) Color graph K 〈f〉 [Mi] using new 5 colors from palette

P (K).
(4) Let N be a subgraph of K 〈f〉 [Mi] induced by all

double directed edges.

(5) i := i+ 1.
(6) Set Mi to be the set of leaders of the connected

components of N .

(7) If |Mi| ≥ 2 then go to step (2).
(8) If Mi = {v} then f(v) := 1 and color v with a new

color from P (K).
(9) Return K 〈f〉 [V (K)] with coloring.

It should be mentioned that it is possible to implement the

step (3) of the procedure, since the graph K 〈f〉 [Mi] is planar
(see the proof of Lemma 3).

In addition the graph N is always well defined (i.e. has at

least one vertex) and, as a consequence, for all i the set Mi

contains at least one element. It is necessary for correctness

of the algorithm. It is enough to notice that for all Mi such

that |Mi| ≥ 2 and f defined as in (2) the graph K 〈f〉 [Mi]
has at least one double directed edge. From definition of f in

K 〈f〉 [Mi] each vertex has out–degree at least one, therefore

in K 〈f〉 [Mi] there is at least one cycle (the last vertex from

the longest path has an out–neighbour on that path). Moreover,

from definition of f each cycle in K 〈f〉 [Mi] consists of

double directed edge. More precisely if v1, . . . , vt, v1 is a

cycle, then: f(v1) = minw∈Mi,w 6=v1 ‖v1, w‖ = ‖v1, v2‖ ≥
f(v2) = ‖v2, v3‖ ≥ . . . ≥ f(vt) = ‖vt, v1‖ ≥ f(v1) thus all

the inequalities above are equalities and all the edges of the

cycle are double directed.

Lemma 1. Let V (K) = M1 ⊇ M2 ⊇ M3 ⊇ . . . ⊇ Mk

be the sequence of all the subsets of V (K) constructed by

the algorithm ONCLIQUE. Then |Mi| ≥ 2
∣∣M(i+1)

∣∣ , k ≤
log2(|V (K)|) and |Mk| = 1.

Proof: Since N is a subgraph of K 〈f〉 [Mi] induced

by some edges, each connected component of N contains

at least two vertices. Mi+1 contains exactly one vertex from

each component of N . Therefore |Mi| ≥ 2
∣∣M(i+1)

∣∣ for all

1 ≤ i ≤ k. Consequently we have k ≤ log2(|V (K)|).
|Mk| = 1 since for all i the set Mi contains at least one

element.

Lemma 2. The graph K 〈f〉 constructed by the algorithm

ONCLIQUE is strongly connected.

Proof: Let V (K) = M1 ⊇ M2 ⊇ M3 ⊇ . . . ⊇ Mk =
{m} be the sequence of all the subsets of V (K) constructed
by the algorithm ONCLIQUE. Let w = w1 be any vertex

from V (K). We only need to prove that in K 〈f〉 [V (K)] after
the last iteration there is a directed path from w to m. This

combined with the fact that in K 〈f〉 there are directed edges

pointing from m to all other vertices (since f(m) = 1) implies

strong connectivity.

In the first iteration in (2) we set f(v) :=
minw∈K,w 6=v ‖v, w‖ for all v ∈ V (K) = M1. By definition

of f(v) every vertex v in K 〈f〉 [M1] have out-degree at

least 1. Notice that this implies that there exists a directed

path from w = w1 to a vertex w′
1 which is incident to a

double directed edge. We just have to take w′
1 – the last

vertex of the longest directed path with origin in w1 and

notice that w′
1 have to have a neighbour on that path. Thus

w′
1 is contained in directed cycle and, as mentioned before,

cycles in K 〈f〉 [M1] consist of double directed edges or are

a double directed edges. If w2 is the leader of the connected

component of N (defined as in (4) during the first iteration)

containing w′
1, then there exists a directed path from w1 to

w2 ∈ M2.

Using the same reasoning but replacing M1 by Mi (i >
1) and the first iteration by the i-th one, we can prove that

there exists a directed path from wi ∈ Mi to wi+1 ∈ Mi+1

in K 〈f〉 [Mi] defined in the i-th iteration. Since f(v) in the

next iterations may only grow, therefore the above–considered

directed paths from w = w1 to w2, from w2 to w3, . . ., from
wk−1 to wk = m are also directed paths in the final graph

K 〈f〉 [V (K)].

Fig. 2. ‖v, w′‖ < ‖v, v′‖

Lemma 3. The algorithm ONCLIQUE finds a coloring of the

graph K 〈f〉 using at most 5 log2(|V (K)|) colors from the

palette.

Proof: First observe that in the i-th iteration of the

algorithm the graph K 〈f〉 [Mi] is plane. Otherwise there

would exist two directed edges vv′ and ww′ which would
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cross each other. So by definition of f we know that

‖v, v′‖ ≤ ‖v, w‖& ‖v, v′‖ ≤ ‖v, w′‖ and ‖w,w′‖ ≤
‖w, v‖& ‖w,w′‖ ≤ ‖w, v′‖. However if we suppose that

‖v, v′‖ ≤ ‖v, w‖ and ‖w,w′‖ ≤ ‖v, w‖ then w′ would lie

inside the circle with a center in v and the radius of length

‖v, v′‖ (see Figure 2). So ‖v, w′‖ < ‖v, v′‖, a contradiction.

It is possible to color any planar graph using 5 colors in

polynomial time. In each iteration we use at most 5 new colors

and if in iteration we enlarge the value of f(v) then in the same

iteration the color of v is changed and a new color have not

been used in previous iterations. Therefore the output coloring

is a proper coloring ofK 〈f〉. By Lemma 1 we know that there

are at most log2(|V (K)|) iterations, thus the coloring use at

most 5 log2(|V (K)|) colors.
Lemma 4. The graphK 〈f〉 constructed by the algorithm ON-

CLIQUE has total energy cost TE(K 〈f〉) ≤ 16 log2(|V (K)|)
Proof: Let V (K) = M1 ⊇ M2 ⊇ M3 ⊇ . . . ⊇ Mk be the

sequence of the subsets of V (K) constructed by the algorithm

ONCLIQUE. Let 1 ≤ i ≤ k and
{
v1, v2, . . . , v|Mi|

}
= Mi.

During the i-th iteration we set f(v) := minw∈Mi,w 6=v ‖v, w‖
for all v ∈ Mi, therefore f(vt) ≤ ‖vt, vl‖ and f(vl) ≤ ‖vt, vl‖
for all 1 ≤ k 6= l ≤ |Mi|. This implies f(vt)/2 + f(vl)/2 ≤
‖vt, vl‖ for all 1 ≤ k 6= l ≤ |Mi|. So, if we denote

by c(v, r) the disk with the center in v and the radius of

length r, then all the disks c(v1, f(v1)/2), c(v2, f(v2)/2), . . .,
c(v|Mi|, f

(
v|Mi|

)
/2) are pairwise disjoint. Moreover K is a

clique, thus v1 is connected by an edge with all other vertices

of K . Therefore, since K is UDG, all of the vertices from

K are contained in c(v1, 1). This implies that all the disks

c(v1, f(v1)/2), c(v2, f(v2)/2), . . ., c(v|Mi|, f
(
v|Mi|

)
/2) lie

inside c(v1, 2). Therefore

π22 ≥
∑

j=1,2,...|Mi|
π

(
f(vj)

2

)2

.

So TE(Mi) ≤ 16.
We use the same reasoning for all iterations and for all

v ∈ V (K) the value f(v) from the outcome graph is set

in one of those iterations, therefore we have TE(K 〈f〉) ≤∑
j=0,1,...,k TE(Mi) ≤ ∑

j=0,1,...,k 16 = 16 log2(|V (K)|).
By Theorem 1 the number of iterations k ≤ log2(|V (K)|).
Now we are ready to introduce the main algorithm. In the

algorithm, for all i = 1, 2, . . .7, we will define Ci to be the

set of all connected components of the subgraph of the input

UDG G induced by the vertices contained in the haxagons

of the i-th class (see Figure 1). Obviously each of those

connected components is a clique induced by the vertices from

one hexagon of the i-th class.

DIMINISHPOWER

Input: Connected Unit Disc Graph G
Output: Disc Graph G 〈f〉 with proper coloring.

(1) Divide the set of vertices of G into 7 classes as in

Figure 1.

(2) For each K ∈ Ci define palette of colors P (K) as

follows P (K) = {x ∈ N : x = i (mod7)}.

(3) Let C := C1 ∪ C2 ∪ . . . ∪ C7 For each K ∈ C parallel

do:

(a) Run algorithm ONCLIQUE on graph K and color

it using palette P (K).
(b) Define K′ := {K ′ ∈ C : K ′ 6=

K and ∃k∈V (K),k′∈V (K′)kk
′ ∈ E(G)}. Denote

the graphs from K′ by K ′
1,K

′
2, . . . ,K

′
|K′|.

(c) For j = 0, 1, . . . |K′| do:
(c1) Select one vertex wj ∈ V (K) such that

∃w′
j∈V (K′

j)
wjw

′
j ∈ E(G).

(c2) Color wj taking first free color from the palette

P (K)
(c3) Set f(wj) = 1.

The following theorems show that the algorithm has the

properties claimed in Section III.

Theorem 5. Given the connected Unit Disk Graph G as an

input, the algorithm DIMINISHPOWER finds the graph G 〈f〉
which is strongly connected.

Proof: Let K,K ′ ∈ C. By Lemma 2 and the fact that

during the algorithm DIMINISHPOWER in step 3(c) we only

may enlarge the radius of some vertices from V (K) and

V (K ′), thus in the output graph G 〈f〉 the subgraphs induced

on vertices from V (K) and V (K ′) are strongly connected.

Moreover, if inG there were edges between V (K) and V (K ′),
then after step 3(c3) in G 〈f〉 there is at least one edge pointing
from V (K) to V (K ′) and at least one edge pointing from

V (K ′) to V (K). Therefore, if G was connected, then G 〈f〉
is strongly connected.

Theorem 6. Given Unit Disc Graph G algorithm DIMINISH-

POWER finds a proper coloring for graph G 〈f〉 which use

O(log(χ(G))) colors.

Proof: By Lemma 3 we know that in step (a) of the

algorithm DIMINISHPOWER for each K ∈ C we use at most

5 log2(|V (K)|) colors from palette P (K). Moreover |K′| ≤
18 (see Figure 1), therefore for any graph K ∈ C in step 3(c2)

we use at most 18 colors from palette. Since there are 7 types

of palettes and |V (K)| ≤ ω(G) (K is a clique), during the

whole algorithm at most maxK∈C 7 (5 log2(|V (K)|) + 18) =
O (log(ω(G))) colors are used. The result follows from the

fact that ω(G) ≤ χ(G) ≤ 3ω(G) (see [1]).

By Lemma 3 the coloring constructed by the procedure

ONCLIQUE is a proper coloring of the output graph of the

procedure. Moreover in step 3(c), if we change the radius of

the vertex, then we color that vertex with a new color, which

have not been used before in K . Therefore, for any K ∈ C,
the coloring constructed by the algorithm DIMINISHPOWER

is a proper coloring of the subgraph of G 〈f〉 induced by the

vertices from V (K). To conclude that this coloring is also

a proper coloring of G 〈f〉 we only have to notice that in

the communication range of the vertices from K exept other

vertices from K there are only vertices from neighboring

hexagons (see Figure 1). Those vertices are from different type

then K , therefore their colors are from different palettes.
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Theorem 7. Given as an input a connected Unit Disc Graph

G the algorithm DIMINISHPOWER finds graphG 〈f〉 such that
the total energy cost of G 〈f〉 equals

TE(G 〈f〉) = O

(
|MIS(G)| log

( |V (G)|
|MIS(G)|

))
,

where |MIS(G)| is the size of the maximum independent set

in G.

Proof: For each K ∈ C, by Lemma 4 and the fact that

in step 3(c) we enlarge the radius of at most 18 vertices

we have that for the function f constructed by the algorithm

DIMINISHPOWER

TE (G 〈f〉 [V (K)]) ≤ 16(log2(|V (K)|) + 18.

Therefore

TE(G 〈f〉) =
∑

K∈C
[16(log2(|V (K)|) + 18]

= 16 log2

(∏

K∈C
|V (K)|

)
+ 18|C|.

Now notice that |MIS(G)| ≤ |C| ≤ 7|MIS(G)|, since in

each K ∈ C there is at most one vertex from MIS(G) and

we can construct an independent set by choosing one vertex

from each hexagon from one class. Moreover for any positive

numbers ai and a natural number n we have: ((a1+a2+ . . .+
an)/n)

n ≥ a1a2 . . . an, therefore:

TE(G 〈f〉) ≤ 16 log2

( |V (G)|
|C|

)|C|
+ 18|C|

≤ 16 · 7|MIS(G)| log2
( |V (G)|
|MIS(G)|

)
+ 18|C|

Theorem 8. The algorithm DIMINISHPOWER can be imple-

mented in LOCAL model in constant number of synchronous

rounds.

Proof: Since we assume that each vertex knows its posi-

tion on the plane, step (1) (dividing into 7 classes) and step (2)

(defining palettes of colors) of the algorithm DIMINISHPOWER

can be easily implemented in one synchronous round. In addi-

tion each K ∈ C is a clique, thus information about the whole

graph K may be send to a leader of K , which run the algo-

rithm ONCLIQUE. From the properties of the LOCAL model

the leader can execute the algorithm ONCLIQUE in one syn-

chronous round. Therefore ONCLIQUE can be implemented

in four synchronous rounds: first we select a leader, next we

send to him all information about the graph, then the leader

run the algorithm ONCLIQUE and finally the leader send to the

vertices of K the output of the algorithm). Finally |K′| ≤ 18,
therefore the step (c) consists of at most 18 iterations.

As we claimed in Section I channel assignment problem is

equivalent to coloring of the square of the graph. To obtain

a proper channel assignment we will modify two steps in

algorithm DIMINISHPOWER.

• In step (1) of the algorithm DIMINISHPOWER divide the

set of vertices of G into 12 (instead of 7) hexagons (see
Figure 1 in [16]).

• In step (3) of the algorithm ONCLIQUE we color square

of the graph K 〈f〉 [Mi] with 37 colors from palette

P (K) (instead of 5) using greedy algorithm.

Remark 9. The algorithm DIMINISHPOWER with above mod-

ifications constructs in constant number of synchonous rounds

a graph G 〈f〉 with a proper channel assignment. Moreover it

uses O(log(χ(G))) channels and have properties claimed in

Theorems IV and 5.

Proof:

Firstly, in the partition into 12 classes any two vertices in

the different hexagons of the same class are at least two hops

away. So there is no channel collision between channels of

vertices from different hexagons.

Secondly, in the i-th iteration of the algorithm ONCLIQUE

the graph K 〈f〉 [Mi] has maximum degree bounded by 6. It
follows from this observation that the maximal angle between

edges in the graph K 〈f〉 [Mi] is
π
3 . Suppose that there would

be two directed edges wv,w′v ∈ E(K 〈f〉 [Mi]) such that

angle ∠(wvw′) < π
3 and ‖w, v‖ ≥ ‖w′, v‖ then ‖w,w′‖ <

‖w, v‖ and we arrive at the contradiction with a fact that wv ∈
K 〈f〉 [Mi]. Therefore square of the graph K 〈f〉 [Mi] have
degree bounded by 36. Thus using standard greedy algorithm

it is simple to color square ofK 〈f〉 [Mi] graph using 37 colors
in polynomial time.

Concluding in channel assignment constructed by the

modified algorithm DIMINISHPOWER we use at most

12 (37 log2(|ω(G)|) + 18) channels.

Remark 10. If we have a routing protocol in Unit Disc Graph

G then we can easily define the routing protocol in G 〈f〉.
Namely, if the routing protocol use the edge vw then we can

use the directed path from v to w constructed as in the proof of

Theorem 5. More precisely as w′
i we may take the first vertex

from any path with origin in wi, which is incident to a double

directed edge in G 〈f〉 [Mi] defined as in the i-th iteration.

V. LOWER BOUND

The chromatic number (and analogously channel assign-

ment) of the graph constructed by the algorithm DIMINISH-

POWER is best up to a constant factor. Namely there exists a

connected Unit Disc Graph graph G such that for any function

f : V (G) → (0, 1] such that G 〈f〉 is strongly connected

we have χ(G 〈f〉) = Ω (log (χ(G))). Our lower bound on

chromatic number (and also channel assignment) is based on

the idea of Theorem (4.1) [7] where authors shown a lower

bound for maximum interference of Gncc 〈f〉.
The construction of the example will be inspired by the

construction of the Cantor Set. More precisely the set Ai will

be the set of the end points of the segments of the i-th step

of the construction of the Cantor Set. Formally A1 = {0, 1},
A2 =

{
0, 1

3 ,
2
3 , 1
}
, A3 =

{
0, 19 ,

2
9 ,

1
3 ,

2
3 ,

7
9 ,

8
9 , 1
}

etc. as on

Figure 3.
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Let G be Unit Disc Graph with the vertex set Ak . Obviously

G is a clique and have exactly 2k vertices.

Theorem 11. Let G be the Unit Disc Graph with the vertex

set Ak and f : V (G) → (0, 1] be any function. If G 〈f〉 is

strongly connected then χ(G 〈f〉) = Ω (log (χ(G))).

Proof: First define G{x1, x2} to be the set of vertices

of the graph G with x-coordinate between x1 and x2. Since

G 〈f〉 is connected then there exists at least one directed edge

e1 from v1 ∈ G 〈f〉 { 2
3 , 1} to w1 ∈ G 〈f〉 {0, 13}. Without

loosing generality suppose that v1 ∈ G 〈f〉 { 2
3 ,

7
9} have color

1 (see Figure 3). Observe now that since f(v1) ≥ 1
3 then

all other vertices from G 〈f〉 { 2
3 , 1} cannot have color 1.

Analogously there exists at least one directed edge e2 from

v2 ∈ G 〈f〉 { 8
9 , 1} to w2 ∈ G 〈f〉 { 2

3 ,
7
9}. Without loosing

generality suppose that v2 ∈ G 〈f〉 { 26
27 , 1} and have color

2 (see Figure 3). Observe now that since f(v2) ≥ 1
9 then all

others vertices from G 〈f〉 { 8
9 , 1} cannot have color 2. If we

continue the reasoning, then in the k-th step we notice that we

must use at least k colors to color G 〈f〉. Since G is a clique,

χ(G) = V (G) = 2k, so χ(G 〈f〉) ≥ log2(χ(G)).

Fig. 3.

VI. CONCLUSION

In this paper we have studied the problem of channel assign-

ment in Wireless Ad Hoc Network represented by unit disk

graphs. We have diminished the number of communication

links without loosing connectivity of the network. In addition

we have shown, how the diminution of communication range

reduces power consumption of transmitting devices. We also

show that the number of colors used by our algorithm is the

best possible.
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Abstract—This paper studies the minimum latency broadcast
schedule (MLBS) problem in ad hoc networks represented by
unit disk graphs. In our approach we use an algorithm, which
does not need BFS tree. We introduce a construction, which
does not depend on a source, can be found in constant number
of synchronous rounds, uses only short messages and produces
broadcast schedule with latency at most 258 times optimum.
The advantage of our construction over known algorithms is its
ability to adapt fast to the changes in the network, such as adding,
moving or deleting vertices (even during the broadcasting).

We also study the minimum-latency gossiping (all-to-all broad-
cast) problem in unit disk graphs. Our algorithm is the best result
for gossiping in unit disk graph in unbounded-size messages
model.

Since our construction of broadcast scheduling does
not depend on the source, it may be also used to
solve other problems concerning broadcasting in unit disk
graphs, such as single source multiple message broadcasting and
multi channel broadcast scheduling.

I. INTRODUCTION

DUE TO a wide range of applications, such as military

surveillance, emergency disaster relief or environmental

monitoring, solving problems considering the communication

in wireless ad hoc networks (such as sensor networks or

cell phone networks) became an important issue. Generally

the wireless ad hoc network is modeled by an undirected

connected graph G, where the set of vertices V (G) represents
the set of computational units constituting the network (for

example sensors, cellphones) and E(G) contains unordered

pairs of distinct vertices, such that (v, w) ∈ E(G) if and

only if the transmissions of the computational unit represented

by the vertex v can directly reach the computational unit

represented by the vertex w and vice versa (the reachability

of transmissions is assumed to be a symmetric relation). For

simplicity in the following considerations frequently we will

say vertex v instead of the computational unit represented by

the vertex v. Also if (v, w) ∈ E(G) we will say that the

vertices v and w are neighbours in G.

Usually it is assumed that communication in the wireless

ad hoc network is synchronous and consists of a sequence of

communication steps. Moreover in a wireless ad hoc network,

a message transmitted by a vertex is always sent to all of its

neighbours. In each step, a vertex v either transmits or listens.

If v transmits, then the transmitted message reaches each of

its neighbours by the end of the step. However, a vertex w
adjacent to v successfully receives this message if and only if

in this step w is listening and v is the only transmitting vertex

among the neighbours of w. If vertex w is a neigbour of more

than one transmitting vertex, then due to the interference, w
does not receive any message in this step.

The classical problem of the information dissemination

in wireless networks is the broadcasting problem. In the

broadcasting problem the aim is to disseminate a particular

message from a distinguished source vertex to all other vertices

in the network. Due to the interference threat the brute force

algorithm may not be the effective tool to solve this problem.

The classical approach is to construct the broadcast schedule

in order to minimize the adverse influence of interferences.

The broadcast schedule of latency l is the sequence of subsets
(U1, U2 . . . Ul) of V (G) satisfying

(1) U1 = {s};
(2) Ui ⊆

⋃i−1
j=1 Inf(Uj) for each 2 ≤ i ≤ l;

(3) V (G) \ {s} ⊆ ⋃l
j=1 Inf(Uj),

where for any U ⊆ V , Inf(U) is the set of vertices in

V (G) \ U each of which has exactly one neighbour in U .

By the definition we have that, given the broadcast schedule

(U1, U2 . . . Ul), we may disseminate information from s into

the whole network in l synchronous rounds. Namely, in

order to do so, in the i-th round the information should be

transmitted only by vertices from Ui.

In this paper we consider the problem of minimum latency

broadcast schedule (MLBS), i.e., the problem of minimization

of the time needed to complete the task of dissemination of

the information from a single source. Therefore we seek a

fast algorithm which constructs the broadcast schedule with

the minimum latency.

For general graphs the best approximation algorithms

construct the broadcast schedules with latency: O(R∆)
[14], O(R log2(n/R)) [13], O(R logn + log2 n) [4], R +
O(

√
R log2 n) [18], O(R+ log6 n) [15], R+O(log3 n) [17],

R+O(log3 n/ log logn)[6] and O(R + log2 n) [16].

Here by R we mean the radius of the graph (the maximum

distance between the source s and the vertices from V (G))
and n = |V (G)|.
The MLBS problem in unit disk graphs has been considered

in [8], [5],[7],[20] and [11].

In [8] Ga̧sieniec, Kowalski, Lingas and Wahlen show

that R + Ω(log(n − R)) rounds are required to accomplish

broadcasting in UDG. In [5] Dessmark and Pelc presented a
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broadcast schedule of latency at most 2400R. In [7] Gandhi,

Parthasarathy and Mishra claim the NP-hardness of MLBS in

unit disk graphs and construct broadcast schedule of latency

at most 648R. In [20] Scott, Huang, Wan, Jia and Du improve

latency to 51R, 24R, and R+O(
√
R log1.5 R). In [11] Huang,

Wan, Jia, Du and Shang propose three different algorithms

which produce broadcast schedules with latency at most 24R+
23, 16R+15 and R+O(logR). However implementation of

these algorithms in distributed model depend on the source and

is based on BFS algorithm, therefore using these algorithms

Ω(R) rounds to build the broadcast structure are needed. This

is not efficient enough in many applications.

Here we present HEXAGONSBROADCASTING, which is the

first distributed algorithm solving MLBS problem without

using BFS tree. In fact HEXAGONSBROADCASTING needs

only O(1) synchronous rounds to prepare the vertices for

the transmission. Our algorithm has latency 258R. The struc-

ture constructed by HEXAGONSBROADCASTING does not

depend on the source, therefore the additional advantage of

our algorithm is that the source can be easily changed or

even chosen randomly. Previous algorithms do not take into

account possible changes in network during propagation of

information. If a vertex is delete, they fail to deliver a message

to a part of graph, despite the fact that graph might be still

connected. In our algorithm bad impact of the movement,

addition or deletion of the vertex in the network during the

broadcasting may be rapidly diminished (Subsection III-A).

Finally the HEXAGONSBROADCASTING approach can be

applied to solve real problems such as gossiping, multiple

messages and multi channel broadcast schedule.

Our paper is organized as follows. In Section II we present

basic definitions and facts. In Section III we introduce the aux-

iliary algorithms SELECTBROADCASTNODES and BROAD-

CASTSETS and the main algorithm HEXAGONSBROADCAST-

ING. In Section IV we present the algorithm GOSSIPINGIN-

UDG and in Section V other two important generalizations of

MLBS are presented.

II. PRELIMINARIES

The natural theoretical model for wireless ad hoc network

is a unit disk graph (UDG). By definition, the set of vertices

of UDG is a set of points on the plane and two vertices

of UDG, v and w, are connected by an edge if and only

if they are at the distance at most one in Euclidean norm

(‖v, w‖ ≤ 1). UDG vertices represent computational units and

edges represent communication links between them.

Our algorithms will work on unit disk graphs, in distributed,

synchronous, message-passing model of computations. We

assume that local clocks of computational units (vertices of

UDG) can be synchronized i.e., we assume that we perform

computations in rounds (model LOCAL defined in [19]). In

each round a computational unit represented by a vertex of

UDG can send, receive messages from its neighbours, and can

perform some local computations. Moreover we assume that

every computational unit is either equipped with the Global

Positioning System (GPS), or knows own position on the plane

by other sources.

In the algorithm HEXAGONSBROADCASTING we will use

a partition of UDG based on grid tiling of the plane into

hexagons of side equal 1/2 (see Figure 1). Since each vertex

of UDG knows its position on the plane, it also knows the

hexagon of the grid to which it belongs. We define spanning

subgraph G′ of G where V (G′) = V (G) and vw ∈ E(G′)
if and only if v and w lie in the same hexagon. We define

Hex(G) to be the set of all connected components of its

spanning subgraph G′ (notice that each hexagon lies inside

a circle of radius 1
2 so each K ∈ Hex(G) is a clique).

Fig. 1. Division into hexagons and numeration of the 18 neighbouring
hexagons of the hexagon.

Let K ∈ Hex(G) be any clique. Obviously K may have

communication links only with vertices belonging to its 18
neighbouring hexagons (see Figure 1). We denote them by

N1(K), N2(K), . . . , N18(K) as on Figure 1 (the index of the

clique depends on its position in the hexagon grid). Notice

that, for example, N2(N5(K)) = K and N11(N17(K)) = K .

Therefore for any k ∈ {1, . . . , 18} we define a value k̄ to be

the number such that Nk̄(Nk(K)) = K (for example 5̄ = 2,
1̄7 = 11). In addition we set

N(K) =

{K ′ ∈ Hex(G) : K ′ 6= K, ∃v∈K,v′∈K′vv′ ∈ E(G)} .
For comparison, by N(v) we denote the set of neighbours of

the vertex v.

Fig. 2. Concept of f(7) and f(12) functions.

Finally we define two functions f (7) : Hex(G) →
{1, . . . , 7} and f (12) : Hex(G) → {1, . . . , 12} (see Figure

2). Notice that in the labeling with the numbers {1, . . . , 7}
any two vertices from different hexagons with the same label

are at distance greater than 1. Similarly in the labeling with the

numbers {1, . . . , 12} any two vertices from different hexagons

with the same label are at distance geater than 2. This implies

two simple facts.
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Fact 1. Any two vertices from different cliques

K1,K2 ∈ Hex(G) such that f (7)(K1) = f (7)(K2) are not

connected by an edge in G.

Fact 2. Any two vertices from different cliques

K1,K2 ∈ Hex(G) such that f (12)(K1) = f (12)(K2) do not

have a common neighbour in G.

III. MAIN ALGORITHM

The main algorithm selects a small number of vertices,

which we call broadcast vertices. In fact the algorithm assigns

to each vertex two sets Fout(·) and Fin(·) and broadcast

vertices are those for which Fout(·) and Fin(·) are nonempty.

The first function Fout is used whenK ∈ Hex(G) sends infor-
mation to cliques from the neighbouring hexagons. The second

one Fin is used in dissemination of the message inside the

clique. The auxiliary algorithm SELECTBROADCASTNODES

selects broadcast vertices.

SELECTBROADCASTNODES

Input: Unit disk graph G
Output: Functions Fin : V (G) → P({1, . . . , 18}), Fout :
V (G) → P({1, . . . , 12}), where P(A) denotes the set of all

subsets of A.

1) For every v ∈ V (G) set Fin(v) ≡ ∅ and Fout(v) ≡ ∅.
2) For i = 1 to 7 do : For k = 1 to 18 do

For every K ∈ Hex(G) such that f (7)(K) = i and

f (7)(Nk(K)) > f (7)(K) parallel do

a) Let Vk(K) = {v ∈ V (Nk(K)) : N(v) ∩K 6= ∅}
b) If Vk(K) 6= ∅ then

i) Select a vertex vk ∈ Vk(K) and set

Fin(vk) := Fin(vk) ∪ {k̄};
Fout(vk) := Fout(vk) ∪ {f (12)(K)}.

ii) Select a vertex w ∈ N(vk) ∩K and set

Fin(w) := Fin(w) ∪ {k};
Fout(w) := Fout(w) ∪ {f (12)(Nk(K))}.

c) We call vk and w coupled broadcast vertices.

Fig. 3. Vertices from one hexagon with respective sets Fin(·) and Fout(·)
and vertices from neighbouring hexagons coupled with them.

Notice that the algorithm SELECTBROADCASTNODES as-

signs exactly one pair of coupled broadcast vertices connected

by an edge to each pair of the cliques {K,K ′} connected by

at least one edge.

Basing on functions Fin : V (G) → P({1, . . . , 18}),
Fout : V (G) → P({1, . . . , 12}) we construct sets Uout(·, ·)
and Uin(·, ·) containing broadcast vertices, which will be used

to construct the broadcast schedule.

The vertices in Uout(i, k) send information from hexagons

K with f (12) = i to hexagons K ′ with f (12)(K ′) = k and

the vertices Uin(i, 1), . . . , Uin(i, 18) are used in propagating

information inside hexagons K with f (7) = i.

BROADCASTSETS

Input: Unit disk graph G, Functions Fin : V (G) →
P({1, . . . , 18}), Fout : V (G) → P({1, . . . , 12})
Output: Sets Uout(i, k) and Uin(i, k)

1) Let Kv denote clique K ∈ Hex(G) such that v ∈ K .

2) For i = 1 to 12 : For k = 1 to 12 do

Uout(i, k) :={
v ∈ V : k ∈ Fout(v) and f (12)(Kv) = i

}

3) For i = 1 to 7 : For k = 1 to 18 do

Uin(i, k) :={
v ∈ V : k ∈ Fin(v) and f (7)(Kv) = i

}

Note that for all 1 ≤ t ≤ 12 the set Uout(t, t) is empty.

Hence the number of construceted nonempty sets is at most

11×12+7×18 = 258 and in the main algorithm sets Uout(t, t)
may be omitted.

Lemma 1. Let 1 ≤ i ≤ 12, 1 ≤ k ≤ 12 and A ⊆ Uout(i, k).
If B ⊆ V (G) is the set of all vertices coupled with vertices

from A and contained in cliques on which the value of f (12)

equals k, then B ⊆ Inf(A).

Proof: Set 1 ≤ i ≤ 12, 1 ≤ k ≤ 12. Let v1 . . . vt ∈ K be

vertices from Uout(i, k). For each vertex vj the set Fout(vj)
contains k if and only if vj is coupled with at least one vertex

from a neighbouring clique K ′ such that f (12)(K ′) = k.
Denote by W the set of vertices coupled with vertices from

{v1 . . . vt}. Each vertex from W is contained in distinct

clique (since to each pair of cliques at most one coupled

pair of broadcast vertices is attributed). Combining Fact 2

with observation that on those distinct cliques the value of

the function f (12) is k we have that no pair of vertices from

the set W has a common neighbour in G, in particular no

common neigbour in {v1 . . . vt}. Therefore, if v1 . . . vt send

information simultaneously into the network, then the vertices

coupled with them (i.e vertices from W ) receive it without

interference. Now consider the vertices k1, k2 from Uout(i, k)
contained in two cliques K1,K2 (recall that, by the definition

of Uout, f
(12)(K1) = f (12)(K2) = i). By the Fact 2 vertices

k1 and k2 do not have a common neighbour. Concluding,

if vertices from the set Uout(i, k) send information into the

network, then the vertices coupled with them must get it

without interference.

Lemma 2. Let 1 ≤ i ≤ 7, 1 ≤ k ≤ 18. Suppose that vertices

from the set A ⊆ Uin(i, k) send information into the network
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simultaneously. Then for every K ∈ Hex(G) such that K ∩
A 6= ∅ we have that K ⊆ Inf(A).

Proof: Set 1 ≤ i ≤ 7, 1 ≤ k ≤ 18. Note that, for

each broadcast vertex v, the set Fin(v) contains k if and

only if v is coupled with a vertex w from Nk(K). So the

set V (K ∩ Uin(i, k)) has at most one element. Moreover

any two distinct verices v, v′ ∈ Uin(i, k) are contained in

cliques on which the function f (7) has value i. Therefore, from
Fact 1 if any vertices from Uin(i, k) sends simultaneously

information into the network, then the vertices from cliques

in which those vertices are contained, receive information

without interference.

Now we are ready to introduce the main algorithm of propa-

gating the information from the source s ∈ V (G).

HEXAGONSBROADCASTING

Input: Unit disk graph G and a vertex s ∈ V (G)
Output: Dissemiantion of the information from the source

vertex s to V (G).

1) Run SELECTBROADCASTNODES algorithm on a

graph G.

2) Run BROADCASTSETS algorithm on G.

3) Vertex s transmits information to all his neighbours.

4) For t = 1 to R do

a) For i = 1 to 12; For k = 1 to 12; k 6= i do

- vertices from Uout(i, k) which have received

information transmit it in parallel

b) For i = 1 to 7 : For k = 1 to 18 do

- vertices from Uin(i, k) which have received

information transmit it in parallel

Such approach to the problem enables us to construct

a broadcast schedule in constant number of rounds, since

the algorithm SELECTBROADCASTNODES obviously takes

constant number of synchronous rounds and also building sets

Uout and Uin takes constant time.

Theorem 3. Let R be the radius of unit disk graph G. Latency

of the broadcast schedule U1, U2, U3, . . . used by the algorithm
HEXAGONSBROADCASTING is at most 258R+ 1.

Proof: Let U1, U2, U3, . . . be broadcast schedule

used by HEXAGONSBROADCASTING algorithm and

K ∈ Hex(G) be such that s ∈ K . In the first step the

vertex s sends information to all the vertices from K
(i.e. K ⊆ Inf(U1)). Then, by Lemma 1, in the next

11 × 12 = 132 steps broadcast vertices contained in K send

information to all vertices coupled with them in cliques from

N(K). By Lemma 2, in the next 7 × 18 steps broadcast

vertices propagate information inside the cliques from N(K).
Therefore, surely,

⋃258+1
l=1 Inf(Ul) contains all vertices

from K and all vertices from cliques N(K). Therefore all

neighbours of vertex s in G receive information in the first

258 + 1 steps. Now, we may repeat the reasoning replacing

the broadcast vertices from clique K by broadcast vertices

contained in cliques from N(K). Therefore in the next

258 steps all vertices at distance 2 from s will receive the

message (i.e. all vertices at distance two from s are contained

in
⋃2×258+1

l=1 Inf(Ul)). So by the same reasoning we get that

all vertices at distance at most R from s are contained in⋃258R+1
l=1 Inf(Ul).

A. Modification of the network during the

broadcasting

The presented algorithm can be adjusted to construct the

broadcast scheduling in the dynamic network in which ap-

pearance or deletion of vertices is possible. More precisely,

we assume that at any time one of the following events may

happen:

1) A vertex v, such that G∪{v} is connected, can be added.
2) A vertex v ∈ V (G)\{s}, such that G\{v} is connected,

can be deleted.

3) A vertex v ∈ V (G) can change position on the plane

(can be moved), if after this operation G is still con-

nected.

Let s be a source and a be some constant. The following

broadcasting algorithm broadcast information in the dynamic

network.

DYNAMICBROADCASTING

1) Run HEXAGONSBROADCASTING and break step 4 of

HEXAGONSBROADCASTING after a iterations.

2) Go to step 1.

Since procedures SELECTBROADCASTNODES and

BROADCASTSETS takes one round then using those

algorithms it is possible to refresh rapidly the broadcast

structure using the algorithm DYNAMICBROADCASTING.

Therefore the algorithm DYNAMICBROADCASTING is an

efficient tool to propagate information in dynamic network.

If in some round the modifications (add, delete and move

events) stop, then in the next 258R+ (1/a)R+O(a) rounds
all vertices receive information from the source. In reality the

information will reach all the vertices even faster and it is

possible, that the information will reach all vertices even if

the modifications happen all the time.

In all known distributed algorithms (which are based on

BFS tree) building the broadcast structure takes O(R) time.

Thus the analogous modification of those algorithm will not

give comparable results. Namely, even if in some synchronous

round the modifications (add, delete and move events) stop,

then it would take at least O(R2/a+a) time to propagate the

information from the source.

IV. GOSSIPING

In the gossiping problem each vertex in the network is

initially given a message and the objective is to design a

minimum-latency schedule such that each vertex distributes

its message to all other vertices. We assume that during

distribution of the messages interferences may occur.

There are two important models of the problem regarding

whether or not we can combine two or more messages as a

single message: unit-size and unbounded-size models. In unit-

size trivial lower bound for latency is V (G) +D − 1 (D is a
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diameter of the graph G) and in unbounded-size model lower

bound is ∆(G) + D − 1 (∆(G) is a maximum degree of a

graph G).

For general graphs gossiping problem in unbounded-size

model was investigated in: [1], [2], [3], [9], [10]. The known

algorithms construct broadcast schedules which are approxi-

mations of the optimal one with approximation factor larger

than any constant. For unit disk graphs in [7] the authors

present constant approximation for gossiping. Although in the

paper the exact ratio of approximation was not given it may

be estimated to be at least 1944(D+ |V (G)|). The best known
algorithm for unit-size messages gossiping in unit disk graph

is given in [12]. The authors present algorithm for gossiping

with latency 27(|V (G)|+D−1). We should add that all known

algorithms are based on the BFS tree therefore the time to

build gossiping schedule is Ω(D).
We present here the algorithm for gossiping in unit disk

graph in unbounded-size messages model which have latency

7∆ + 258D . The algorithm GOSSIPINGINUDG builds gos-

siping structure in constant time thus it can be adapted to

become insensitive to adding, deleting or moving vertices (see

Subsection III-A).

GOSSIPINGINUDG

1) Set function Fout and Fin using algorithm SELECT-

BROADCASTNODES.

2) For each K ∈ Hex(G) and vertices v1, v2, v3 . . . =
V (K) define c(vi) = 7i + f (7)(K) for all 1 ≤ i ≤
|V (K)|.

3) Let v be a broadcast vertex. Define

c2(v) = max{c(w) : ∃uu ∈ N(v) and w ∈ N(u)}
(maximal value of the function c in 2-neighbourhood of

v).
4) Set all broadcast vertices (vertices which have

Fout 6= ∅ and Fin 6= ∅ ) as inactive.

5) Parallel do:

a) Each inactive vertex v send his initial message in

c(v)-th synchronous round.

b) Every broadcast vertex v′ is activated in

c2(v
′) + 1 synchronous round and then sends all

combined messages in rounds defined by point 4
of HEXAGONSBROADCASTING.

Theorem 4. The algorithm GOSSIPINGINUDG delivers all

messages to all vertices in 7∆+ 258D synchronous rounds.

Proof: Let v ∈ V (K) and v′ ∈ V (K ′) be two distinct

vertices such that c(v) = c(v′). From definition of the function

c we have f (7)(K) = f (7)(K ′) and K 6= K ′. Therefore it

follows from Fact 1 that in Step 5a no vertex from K will re-

ceive the initial message from v′ while all vertices fromK will

receive the initial message from v. In step 5b broadcast vertices
send messages after all vertices from their 2-neighbourhood

(vertices at distance 2) have sent the initial message. Therefore

there is no interference produced by broadcast vertices and the

vertices sending the initial messages.

We use at most 7∆ synchronous rounds to send initial

messages in Step 5a (there are 7 classes of hexagons and

vertices from each hexagon form a clique) The number

of rounds needed to complete 5b equals to the lattency

of the schedule constructed by HEXAGONSBROADCASTING.

Namely after the vertices from 2-neighbourhood have sent

their initial message, all broadcast vertices send information

according to HEXAGONSBROADCASTING. Properties of this

broadcasting follow from Theorem 3. Therefore 5b takes at

most 258D synchronous rounds.

Concluding the algorithm GOSSIPINGINUDG have latency

at most 7∆+ 258D.

V. GENERALIZATIONS OF MLBS

A. Single Source Multiple Messages

Ghandi et al. in [7] introduce the problem of the single

sources multiple messages broadcasting. They assume that the

source may send multiple messages in different intervals of

time and define latency as number of synchronous rounds in

which all messages are received by all vertices. Let M be the

number of the messages to be sent. In [7] latency is at least

194(M − 1) + 7128(R− 2).
We present algorithm which is a modification of the

HEXAGONSBROADCASTING algorithm and construct Single

Source Multiple Messages Broadcasting schedule of latency

518M+258R. We only have to use the following modification

of the points 3 and 4 of the algorithm HEXAGONSBROAD-

CASTING.

3. Repeat M + ⌈R/2⌉ times

(a) If s contains a new message, then send it

(b) Repeat two times

– For i = 1 to 12; For k = 1 to 12; k 6= i do

- vertices from Uout(i, k), which have received in-

formation and have not sent it before, send the

information

– For i = 1 to 7 : For k = 1 to 18 do

- vertices from Uin(i, k), which have received in-

formation and have not sent it before, send the

information

Theorem 5. If in the modified algorithm HEXAGONSBROAD-

CASTING the source sends messages every 259 synchronous

rounds then every vertex in network receive all the messages

in at most 518M + 258R rounds, where M is the number of

messages.

Proof: Divide the broadcast schedule used by

HEXAGONSBROADCASTING (omitting the first round)

into intervals of 258 rounds. Notice that, if the broadcast

vertex receive information in the t-th interval, then in the

t+ 1-th interval the information is sent to all its neighbours.

Therefore this vertex may send a new information in the

t + 2-th interval. The lack of bad impact of the interference

follows from the proof of Theorem 3. Thus the gap of two

intervals plus one round (to give time for s to send the

message) is enough to broadcast several messages.
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B. Multi Channel Broadcast Scheduling

In some applications the vertices can use n different chan-

nels and if two neighbours of the vertex v send information

using different channels then vertex v receives it without in-

terference. This is idea of multi channel broadcast scheduling.

To the best of our knowledge this problem is considered for

the first time.

Notice that in the previous considerations, if for any

pair of indices (i1, k1) 6= (i2, k2), vertices from sets

Uout(i1, k1) and Uout(i2, k2) use different channels, then

they may send information simultaneously in all the above

mentioned algorithms without interference. The same thing

concerns the sets Uin(i1, k1) and Uin(i2, k2) ((i1, k1) 6=
(i2, k2)). Therefore, if we use 132 channels (11 × 12 ≤ 132,
7× 18 ≤ 132) and attribute to each set of type Uout different

channel and the same thing with the sets Uin, then we may

rewrite all the presented algorithms and reduce significantly

the time needed to disseminate information. If we define the

latency in the analogous manner as in the classical definition,

then for example the multi channel broadcast schedule used in

the algorithm HEXAGONSBROADCASTING has latency 2R.

VI. CONCLUSION

In this paper we have studied the MLBS problem in ad hoc

networks which are represented by unit disk graphs. We have

introduced a construction which produces broadcast schedule

with latency at most 258 times optimum. The advantage of

our construction over known algorithms is its ability to adapt

fast to the changes in the network. We have also studied the

minimum-latency gossiping, single source multiple message

broadcasting and multi channel broadcast scheduling problem

in unit disk graphs.
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any real world problems arising in engineering, eco-
nomics, medicine and other domains can be formulat-

ed  as  optimization  tasks.  These  problems  are  frequently 
characterized by non-convex, non-differentiable, discontinu-
ous,  noisy or  dynamic  objective  functions  and  constraints 
which ask for adequate computational methods.

M

The aim of this workshop is to stimulate the communica-
tion between researchers working on different fields of opti-
mization and practitioners  who need  reliable and  efficient 
computational optimization methods.

We invite original contributions related to both theoretical 
and practical aspects of optimization methods.

The list of topics includes, but is not limited to:
• unconstrained and constrained optimization
• combinatorial optimization
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Abstract—Ant Colony Optimization (ACO) is a stochastic
search method that mimics the social behavior of real ants
colonies, which manage to establish the shortest route to feeding
sources and back. Such algorithms have been developed to arrive
at near-optimal solutions to large-scale optimization problems,
for which traditional mathematical techniques may fail. On this
paper semi-random start is applied. A new kind of estimation
of start nodes of the ants is made and several start strategies
are prepared and combined. The idea of semi-random start is
better management of the ants. This new technique is tested
on Multiple Knapsack Problem (MKP). Benchmark comparison
among the strategies is presented in terms of quality of the
results. Based on this comparison analysis, the performance of
the algorithm is discussed. The study presents ideas that should
be beneficial to both practitioners and researchers involved in
solving optimization problems.

I. INTRODUCTION

Many combinatorial optimization problems are fundamen-

tally hard. This is the most typical scenario when it comes

to realistic and relevant problems in industry and science.

Examples of optimization problems are Traveling Salesman

Problem [10], Vehicle Routing [12], Minimum Spanning Tree

[8], Multiple Knapsack Problem [5], etc. They are NP-hard

problems and in order to obtain solution close to the optimality

in reasonable time, metaheuristic methods are used. One of

them is Ant Colony Optimization (ACO) [3].

ACO algorithms have been inspired by the real ants be-

havior. In the nature, ants usually wander randomly, and upon

finding food return to their nest while laying down pheromone

trails. If other ants find such a path, they are likely not to keep

traveling at random, but to instead follow the trail, returning

and reinforcing it if they eventually find food. However, as

time passes, the pheromone starts to evaporate. The more time

it takes for an ant to travel down the path and back again, the

more time the pheromone has to evaporate and the path to

become less prominent. A shorter path, in comparison will be

visited by more ants and thus the pheromone density remains

high for a longer time.

ACO is implemented as a team of intelligent agents which

simulate the ants behavior, walking around the graph repre-

senting the problem to solve using mechanisms of cooperation

and adaptation. ACO algorithm requires to define the following

[1], [4]:

• The problem needs to be represented appropriately, which

would allow the ants to incrementally update the solutions

through the use of a probabilistic transition rules, based

on the amount of pheromone in the trail and other prob-

lem specific knowledge. It is also important to enforce a

strategy to construct only valid solutions corresponding

to the problem definition.

• A problem-dependent heuristic function, that measures

the quality of components that can be added to the current

partial solution.

• A rule set for pheromone updating, which specifies how

to modify the pheromone value.

• A probabilistic transition rule based on the value of the

heuristic function and the pheromone value, that is used

to iteratively construct a solution.

The structure of the ACO algorithm is shown by the pseudo-

code below (Figure 1). The transition probability pi,j , to

choose the node j when the current node is i, is based on

the heuristic information ηi,j and the pheromone trail level

τi,j of the move, where i, j = 1, . . . . , n.

pi,j =
τai,jη

b
i,j∑

k∈allowed τ
a
i,kη

b
i,k

, (1)

The higher the value of the pheromone and the heuristic

information, the more profitable it is to select this move and

resume the search. In the beginning, the initial pheromone

level is set to a small positive constant value τ0; later, the ants
update this value after completing the construction stage. ACO

algorithms adopt different criteria to update the pheromone

level.

The pheromone trail update rule is given by:

τi,j ← ρτi,j +∆τi,j , (2)

where ρ models evaporation in the nature and ∆τi,j is new

added pheromone which is proportional to the quality of the

solution.

Our novelty is to use estimations of start nodes with respect

to the quality of the solution and thus to better manage the

search process. On the basis of the estimations we offer several

start strategies and their combinations. Like a benchmark

problem is used Multiple Knapsack Problem (MKP) because a
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Ant Colony Optimization

Initialize number of ants;

Initialize the ACO parameters;

while not end-condition do

for k=0 to number of ants

ant k choses start node;

while solution is not constructed do

ant k selects higher probability node;

end while

end for

Update-pheromone-trails;

end while

Fig. 1. Pseudocode for ACO

lot of real world problems can be represented by it and MKP

arises like a subproblem in many optimization problems.

The rest of the paper is organized as follows: in section 2

several start strategies are proposed. In section 3 the MKP is

introduced. In section 4 the strategies are applied on MKP and

the achieved results are compared and strategies are classified.

At the end some conclusions and directions for future work

are done.

II. START STRATEGIES

The known ACO algorithms create a solution starting from

random node. But for some problems, especially subset prob-

lems, it is important from which node the search process starts.

For example if an ant starts from node which does not belong

to the optimal solution, probability to construct it is zero.

Therefore we offer several start strategies.

Let the graph of the problem hasm nodes. We divide the set

of nodes on N subsets. There are different ways for dividing.

Normally, the nodes of the graph are randomly enumerated.

An example for creating of the nodes subsets, without loss

of generality, is: the node number one is in the first subset,

the node number two is in the second subset, etc. the node

number N is in the N − th subset, the node number N + 1
is in the first subset, etc. Thus the number of the nodes in the

subsets are almost equal. We introduce estimations Dj(i) and
Ej(i) of the node subsets, where i ≥ 2 is the number of the

current iteration. Dj(i) shows how good is the jth subset and

Ej(i) shows how bad is the jth subset. Dj(i) and Ej(i) are

weight coefficients of j− th node subset (1 ≤ j ≤ N), which
we calculate by the following formulas:

Dj(i) = φ.Dj(i− 1) + (1 − φ).Fj(i), (3)

Ej(i) = φ.Ej(i − 1) + (1− φ).Gj(i), (4)

where i ≥ 1 is the current process iteration and for each j (1 ≤
j ≤ N):

Fj(i) =

{
fj,A
nj

if nj 6= 0

Fj(i− 1) otherwise
, (5)

Gj(i) =

{ gj,B
nj

if nj 6= 0

Gj(i − 1) otherwise
, (6)

fj,A is the number of the solutions among the best A%, gj,B
is the number of the solutions among the worst B%, where

A+ B ≤ 100, i ≥ 2 and

N∑

j=1

nj = n, (7)

where nj (1 ≤ j ≤ N) is the number of solutions obtained

by ants starting from nodes subset j, n is the number of

ants. Initial values of the weight coefficients are: Dj(1) = 1
and Ej(1) = 0. The parameter φ, 0 ≤ φ ≤ 1, shows the

weight of the information from the previous iterations and

from the last iteration. When φ = 0 only the information

from the last iteration is taken in to account. If φ = 0.5 the

influence of the previous iterations versus the last is equal.

When φ = 1 only the information from the previous iterations

is taken in to account. When φ = 0.25 the weight of the

information from the previous iterations is three times less than

this one of the last iteration. When φ = 0.75 the weight of the

previous iterations is three times higher than this one of the

last iteration. The balance between the weights of the previous

iterations and the last is important. At the beginning when the

current best solution is far from the optimal one, some of the

node subsets can be estimated as good. Therefore, if the value

of the parameter φ is too high the estimation can be distorted.

If the weight of the last iteration is too high then information

for good and bad solutions from previous iterations is ignored,

which can distort estimation too.

We try to use the experience of the ants from previous

iteration to choose the better starting node. Other authors

use this experience only by the pheromone, when the ants

construct the solutions [4]. Let us fix threshold E for Ej(i)
and D for Dj(i), than we construct several strategies to

choose start node for every ant, the threshold E increases

every iteration with 1/i where i is the number of the current

iteration:

1 If Ej(i)/Dj(i) > E then the subset j is forbidden

for current iteration and we choose the starting node

randomly from {j |j is not forbidden};
2 If Ej(i)/Dj(i) > E then the subset j is forbidden

for current simulation and we choose the starting node

randomly from {j |j is not forbidden};
3 If Ej(i)/Dj(i) > E then the subset j is forbidden for

K1 consecutive iterations and we choose the starting node

randomly from {j |j is not forbidden};
4 Let r1 ∈ [0.5, 1) is a random number. Let r2 ∈ [0, 1] is

a random number. If r2 > r1 we randomly choose node

from subset {j |Dj(i) > D}, otherwise we randomly

chose a node from the not forbidden subsets, r1 is chosen

and fixed at the beginning.

5 Let r1 ∈ [0.5, 1) is a random number. Let r2 ∈ [0, 1] is
a random number. If r2 > r1 we randomly choose node

888 PROCEEDINGS OF THE IMCSIT. VOLUME 5, 2010



from subset {j |Dj(i) > D}, otherwise we randomly

chose a node from the not forbidden subsets, r1 is chosen

at the beginning and increase with r3 every iteration.

Where 0 ≤ K1 ≤”number of iterations” is a parameter. If

K1 = 0, than strategy 3 is equal to the random choose of the

start node. If K1 = 1, than strategy 3 is equal to the strategy

1. If K1 =”maximal number of iterations”, than strategy 3 is

equal to the strategy 2.

We can use more than one strategy for choosing

the start node, but there are strategies which can not

be combined. We distribute the strategies into two sets:

St1 = {strategy1, strategy2, strategy3} and St2 =
{strategy5, strategy6}. The strategies from same set can

not be used at once. Thus we can use strategy from one

set or combine it with strategies from the other set. Exem-

plary combinations are (strategy1), (strategy2; strategy5),
(strategy3; strategy6). When we combine strategies from

St1 and St2, first we apply the strategy from St1 and accord-

ing it some of the regions (node subsets) become forbidden,

and after that we choose the starting node from not forbidden

subsets according the strategy from St2

III. MULTIPLE KNAPSACK PROBLEM

We test the ideas for controlled start on MKP. MKP is a real

world problem and is a representative of the class of subset

problems. The MKP has numerous applications in theory as

well as in practice. It also arises as a subproblem in several

algorithms for more complex problems and these algorithms

will benefit from any improvement in the field of MKP. The

following major applications can be mentioned: problems in

cargo loading, cutting stock, bin-packing, budget control and

financial management. Sinha and Zoltner [9] proposed to use

the MKP in fault tolerance problem and in [2] is designed

a public cryptography scheme whose security realize on the

difficulty of solving the MKP. Martello and Toth [7] mention

that two-processor scheduling problems may be solved as a

MKP. Other applications are industrial management, naval,

aerospace, computational complexity theory.

The MKP can be thought as a resource allocation problem,

where there are m resources (the knapsacks) and n objects

and every object j has a profit pj . Each resource has its own

budget cj (knapsack capacity) and consumption rij of resource
i by object j. The aim is maximizing the sum of the profits,

while working with a limited budget.

The MKP can be formulated as follows:

max
∑n

j=1 pjxj

subject to
∑n

j=1 rijxj ≤ ci i = 1, . . . ,m

xj ∈ {0, 1} j = 1, . . . , n

(8)

xj is 1 if the object j is chosen and 0 otherwise.

There are m constraints in this problem, so MKP is also

called m-dimensional knapsack problem. Let I = {1, . . . ,m}
and J = {1, . . . , n}, with ci ≥ 0 for all i ∈ I . A well-stated

MKP assumes that pj > 0 and rij ≤ ci ≤
∑n

j=1 rij for all

i ∈ I and j ∈ J . Note that the [rij ]m×n matrix and [ci]m
vector are both non-negative.

In the MKP one is not interested in solutions giving a

particular order. Therefore a partial solution is represented by

S = {i1, i2, . . . , ij} and the most recent elements incorporated

to S, ij need not be involved in the process for selecting the

next element. Moreover, solutions for ordering problems have

a fixed length as one search for a permutation of a known

number of elements. Solutions for MKP, however, do not have

a fixed length. The graph of the problem is defined as follows:

the nodes correspond to the items, the arcs fully connect nodes.

Fully connected graph means that after the object i one can

chooses the object j for every i and j if there are enough

resources and object j is not chosen yet.

IV. COMPUTATIONAL RESULTS

The computational experience of the ACO algorithm

is shown using 10 MKP instances from “OR-Library”

available within WWW access at http://people.

brunel.ac.uk/mastjjb/jeb/orlib/, with 100 objects and

10 constraints. To provide a fair comparison for the above

implemented ACO algorithm, a predefined number of

iterations, k = 100, is fixed for all the runs. Thus we can

observe which strategy reaches good solutions faster. If the

value of k (number of iterations) is too high, the achieved

results will be very close to the optimal solution and will be

difficult to appreciate different strategies. We apply strategies

on MMAS [11], because it is one of the best ACO approach.

The developed technique has been coded in C++ language

and implemented on a Pentium 4 (2.8 Ghz). The parameters

are fixed as follows: ρ = 0.5, a = 1, b = 1, number of used

ants is 20, A = 30, B = 30, D = 1.5, E = 0.5, K1 = 5,
r3 = 0.01. The values of ACO parameters (ρ, a, b) are from

[6] and experimentally is found that they are best for MKP.

The tests are run with 1, 2, 4, 5 and 10 nodes within the

nodes subsets and values for φ are 0, 0.25, 0.5 and 0.75.

For every experiment, the results are obtained by performing

30 independent runs, then averaging the fitness values. The

computational time which takes start strategies is negligible

with respect to the computational time which takes solution

construction.

Tests with all possible combinations of strategies and with

random start (12 combinations at all), four value for φ and five

kind of node subsets are run and every test 30 times. Thus the

all runs are 72 000. One can observe that sometimes all nodes

subsets become forbidden and the algorithm stops before

performing all iterations (strategies 1, 2, 3 and combinations

with them). So if all nodes subsets become forbidden the

algorithm performs several iterations without any strategy with

random start till some of the subsets become not forbidden.

Then the algorithm continue to apply the chosen strategy.

The problem which arises is how to compare the achieved

solutions by different strategies and different node-devisions.

Therefore the difference (interval) d between the worst and

best average result for every problem is divided to 10. If the
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TABLE I
ESTIMATON OF STRATEGIES AND NODES DEVISIONS FOR φ = 0

number nodes 10 5 4 2 1

random 32 32 32 32 32

strat. 1 84 84 87 83 83

strat. 2 33 31 36 53 74

strat. 3 79 86 86 88 86

strat. 4 86 86 86 86 86

strat. 5 86 86 86 86 86

strat. 1-4 83 89 84 81 89

strat. 1-5 83 89 84 81 89

strat. 2-4 33 36 35 53 82

strat. 2-5 33 36 35 63 82

strat. 3-4 69 89 88 87 90

strat. 3-5 69 89 88 87 90

average result for some strategy, node devision and φ is in

the first interval with borders the worst average result and

worst average plus d/10 it is appreciated with 1. If it is in

the second interval with borders the worst average plus d/10
and worst average plus 2d/10 it is appreciated with 2 and so

on. If it is in the 10th interval with borders the best average

minus d/10 and the best average result, it is appreciated with

10. Thus for a test problem the achieved results for every

strategy, every nodes devision and every φ is appreciated from

1 to 10. After that is summed the rate of all test problems for

every strategy, every nodes devision and φ. So the rate of

the strategies/node-devision/φ becomes between 10 and 100,

because the benchmark problems are 10. It is mode of result

classification.

On Table I is shown the rate of the strategies/node-devision

when parameter φ = 0, which means that only the achieved re-

sults from the last iteration are taken in to account in the node-

subsets estimation, in bold is the best rate. We observe that the

rate of the ACO algorithm with start strategies outperforms the

traditional ACO with completely random start. Comparing the

strategies, the worst rate has strategy 3 and their combinations

with strategies 4 and 5. In strategy 3 the nodes-subsets with

high value of estimation Ej(i) become forbidden for current

simulation. So if at the beginning iterations of the algorithm

from some node-subset start only bad solutions it will be

forbidden, but it is possible from this node subset to start good

solutions too. The best rate have the combinations of strategies

1 and 3 with strategies 4 and 5. It means that it is better the

node subsets which are appreciated like bad to be forbidden

for a fixed number of iterations and it is better to forbid some

node-subsets and to stimulate ants to start from other which

looks to be good, than to apply only one strategy (forbidden

or stimulated). The worst rate with respect of node devision

is when there are 10 nodes in the node-subsets. When there

TABLE II
ESTIMATON OF STRATEGIES AND NODES DEVISIONS FOR φ = 0.25

number nodes 10 5 4 2 1

random 32 32 32 32 32

strat. 1 83 88 86 90 90

strat. 2 32 31 36 61 81

strat. 3 62 86 84 84 96

strat. 4 86 86 86 86 86

strat. 5 86 86 86 86 86

strat. 1-4 84 91 87 92 96

strat. 1-5 84 91 87 92 96

strat. 2-4 34 33 35 59 85

strat. 2-5 34 33 35 59 85

strat. 3-4 69 83 86 84 97

strat. 3-5 69 83 86 84 97

TABLE III
ESTIMATION OF STRATEGIES AND NODES DEVISIONS FOR φ = 0.5

number nodes 10 5 4 2 1

random 32 32 32 32 32

strat. 1 78 86 88 92 96

strat. 2 34 35 38 51 78

strat. 3 61 86 88 94 97

strat. 4 86 86 86 86 86

strat. 5 86 86 86 86 86

strat. 1-4 79 90 87 94 97

strat. 1-5 79 90 87 94 97

strat. 2-4 35 40 44 56 83

strat. 2-5 35 40 44 56 83

strat. 3-4 68 92 88 92 96

strat. 3-5 68 92 88 92 96

are to many nodes in the node subset then it is possible from

this subset to start good and bad solutions and it is difficult to

appreciate it. The best rate with respect to the node devision

is when in the node subsets is only one node.

On Tables II, III and IV are shown the rate of the

strategies/node-devision when parameter φ = 0.25, 0.5 and

0.75. We can make similar to the φ = 0 conclusions. For all

values of the parameter φ the best rate according node devision

is when there is only one node in node-subsets. So we put in

Table V the rate of the start strategies when the node subsets

consist one node, with bold is the best rate.

On Table V we observe that the worst rate according value

of the parameter φ is when we take in to account only the

achieved solutions from the last iteration (φ = 0). The rate
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TABLE IV
ESTIMATION OF STRATEGIES AND NODES DEVISIONS FOR φ = 0.75

number nodes 10 5 4 2 1

random 32 32 32 32 32

strat. 1 71 81 85 89 92

strat. 2 35 55 52 60 87

strat. 3 56 76 88 95 95

strat. 4 86 86 86 86 86

strat. 5 86 86 86 86 86

strat. 1-4 67 83 89 94 95

strat. 1-5 67 83 89 94 95

strat. 2-4 39 47 48 58 85

strat. 2-5 39 47 48 58 85

strat. 3-4 56 81 87 94 97

strat. 3-5 56 81 87 94 97

TABLE V
ESTIMATION OF STRATEGIES AND PARAMETER φ

φ 0 0.25 0.5 0.75

random 32 32 32 32

strat. 1 83 93 96 92

strat. 2 74 81 78 87

strat. 3 86 96 97 95

strat. 4 86 86 86 86

strat. 5 86 86 86 86

strat. 1-4 89 96 97 95

strat. 1-5 89 96 97 95

strat. 2-4 82 85 83 85

strat. 2-5 82 85 83 85

strat. 3-4 90 97 96 97

strat. 3-5 90 97 96 97

of strategies when φ = 0.5 is slightly better than rate when

φ = 0.25 and φ = 0.75. So we can conclude that the balance

between information from previous iterations and from last

iteration is very important. According to the strategies, the

worst rate is when is applied traditional ACO with random

start and with strategy 2 when the subsets stay forbidden for

current simulation. The best rate are combinations of strategy

3 with strategies 4 and 5. So for better performance of the

ACO algorithm is advisable to forbid bad regions for several

iterations and to stimulate ants to start construction of the

solutions from good regions.

V. CONCLUSION

In this paper we address the modeling of the process of ant

colony optimization method by using estimations, combining

five start strategies. So, the start node of each ant depends of

the goodness of the respective region. We focus on parameter

settings which manage the starting procedure. We investigate

on influence of the parameter φ to algorithm performance. The

best solutions are achieved when ”bad” regions are forbidden

for several iterations and the probability the ants to start

from ”good” regions is higher. In future we will apply our

modification of ACO algorithm on various classes of problems.

We will investigate the influence of the estimations and start

strategies on the achieved results.
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Abstract—We study a probabilistic optimization model for MIN

SPANNING TREE, where any vertex vi of the input-graph G(V,E)
has some presence probability pi in the final instance G′ ⊂ G
that will effectively be optimized. Supposing that when this “real”
instance G′ becomes known, a decision maker might have no time
to perform computation from scratch, we assume that a spanning
tree T , called anticipatory or a priori spanning tree, has already
been computed in G and, also, that a decision maker can run
a quick algorithm, called modification strategy, that modifies the
anticipatory tree T in order to fit G′. The goal is to compute an
anticipatory spanning tree of G such that, its modification for any
G′ ⊆ G is optimal for G′. This is what we call PROBABILISTIC

MIN SPANNING TREE problem. In this paper we study complexity
and approximation of PROBABILISTIC MIN SPANNING TREE in
complete graphs as well as of two natural subproblems of it,
namely, the PROBABILISTIC METRIC MIN SPANNING TREE and
the PROBABILISTIC MIN SPANNING TREE 1,2 that deal with
metric complete graphs and complete graphs with edge-weights
either 1, or 2, respectively.

I. INTRODUCTION

The basic problematic of probabilistic combinatorial op-

timization (in graphs) is the following. We are given a

graph G(V,E) on which we have to solve some optimization

problem Π. But, for some reasons depending on the reality

modeled by G, Π is only going to be solved for some

subgraph G′ of G (determined by the vertices that will finally

be present) rather than for the whole of G. The measure of

how likely it is that a vertex vi ∈ V will belong to G′ (i.e.,
will be present for the final optimization) is expressed by a

probability pi associated with vi. How we can proceed in order

to solve Π under this kind of uncertainty?

A first very natural idea that comes to mind is that one

waits until G′ is specified (i.e., it is present and ready for

optimization) and, at this time, one solves Π in G′. This is

what is called reoptimization.

But what if there remains very little time for such a

computation? In this case, another way to proceed is the

following. One solves Π in the whole of G in order to get a

feasible solution (denoted by S), called a priori or anticipatory
solution, which will serve her/him as a kind of benchmark for

the solution on the effectively present subgraph G′. One has

also to be provided with an algorithm that modifies S in order

to fit G′. This algorithm is called modification strategy (let

us denote it by M). The objective now becomes to compute

an anticipatory solution that, when modified by M, remains

“good” for any subgraph of G (if this subgraph is the one

where Π will be finally solved).

This amounts to computing a solution that optimizes a kind

of expectation of the value of the modification of S over all the

possible subgraphs of G, i.e., the sum of the products of the

probability that G′ is the finally present graph multiplied by

the value of the modification of S in order to fit G′ over any
subgraph G′ of G. This expectation, depending on both the in-

stance of the deterministic problem Π, the vertex-probabilities,
and the modification strategy adopted, will be called the

functional. Obviously, the presence-probability of G′ is the

probability that all of its vertices are present and the other

vertices outside G′ are absent.

Seen in this way, the probabilistic version PROBABILIS-

TIC Π of a (deterministic) combinatorial optimization prob-

lem Π becomes another equally deterministic problem Π′,
the solutions of which have the same feasibility constraints

as those of Π but with a different objective function where

vertex-probabilities intervene.

In this sense, probabilistic combinatorial optimization is

very close to what in the last couple of years has been called

“one stage optimisation under independent decision models”,

an area very popular in the stochastic optimization community.

What are the main mathematical problems dealing with

probabilistic consideration of a problem Π in the sense dis-

cussed above? One can identify at least five interesting mathe-

matical and computational problems dealing with probabilistic

combinatorial optimization:

1) write the functional down in an analytical closed form;

2) if such an expression of the functional is possible, prove

that its value is polynomially computable (this amounts

to proving that the modified problem Π′ belongs to NP);

3) determine the complexity of the computation of the opti-

mal a priori solution, i.e., of the solution optimizing the

functional (in other words, determine the computational

complexity of Π′);
4) if Π′ is NP-hard, study polynomial approximation is-

sues;

5) always, under the hypothesis of the NP-hardness of Π′,
determine its complexity in the special cases where Π
is polynomial, and in the case of NP-hardness, study

approximation issues.

Let us note that, although curious, point 2 in the above list

is neither trivial nor senseless. Simply consider that the sum-

mation for the functional includes, in a graph of order n, 2n

terms (one for each subgraph of G). So, polynomiality of the

computation of the functional is, in general, not immediate.

Proceedings of the International Multiconference on
Computer Science and Information Technology pp. 893–900

ISBN 978-83-60810-27-9
ISSN 1896-7094

978-83-60810-27-9/09/$25.00 c© 2010 IEEE 893



Several optimization frameworks have been introduced by

the operations research community for handling data uncer-

tainty, the most well developed being Stochastic programming

(see [1], [2] for basics) and Robust discrete optimization (see,

for example, [3]).

The framework of Probabilistic combinatorial optimization

where our work lies at, was introduced by [4], [5]. In [6], [5],

[7], [8], [9], [4], [10], [11], [12], restricted versions of routing

and network-design probabilistic minimization problems (in

complete graphs) have been studied under the robustness

model dealt here (called a priori optimization). In [13], the

analysis of the probabilistic minimum travelling salesman

problem, originally performed in [5], [4], has been revisited

and refined.

Several other combinatorial problems have been recently

treated in the probabilistic combinatorial optimization frame-

work, including minimum coloring ([14], [15]), maximum in-

dependent set and minimum vertex cover ([16], [17]), longest

path ([18]), Steiner tree problems ([19], [20]). Note also that

probabilistic minimum spanning tree has also studied by [8]

but under a very different probabilistic model.

We apply in this paper the probabilistic combinatorial

optimization setting just described in the minimum spanning

tree problem.

Given an edge-weighted graph G(V,E), with positive edge

weights d : E → Q+, the minimum spanning tree problem

(MIN SPANNING TREE) consists of determining a minimum

total edge-weight tree spanning V .

MIN SPANNING TREE is a celebrated problem, very fre-

quently modeling several kinds of networks in transports,

communications, energy, logistics, etc. MIN SPANNING TREE

has been actively studied under several optimization models

like on-line computation, dynamic optimization, etc. Its study

always motivates numerous researchers in theoretical computer

science and in operational research.

In what follows, we first design a modification strategy and

derive an analytic expression of the expected value (called

functional in what follows) of a spanning tree of G, under

this modification strategy.

We next show that the problem of a priori optimization,

i.e., the problem of determining an anticipatory solution min-

imizing the functional, is NP-hard in general complete graphs

(Section II).

Subsequently, we study complexity of the PROBABILISTIC

MIN SPANNING TREE problem when dealing with particular

cases of vertex-probabilities values and/or edge weights and

particular cases of anticipatory solutions (Section IV).

We next derive polynomial-time approximation results for

metric graphs and for graphs where edge-weights are either 1

or 2 (Section V). Because of the limits to the paper’s size,

some of the results are given without their proofs.

II. THE MODIFICATION STRATEGY, THE FUNCTIONAL

ASSOCIATED WITH, AND THE COMPLEXITY OF

PROBABILISTIC MIN SPANNING TREE

Consider a complete1 weighted graph G(V,E) on n ver-

tices, with edge weights given by a function d : E → Q+.

Set V = {v1, v2, . . . , vn}. Each vertex vi ∈ V , is asso-

ciated with a presence probability pi ∈ Q+ measuring, as

already mentioned, how likely is that vi will be present in

the instance where PROBABILISTIC MIN SPANNING TREE will

really be solved. We assume that subgraph G′(V ′, E′) of G
materializes as the outcome of n independent Bernoulli trials,

one per vertex vi ∈ V : vi ∈ V ′ with probability pi. Then,
E′ = {(u, v) ∈ E : u ∈ V ′ and v ∈ V ′}. Let us note that it

seems to be natural that, for a fixed modification strategy M,

given an anticipatory spanning tree T , some basic properties

of its structure must be preserved in any tree T ′ built when M
adjusts T to G′(V ′, E′), for any V ′ ⊆ V . Such a basic

property is, for instance, the relation “predecessor-successor”

in T . In order that this relation is preserved in any T ′, we
assume that there exists a vertex, denoted by v1 with p1 = 1.
To motivate this assumption, consider a pacifist version

of an application in [5]. Let G be a graph of order n and

let its vertices represent researchers of a research network.

The weight of an edge linking researcher i to researcher j
quantifies the “inefficiency” risk incurred when i and j have

to accomplish a common task. We wish to determine an

organizational structure of this network where all the re-

searchers implied accomplish some tasks and where the total

“inefficiency” risk is minimized.

This can be modeled as a minimum spanning tree T ∗ of G.

Let us now suppose that the project at hand involves several

tasks where only a subset of researchers are implied, the

project manager (the omnipresent vertex v1) being involved

to all of them. The probability associated with a researcher

vi 6= v1, is the probability that vi participates to an arbitrary

task undertaken by the research network. Each such task

will be represented by some subgraph G′ of G and its

“inefficiency” risk is the cost of a minimum spanning tree

of G′. The modification strategy that is to be adopted for such

a model must allow us to keep the same structure from a task

to another one in order that the “inefficiency” risk remains as

low as possible. Other applications from distributed systems

also justify similar assumptions.

Formally, let G(V,E) be a complete graph with |V | = n
and (pi)i=1,...,n a vertex-probability system with p1 = 1 (in

other words, vertex v1 is assumed to be always present).

Consider a tree T spanning V and number vertices in T
in a left-to-right breadth-first-search (bfs) way. Consider a

subgraph G′(V ′, E′) = G[V ′] of G induced by a set V ′ ⊆ V .

The modification strategy (adjusting T to a spanning tree T ′

of G′ and denoted by LEV in what follows) that will be

analyzed in the sequel works as follows:

1The assumption that the input-graph is complete is made in order to ensure
connectivity of the tree T ′ for any subgraph G′ ⊆ G; in any case if the real-
world problem at hand implies non-complete graphs, one can complete them
by “appropriately heavy” edges.
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1) remove the vertices of V \V ′ and the edges of E incident

to these vertices; let F (V ′) = {T1, T2, . . . , Tk} be the

so-obtained forest and assume that v1 ∈ V (T1) and that,

for i, j = 2 . . . , k, i < j if the index of the root of Ti is

smaller than that of the root of Tj ;

2) for i = 2, . . . , k add as father of the root of Ti its largest-

index ancestor that is still present in V (T ).

Note that, given two vertices vj and vl with j < l (in the

bfs numbering of T ), if vj is not an ancestor of vl in T , then
edge (vj , vl) will never belong to any T ′ modification of T
for any V ′ ⊆ V .
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(a) An initial tree T . . .
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17

10 4
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18 19

(b) . . . and its modification by LEV

Fig. 1. An anticipatory spanning tree T and its adjustment.

Figure 1(b) gives an example of how strategy LEV works

starting from an initial tree T shown in Figure 1(a) and

assuming that vertices 3, 5, 6, 9, 13 and 16 are absent from V ′.
The functional E(G, T ) associated with LEV is defined by:

E(G, T ) =
∑

V ′⊆V

Pr [V ′]m (G′, T ′)

where Pr[V ′] =
∏

vi∈V ′ pi
∏

vi∈V \V ′(1 − pi) is the distribu-

tion describing probability of occurrence of a specific subset

V ′ ⊆ V , i.e., of the graph G[V ′] and m(G′, T ′) is the value

of the tree T ′ spanning V ′ produced by application of LEV

on the anticipatory tree T .
Notice that, since there exist 2|V | distinct sets V ′, any

of them inducing a distinct subgraph G[V ′] of G, both

polynomial computation of E(G, T ) and tight combinatorial

characterization of the optimal anticipatory solution are not

always obvious or easy to perform.

Our goal is to study the following problem: find an algo-

rithm for taking a priori decisions, i.e., that determines a span-

ning tree T ∗, that optimizes E(G, T )”; this is PROBABILISTIC

MIN SPANNING TREE.

In what follows, we show that this problem is NP-hard in

general complete graphs with p1 = 1. We then study approx-

imation of this problem in metric graphs as well as in a par-

ticular subclass of them where edge-weights are either 1 or 2.

The approximation ratio is defined as E(G, T )/E(G, T ∗).
The following result holds for the functional E(G, T )

associated with an anticipatory spanning tree T and the

modification strategy LEV.

Proposition 1: Consider a complete graph G(V,E), pro-

vided with a vertex-probability system (pi)i=1,...,n with p1 =
1, any edge (vi, vj) of which has weight dij and a spanning

tree T of G. Then, the expectation associated with LEV can

be expressed by:

E(G, T ) =∑

(vi,vj)∈T

pipjdij

+
∑

vi∈V

∑

vj∈D(vi)
(vi,vj)/∈T

pipj ×
∏

vk∈µ[vi,vj ]

(1− pk) dij (1)

where D(vi) denotes the set of successors of vi in T
and µ[vi, vj ] denotes the set of vertices in the (unique) path

of T from vi to vj not including neither of them. Expres-

sion (1) can be computed in polynomial time. Consequently,

PROBABILISTIC MIN SPANNING TREE ∈ NPO, the class of

the optimization problems the decision versions of which are

in NP.

Proof: Following LEV, if (vi, vj) ∈ T , then this edge will

be in T ′ iff vi, vj ∈ V ′; on the other hand, if (vi, vj) /∈ T ,
then edge (vi, vj) will be added in T ′ iff vi, vj ∈ V ′ and

vj ∈ D(vi) and every vertex in µ[vi, vj ] is not in V ′. From
these observations we derive:

E(G, T ) =∑

V ′⊆V

Pr [V ′]m (G′, T ′)

=
∑

V ′⊆V

Pr [V ′]
∑

(vi,vj)∈T ′

dij

=
∑

V ′⊆V

Pr [V ′]
∑

(vi,vj)∈T ′∩T

dij

+
∑

V ′⊆V

Pr [V ′]
∑

(vi,vj)∈T ′∩(E\T )

dij

=
∑

(vi,vj)∈T

∑

V ′⊆V

Pr [V ′]1{(vi,vj)∈T ′}dij

+
∑

(vi,vj)∈(E\T )

∑

V ′⊆V

Pr [V ′]1{(vi,vj)∈T ′}dij

=
∑

(vi,vj)∈T

pipjdij

+
∑

vi∈V

∑

vj∈D(vi)
(vi,vj)/∈T

pipj
∏

vk∈µ[vi,vj ]

(1− pk) dij

Clearly, (1) can be computed in polynomial time, since the

ranges of the indices implied are polynomial.
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As already mentioned, PROBABILISTIC MIN SPANNING

TREE consists of determining an anticipatory spanning tree T ∗

of G minimizing E(G, T ).

Unfortunately, Proposition 1 does not derive a compact

combinatorial characterization for the optimal anticipatory

solution of PROBABILISTIC MIN SPANNING TREE.

In particular, the form of the functional does not imply

solution, for instance, of some well-defined weighted version

of the (deterministic) MIN SPANNING TREE. This is due to the

second term of the expression for E(G, T ) in (1). There, the

“costs” assigned to the edges depend on the structure of the

anticipatory solution chosen and of the present subgraph of G.

The decision version of PROBABILISTIC MIN SPANNING

TREE, denoted by PROBABILISTIC MIN SPANNING TREE(K)
can be stated as follows: “given an edge-weighted com-

plete graph G(V,E), provided with a vertex-probability sys-

tem (pi)i=1,...,n with p1 = 1 and a constant K , does there

exist a tree T such that E(G, T ) 6 K?”, where E(G, T ) is

given by (1).

Dealing with PROBABILISTIC MIN SPANNING TREE(K), by
a technical reduction from 3 EXACT COVER, the following

proposition holds.

Proposition 2: PROBABILISTIC MIN SPANNING TREE(K)
is NP-complete.

Sketch of proof: PROBABILISTIC MIN SPANNING TREE ∈
NP. In order to show completeness, we reduce 3 EXACT

COVER to PROBABILISTIC MIN SPANNING TREE. 3 EXACT

COVER that is defined as follows: “given a ground set X of

size 3q and a collection E of 3q subsets of X each of size 3,

does there exist a subcollection E ′ = {S1, . . . , Sq} of E such

that
⋃q

i=1 Si = X?” (obviously, E ′ is a partition of X). 3

EXACT COVER is NP-complete ([21]).

Consider an arbitrary instance I(X, E) of 3 EXACT COVER;

we construct the following instance for PROBABILISTIC MIN

SPANNING TREE:

• the vertex-set V is a set of 6q + 2 vertices built by

associating a vertex xi with an element xi ∈ X , a

vertex yj with a set Sj ∈ E and by adding a vertex r
(playing the role of the omnipresent root) and a vertex s
(representing the solution); for some positive fixed con-

stant p < 1/2, vertices xi are provided with probability p,
vertices yj with probability 1 − p and vertices r and s
with probability 1;

• edge-weights are defined as follows:

– for every Sj = {xi1 , xi2 , xi3}, j = 1, . . . , 3q, di1j =
di2j = di3j = 1;

– edges linking s to vertices yj have weight M > 0
and those linking s to vertices of xi have weight

M/p+ 2;
– edges linking r to vertices yj as well as edge (r, s)

have all weight 0, while edges linking r to vertices xi

have weight M/p2 + 1;
– all the other edges have arbitrarily large weight B ≫

M/p2 + 1;

• K = q(M(1 + 2p) + 3p(p+ 1)).

It is easy to see that this reduction is polynomial. It is

illustrated in Figure 2 where, for readability, some edges, in

particular those of weight B are omitted.

x1 x2 x3 xi1 xi2 xi3 xl1 xl2 xl3 x3q−2 x3q−1 x3q

y1 y2 yj yk y3q

s

r

0

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

M M M M M M M M M

0 0 0

M
p + 2

M
p2 + 1

Fig. 2. An example for the reduction from 3 EXACT COVER to PROBABILIS-
TIC MIN SPANNING TREE.

x1 x2 x3 xi1 xi2 xi3 xl1 xl2 xl3 x3q−2 x3q−1 x3q

y1 y2 yj yk y3q

S

R

∗

Fig. 3. The shape of T ∗.

One can prove that if 3 EXACT COVER admits a solution E∗,
then G has a minimum spanning tree T ∗ the shape of which

is as in Figure 3 and whose value is:

E(G, T ∗) =

0 + 2q × 0 + q[(1− p)M + 3p(1− p)× 1 +

3p(1− (1− p))× (M/p+ 2)]

= q[M − pM + 3p− 3p2 + 3pM + 6p2]

= q[M(1 + 2p) + 3p(p+ 1)] = K

This can be done by inspection of all the possible solutions

for MIN SPANNING TREE in G.

III. REOPTIMIZATION AND MIN SPANNING TREE

As mentioned in Section I, a complementary framework

to the one of the a priori optimization, is the reoptimization

consisting of solving ex nihilo and optimally the portion of

the instance presented for optimization. Reoptimization is

introduced in [4]. Let opt(G′) refer to the weight of the

optimum spanning tree on G′ for every subgraph G′(V ′, E′)
of G. The expected minimum weight over the distribution of

subgraphs of G, i.e., the functional of reoptimization is defined

by E∗(G) =
∑

V ′⊆V Pr[V ′] opt(G′).
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Obviously, denoting by T ∗ the optimal anticipatory so-

lution of PROBABILISTIC MIN SPANNING TREE: E∗(G) 6
E(G, T ∗). Denote also by opt(G) the value of an optimal

solution T ∗ for (deterministic) MIN SPANNING TREE. By ele-

mentary but technical combinatorial arguments, the following

result holds.

Proposition 3: Consider a complete edge-weighted graphG
defined on a set V of n vertices V = {v1, . . . , vn} associated

with a system of vertex probabilities p1 = 1, pi = p, i =
2, . . . , n. Then, E∗(G) > p opt(G).

Sketch of proof: Since vertex v1 (assumed to be the

root of every tree solution of MIN SPANNING TREE in every

subgraph of G) is always present, setting G′ = G[V ′], E∗(G)
can be written as:

E∗(G) =

n∑

k=2

pk−1(1− p)n−k ×
∑

V ′⊆V

|V ′|=k

opt(G′)

Set Dk =
∑

V ′⊆V ,|V ′|=k opt(G
′). Then:

E∗(G) =

n∑

k=2

pk−1(1 − p)n−kDk

By somewhat technical combinatorial arguments it can be

proved that

Dk >
(
n− 2

k − 2

)
opt(G)

and putting it together with the expression for E∗(G) derives
the claim.

Combining inequality E∗(G) 6 E(G, T ∗) and Proposi-

tion 3, the following holds: E(G, T ∗) > p opt(G). Equality
is attained for p = 1.

IV. PARTICULAR CASES

We study in this section some particular but natural cases

carrying over assumptions either on the values of vertex-

probabilities and/or edge-weights, or on the form of the

anticipatory solution.

Revisit functional’s expression (1). For a vertex vi, denote
by f(vi) its father in T , by pf(i) the presence probability

of f(vi) and by A(vi) the set of its ancestors in T . Then, (1)
can be rewritten as:

E(G, T ) =∑

vi∈V \{v1}
pipf(i)dif(vi) +

∑

vi∈V \{v1}

∑

vj∈A(vi)\{f(vi)}
pipj

∏

vk∈µ[vi,vj]

(1− pk) dij

=
∑

vi∈V \{v1}
Ci (2)

where:

Ci = pipf(i)dif(vi) +∑

vj∈A(vi)\{f(vi)}
pipj

∏

vk∈µ[vi,vj ]

(1− pk)dij

and can be seen as the contribution of vertex vi in E(G, T ).
Based upon (2) and the expression for Ci, the following

result holds.

Proposition 4: If edge-weights are all identical, then:

E(G, T ) = d×
n∑

j=2

pj

In this case all the anticipatory solutions have the same value.

Let us give an illustration of Proposition 4. It can easily

be shown that, if dij = d, (vi, vj) ∈ E, then Ci = d × pi,
vi ∈ V . In order to give some intuition about it let us consider

the anticipatory tree of Figure 4, assume that edge weights in

the input-graph are identical and equal to d and take, say,

vertex 7. The contribution of it in (1) is:

C7 =

d× p7 [p5 + p4 (1− p5) + p2 (1− p5) (1− p4)+

(1− p5) (1− p4) (1− p2)]

= d× p7 (3)

The same holds for the contribution of any other vertex in the

tree.

1

2 8

3 4

5

6 7

Fig. 4. About a reinterpretation of functional’s expression (1).

Indeed, consider some vertex vi ∈ V and assume, for

simplicity, that vertices in the path of T from v1 to vi are

numbered from 1 to i. By writing down Ci and by some

algebra as previously in (3) we derive Ci = d×pi. Hence, (2)
becomes:

E(G, T ) = d×
n∑

j=2

pj

Corollary 1: If p1 = 1, pi = p, i = 2, . . . , n and dij =
d, (vi, vj) ∈ E, i 6= j, then, for any tree T spanning V ,

E(G, T ) = dp(n− 1).
The above can be directly generalized for deriving a general

upper bound for E(G, T ) and for every anticipatory solu-

tion T . Set D = max{dij : (vi, vj) ∈ E}.
Corollary 2: If D = max{dij : (vi, vj) ∈ E} then, for

any anticipatory solution T of PROBABILISTIC MIN SPANNING

TREE, E(G, T ) 6 D ×∑n
j=2 pj .
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Let us now address the following question: “can an optimal

solution for MIN SPANNING TREE remain an optimal solution

for PROBABILISTIC MIN SPANNING TREE and if yes under

which conditions?”. In what follows we deal with two partic-

ular structures of trees, the star and the path.

Consider the star rooted at (the omnipresent) vertex v1. The
following result holds.

Proposition 5: Let T be a star rooted at v1. If T is an

optimal solution for MIN SPANNING TREE then it is also an

optimal anticipatory solution for PROBABILISTIC MIN SPAN-

NING TREE.

Proof: Recall that by (2), E(G, T ) =
∑

vi∈V \{v1} Ci

where Ci is given by:

Ci =

pipf(i)dif(vi) +∑

vj∈A(vi)\{f(vi)}
pipj

∏

vk∈µ[vi,vj ]

(1− pk) dij

Observe now that, if the vertices of T are numbered in

a dfs order (starting from the root) and if the set A(vi)
of the ancestors of a vertex vi in T is exactly the set

A(vi) = {v1, v2, . . . , vi−1}, then Ci can be written as:

Ci =

i−1∑

j=1

pipjdij

i−1∏

l=j+1

(1− pl) (4)

Since the star T is a minimum spanning tree, it holds that, for

any vertex i, d1i 6 dij , for every j 6= 1, i. Hence:

Ci > pi × d1i ×
i−1∑

j=1

pj

i−1∏

l=j+1

(1− pl)

If we denote by CT
i the contribution of vertex vi in the

functional E(T ) of the star T , then, for every i, CT
i = pi×d1i.

So, in order to complete the proof of the proposition, we have

to show that, for any vi ∈ V , CT
i 6 Ci, where Ci refers to

every other spanning tree of G. For this, it suffices to prove

that:

i−1∑

j=1

pj

i−1∏

l=j+1

(1− pl) > 1 (5)

We show (5) by induction on i. For i = 2, the lefthand side

of (5) is equal to p1 = 1, so the inequality claimed is true.

Suppose it true for i = n, i.e.:

n−1∑

j=1

pj

n−1∏

l=j+1

(1− pl) > 1 (6)

Then, at range n+ 1 it holds:

n∑

j=1

pj

n∏

l=j+1

(1− pl) =

n−1∑

j=1

pj

n∏

l=j+1

(1− pl) + pn

=

n−1∑

j=1

pj

n−1∏

l=j+1

(1− pl)× (1− pn) + pn

= (1− pn)×
n−1∑

j=1

pj

n−1∏

l=j+1

(1− pl) + pn

(6)

> (1− pn) + pn = 1

as claimed.

Unfortunately, in the case where optimal solution for MIN

SPANNING TREE is a path, optimality of such a solution for

PROBABILISTIC MIN SPANNING TREE cannot be derived as

previously in the case of stars.

Indeed, consider a complete graph G, the adjacency matrix

of which is given in Table I and its vertex-probability system

is (1, p . . . , p), with p < (K − 2)/(K − 1) and K > n.

TABLE I
THE ADJACENCY MATRIX OF A GRAPH G WHERE OPTIMAL SOLUTIONS

FOR MIN SPANNING TREE AND PROBABILISTIC MIN SPANNING TREE DO

NOT COINCIDE.

v1 v2 v3 · · · vn−2 vn−1 vn

v1 0 1 2 · · · 2 2 2
v2 1 0 1 · · · 2 2 2
v3 2 1 0 · · · 2 2 2

.

.

.
.
.
.

.

.

.
.
.
. · · ·

.

.

.
.
.
.

.

.

.
vn−2 2 2 2 · · · 2 1 K
vn−1 2 2 2 · · · 1 0 1
vn 2 2 2 · · · K 1 0

Optimal MIN SPANNING TREE-solution in G is unique and

is the path P = (1, 2, . . . , n − 1) with value n − 1. The

functional E(G,P ) of path P is:

E(G,P ) = (2n− 3)p+ (K − n)p2 − (K − 2)p3

On the other hand, the unique optimal anticipatory solution

for PROBABILISTIC MIN SPANNING TREE is the tree T ∗ of

Figure 5 with functional’s value:

E(G, T ∗) = (2n− 3)p+ (2 − n)p2 + p3 < E(G,P )

when p < (K − 2)/(K − 1).

V. APPROXIMATION OF PROBABILISTIC METRIC MIN

SPANNING TREE

In this section, we study PROBABILISTIC METRIC MIN

SPANNING TREE problem, that is PROBABILISTIC MIN SPAN-

NING TREE in metric complete graphs, i.e., in complete graphs

whose edge-weights satisfy the triangular property that can
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1 2 b b b n − 3 n − 1

n − 2

n

Fig. 5. The optimal solution of the graph of Table I.

be expressed as follows: if (vi, vj , vk) is a K3 in G, then

dab 6 dac + dbc, for any permutation (a, b, c) of {i, j, k}.
Note that, as it can be seen from the proof of Proposition 2,

it does not apply in the case of metric graphs. Indeed, the

complexity status of PROBABILISTIC METRIC MIN SPANNING

TREE remains open, even if we feel that this variant is also NP-

complete. In what follows we give approximation results for

the general case of PROBABILISTIC METRIC MIN SPANNING

TREE as well as for a natural subcase, namely PROBABILISTIC

MIN SPANNING TREE 1,2, where edge weights are either 1,

or 2.

We denote by T̂ and T ∗ a tree computed by Kruskal’s

algorithm (i.e., a minimum spanning tree of G) and an

optimal anticipatory solution for PROBABILISTIC METRIC MIN

SPANNING TREE, respectively, and we assume that they are

represented as sets of edges.

Observe also that, by the metric property the weight of any

edge of G is smaller than the weight of any spanning tree

of G and a fortiori than the weight m(G, T̂ ) = opt(G) of T̂ .
Indeed, let (vi, vj) be any edge of G, T be some spanning

tree of G and P (vi, vj) be the unique path from vi to vj in T .
According to the metric hypothesis:

dij 6 w (P (vi, vj)) 6 m(G, T )

where w(P (vi, vj)) is the weight of the path P (vi, vj). In
what follows, given a set Q of (weighted) edges, we denote

by w(Q) its total weight.
We first handle the general metric case. For any Vi ⊆ V , we

set Gi(Vi, Ei) = G[Vi]. Let T
∗
i and T̂i be the spanning trees

on Gi resulting from the application of strategy LEV on T ∗

and T̂ , respectively. Set:

r (Gi) =
m

(
Gi, T̂i

)

m (Gi, T ∗
i )

E(r) =
∑

Vi⊆V

Pr [Vi] r (Gi)

Quantity E(r) is indeed the average approximation ratio of

a minimum spanning tree for PROBABILISTIC METRIC MIN

SPANNING TREE. In the following proposition an upper bound

is given for E(r).
Proposition 6: E(r) 6 (n+ 2)/4.
Proof: Fix an induced subgraph Gi of G and let T̂ ∩

T̂i = S. Edges of S are part of an optimal spanning tree

on G and thus, they are also part of an optimal spanning tree

of Gi. Indeed, revisiting the proof of optimality of Kruskal’s

Algorithm, one can see that a tree T is a minimum spanning

tree on G, iff all the edges of T are of minimum weight in

at least one cut of G. Applying this to PROBABILISTIC MIN

SPANNING TREE, any edge e belonging to S is of minimum

weight in at least one cut of G; thus, e is also of minimum

weight in one cut in any subgraph Gi (provided that e appears

in Gi) and, therefore, it belongs to a minimum spanning tree

in all the subgraphs of G where it is present.

Discussion just above leads to:

w(S) 6 m (Gi, T
∗
i ) (7)

The edge-set T̂i \ S is the set of the edges used by LEV to

reconnect the S. As observed in the beginning of Section V,

the weight of each edge of T̂i \ S is smaller than, or equal

to, m(Gi, T
∗
i ), so:

w
(
T̂i \ S

)
6

∣∣∣T̂i \ S
∣∣∣m (Gi, T

∗
i ) (8)

Combining (7) and (8), we get:

ri =
m

(
Gi, T̂i

)

m (Gi, T ∗
i )

6 1 +
∣∣∣T̂i \ S

∣∣∣ (9)

The quantity |T̂i \ S| is, as mentioned above, the number of

edges inserted by strategy LEV to reconnect S, but it also

represents the number of vertices present in Gi, but whose

fathers in T̂ (assumed rooted at v1) are absent from Gi. For

each vertex of T̂ except for those directly connected to the

root v1, the probability to be present in Gi but not its father

is p(1 − p). Obviously, for the vertices directly connected to

the root, this probability is 0. In order to count the number of

edges in T̂i \S, one can consider a set of n−1−X Bernoulli

trials (where X is the number of vertices directly connected

to v1 in T̂ ), with a probability of success p(1−p), each success
adding an edge to T̂i \ S. In this way, |T̂i \ S| is a random

variable following a binomial law, so one can directly compute

its expectation:
∣∣∣T̂i \ S

∣∣∣ ∼ B (n− 1−X, p(1− p))

E
(∣∣∣T̂i \ S

∣∣∣
)

= (n− 1−X)p(1− p) (10)

Summing (9) for each Gi, we derive:

E



m

(
Gi, T̂i

)

m (Gi, T ∗
i )


 6 1 + E

(∣∣∣T̂i \ S
∣∣∣
)

and combining it with (10), we can easily get:

E



m

(
Gi, T̂i

)

m (Gi, T ∗
i )


 6 1 + (n− 1−X)p(1− p)

X>1

6 n

4
+

1

2
=

n+ 2

4

as claimed.

We now study the approximation of PROBABILISTIC MET-

RIC MIN SPANNING TREE. The following result can be proved.
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Proposition 7: The PROBABILISTIC METRIC MIN SPAN-

NING TREE problem is approximable in polynomial time

within ratio bounded above by:

min

{
1 + (n− 2)(1− p),

2

p

}

To conclude the paper, let us focus on a particular but natural

and well-studied class of metric complete graphs where edge

weights are either 1 or 2. It is easy to see that any such graph

is metric. The following result, that will be subsequently im-

proved, holds for PROBABILISTIC MIN SPANNING TREE 1,2.

Proposition 8: A minimum spanning tree of G is a (2−p)-
approximation for PROBABILISTIC MIN SPANNING TREE 1,2.

In what follows we refine the result above. For this, we

consider an execution of Kruskal’s algorithm that starts by

introducing in the tree all the edges of weight 1 incident to the

vertex v1. Let us denote by T̃ the spanning tree so constructed;

notice that T̃ is a minimum spanning tree for G.

Proposition 9: T̃ approximates T ∗ within ratio:

1 + (2 − p)(n− 2)

n− 1 + (1−p)2−(1−p)n

p

One can see that when p is fixed (i.e., independent on n),
the approximation ratio achieved is strictly better than 2. On

the other hand, when p ∼ 1/n then, since:

lim
n→+∞

(1− p)n

p
=

n

e

the ratio claimed in Proposition 9 tends to 1.225, for large

values of n.
If p ∼ 1/nk, k > 1, then for large values of n, this ratio

tends to 1. Finally, if p ∼ 1/nk, k < 1, then (always for large

values of n) the ratio is asymptotically equal to 2.

VI. CONCLUSION

In this paper we have treated the PROBABILISTIC MIN

SPANNING TREE problem under the framework of proba-

bilistic combinatorial optimization. We have proposed a fast

modification strategy (LEV) for reconstructing a second-stage

tree and shown that problem of optimizing the expectation

of the second-stage cost by selecting an appropriate first-

stage (anticipatory) solution is in NPO under the proposed

modification strategy and we have shown that the general case

of PROBABILISTIC MIN SPANNING TREE is NP-hard.

We have also given approximation results for the probabilis-

tic problem associated with the LEV strategy. We also have

studied particular cases of anticipatory solutions.

Finally we have given approximation results for PROBA-

BILISTIC METRIC MIN SPANNING TREE and PROBABILISTIC

MIN SPANNING TREE 1,2.

There are several open questions subject for further re-

search. To our opinion, the major among them are the com-

plexities of PROBABILISTIC METRIC MIN SPANNING TREE

and PROBABILISTIC MIN SPANNING TREE 1,2 (we conjecture

that they are both NP-hard) and the improvement of their

approximation ratios.
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Abstract—The portfolio optimization problem is modeled as
a mean-risk bicriteria optimization problem where the expected
return is maximized and some (scalar) risk measure is minimized.
In the original Markowitz model the risk is measured by the
variance while several polyhedral risk measures have been intro-
duced leading to Linear Programming (LP) computable portfolio
optimization models in the case of discrete random variables rep-
resented by their realizations under specified scenarios. Among
them, the second order quantile risk measures, recently, become
popular in finance and banking. The simplest such measure,
now commonly called the Conditional Value at Risk (CVaR) or
Tail VaR, represents the mean shortfall at a specified confidence
level. Recently, the second order quantile risk measures have
been introduced and become popular in finance and banking.
The corresponding portfolio optimization models can be solved
with general purpose LP solvers. However, in the case of more
advanced simulation models employed for scenario generation
one may get several thousands of scenarios. This may lead to
the LP model with huge number of variables and constraints
thus decreasing the computational efficiency of the model since
the number of constraints (matrix rows) is usually proportional
to the number of scenarios. while the number of variables
(matrix columns) is proportional to the total of the number of
scenarios and the number of instruments. We show that the
computational efficiency can be then dramatically improved with
an alternative model taking advantages of the LP duality. In the
introduced models the number of structural constraints (matrix
rows) is proportional to the number of instruments thus not
affecting seriously the simplex method efficiency by the number
of scenarios.

I. INTRODUCTION

FOLLOWING Markowitz [13], the portfolio selection

problem is modeled as a mean-risk bicriteria optimization

problem where the expected return is maximized and some

(scalar) risk measure is minimized. In the original Markowitz

model the risk is measured by the variance but several poly-

hedral risk measures have been introduced leading to Linear

Programming (LP) computable portfolio optimization models

in the case of discrete random variables represented by their

realizations under specified scenarios. The simplest LP com-

putable risk measures are dispersion measures similar to the

variance. Konno and Yamazaki [6] presented the portfolio se-

lection model with the mean absolute deviation (MAD) while

Young [33] introduced the Minimax model. Yitzhaki [32]

introduced the mean-risk model using Gini’s mean (absolute)

difference as the risk measure. The Gini’s mean difference

turn out to be a special aggregation technique of the multiple

criteria LP model [18] based on the pointwise comparison of

the absolute Lorenz curves. The latter leads the quantile short-

fall risk measures directly related to the dual theory of choice

under risk [26], [28], [31] which are more commonly used and

accepted. Recently, the second order quantile risk measures

have been introduced in different ways by many authors [2],

[4], [16], [17], [27]. The measure, usually called the Condi-

tional Value at Risk (CVaR) or Tail VaR, represents the mean

shortfall at a specified confidence level. The CVaR measures

maximization is consistent with the second degree stochastic

dominance [19]. Several empirical analyses confirm its appli-

cability to various financial optimization problems [1], [11].

This paper is focused on computational efficiency of the

portfolio optimization models based on the CVaR or the

Minimax measures. We assume that the instruments returns are

represented by their realizations under T scenarios. The basic

LP model for the CVaR portfolio optimization contains then T
auxiliary variables as well as T corresponding linear inequal-

ities. Actually, the number of structural constraints in the LP

model (matrix rows) is proportional to the number of scenarios

T , while the number of variables (matrix columns) is propor-

tional to the total of the number of scenarios and the number of

instruments T+n. Hence, its dimensionality is proportional to

the number of scenarios T . It does not cause any computational

difficulties for a few hundreds of scenarios as in computational

analysis based on historical data. However, in the case of more

advanced simulation models employed for scenario generation

one may get several thousands of scenarios [25]. This may lead

to the LP model with huge number of auxiliary variables and

constraints thus decreasing the computational efficiency of the

model. Actually, in the case of fifty thousand scenarios and

one hundred instruments the model may require more than an

hour computation time with the state-of-art LP solver (CPLEX

code). To overcome this difficulty some alternative solution

approaches are searched trying to reformulate the optimization

problems as two-stage recourse problems [8] or to employ

nondifferential optimization techniques [9]. We show that the

computational efficiency can be then dramatically improved

with an alternative model formulation taking advantages of the

LP duality. In the introduced model the number of structural

constraints is proportional to the number of instruments n
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while only the number of variables is proportional to the

number of scenarios T thus not affecting so seriously the

simplex method efficiency. Indeed, the computation time is

then below a minute.

The paper is organized as follows. In the next section we

introduce briefly basics of the mean-risk portfolio optimization

with the LP computable risk measures. In Section 3 we

develop and test computationally efficient optimization models

taking advantages of the LP duality.

II. PORTFOLIO OPTIMIZATION AND RISK MEASURES

The portfolio optimization problem considered in this paper

follows the original Markowitz’ formulation and is based on a

single period model of investment. At the beginning of a pe-

riod, an investor allocates the capital among various securities,

thus assigning a nonnegative weight (share of the capital) to

each security. Let J = {1, 2, . . . , n} denote a set of securities

considered for an investment. For each security j ∈ J , its rate
of return is represented by a random variable Rj with a given

mean µj = E{Rj}. Further, let x = (xj)j=1,2,...,n denote a

vector of decision variables xj expressing the weights defining

a portfolio. The weights must satisfy a set of constraints to

represent a portfolio. The simplest way of defining a feasible

set Q is by a requirement that the weights must sum to one

and they are nonnegative (short sales are not allowed), i.e.

Q = {x :

n∑

j=1

xj = 1, xj ≥ 0 for j = 1, . . . , n} (1)

Hereafter, we perform detailed analysis for the set Q given

with constraints (1). Nevertheless, the presented results can

easily be adapted to a general LP feasible set given as a

system of linear equations and inequalities, thus allowing

one to include short sales, upper bounds on single shares or

portfolio structure restrictions which may be faced by a real-

life investor.

Each portfolio x defines a corresponding random variable

Rx =
∑n

j=1 Rjxj that represents the portfolio rate of re-

turn while the expected value can be computed as µ(x) =∑n
j=1 µjxj . We consider T scenarios with probabilities pt

(where t = 1, . . . , T ). We assume that for each random

variable Rj its realization rjt under the scenario t is known.
Typically, the realizations are derived from historical data

treating T historical periods as equally probable scenarios

(pt = 1/T ). Although the models we analyze do not take

advantages of this simplification. The realizations of the port-

folio return Rx are given as yt =
∑n

j=1 rjtxj .

The portfolio optimization problem is modeled as a mean-

risk bicriteria optimization problem where the mean µ(x) is

maximized and the risk measure ̺(x) is minimized. In the

original Markowitz model, the standard deviation was used as

the risk measure. Several other risk measures have been later

considered thus creating the entire family of mean-risk models

(c.f., [10], [11]). These risk measures, similar to the standard

deviation, are not affected by any shift of the outcome scale

and are equal to 0 in the case of a risk-free portfolio while

taking positive values for any risky portfolio. Unfortunately,

such risk measures are not consistent with the stochastic

dominance order [15] or other axiomatic models of risk-averse

preferences [29] and coherent risk measurement [2].

In stochastic dominance, uncertain returns (modeled as

random variables) are compared by pointwise comparison of

some performance functions constructed from their distribu-

tion functions. The first performance function F
(1)
x is de-

fined as the right-continuous cumulative distribution function:

F
(1)
x (η) = Fx(η) = P{Rx ≤ η} and it defines the first degree

stochastic dominance (FSD). The second function is derived

from the first as F
(2)
x (η) =

∫ η

−∞ Fx(ξ) dξ and it defines

the second degree stochastic dominance (SSD). We say that

portfolio x′ dominates x′′ under the SSD (Rx′ ≻
SSD

Rx′′ ), if

F
(2)
x′ (η) ≤ F

(2)
x′′ (η) for all η, with at least one strict inequality.

A feasible portfolio x0 ∈ Q is called SSD efficient if there

is no x ∈ Q such that Rx ≻SSD Rx0 . Stochastic dominance

relates the notion of risk to a possible failure of achieving

some targets. As shown by Ogryczak and Ruszczyński [19],

function F
(2)
x , used to define the SSD relation, can also be

presented as follows: F
(2)
x (η) = E{max{η − Rx, 0}} and

thereby its values are LP computable for returns represented

by their realizations yt.
An alternative characterization of the SSD relation can be

achieved with the so-called Absolute Lorenz Curves (ALC)

[16], [30] which represent the second quantile functions de-

fined as F
(−2)
x (0) = 0 and

F (−2)
x (p) =

∫ p

0

F (−1)
x (α)dα (2)

where F
(−1)
x (p) = inf {η : Fx(η) ≥ p} is the left-

continuous inverse of the cumulative distribution function Fx.

The pointwise comparison of ALCs is equivalent to the SSD

relation [20] in the sense that Rx′ �
SSD

Rx′′ if and only if

F
(−2)
x′ (β) ≥ F

(−2)
x′′ (β) for all 0 < β ≤ 1. Moreover,

F
(−2)
x (β) = max

η∈R

[
βη − F (2)

x (η)
]

= max
η∈R

[βη −E{max{η −Rx, 0}}]
(3)

where η is a real variable taking the value of β-quantile Qβ(x)
at the optimum. For a discrete random variable represented by

its realizations yt problem (3) becomes an LP.

For any real tolerance level 0 < β ≤ 1, the normalized

value of the ALC defined as

Mβ(x) = F (−2)
x (β)/β (4)

is called the Conditional Value-at-Risk (CVaR) or Tail VaR or

Average VaR. The CVaR measure is an increasing function of

the tolerance level β, with M1(x) = µ(x). For any 0 < β < 1,
the CVaR measure is SSD consistent [20] and coherent [24].

Opposite to deviation type risk measures, for coherent mea-

sures larger values are preferred and therefore the measures

are sometimes called safety measures [11]. Due to (3), for a

discrete random variable represented by its realizations yt the
CVaR measures are LP computable. It is important to notice

that although the quantile risk measures (VaR and CVaR)
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were introduced in banking as extreme risk measures for

very small tolerance levels (like β = 0.05), for the portfolio

optimization good results have been provided by rather larger

tolerance levels [11]. For β approaching 0, the CVaR measure

tends to the Minimax measure M(x) = mint=1,...,T yt =
mint=1,...,T

∑n
j=1 rjtxj introduced to portfolio optimization

by Young [33].

The commonly accepted approach to implementation of the

Markowitz-type mean-risk model is based on the use of a

specified lower bound µ0 on expected returns while optimizing

the risk measure. This bounding approach provides a clear

understanding of investor preferences and a clear definition of

optimal solution portfolio to be sought. For coherent and SSD

consistent risk measures we consider the approach results in

the following maximization problem:

max{ ̺(x) : µ(x) ≥ µ0, x ∈ Q} (5)

where ̺(x) = Mβ(x) or ̺(x) = M(x) respectively
We demonstrate that such portfolio optimization models can

be effectively solved for large numbers of scenarios while

taking advantages of appropriate dual LP formulations.

III. COMPUTATIONAL LP MODELS

Let us consider portfolio optimization problem with security

returns given by discrete random variables with realization rjt
thus leading to LP portfolio optimization model (5) for the risk

measures we consider.

Following (3) and (4), the CVaR portfolio optimization

model can be formulated as the following LP problem:

max η − 1

β

T∑

t=1

ptdt

s.t.

n∑

j=1

µjxj ≥ µ0

n∑

j=1

xj = 1

xj ≥ 0, j = 1, . . . , n

dt − η +

n∑

j=1

rjtxj ≥ 0, dt ≥ 0, t = 1, . . . , T

(6)

where η is unbounded variable. Except from the core portfolio

constraints (1) and the expected return bound, the model (6)

contains T nonnegative variables dt plus single η variable and

T corresponding linear inequalities. Hence, its dimensionality

is proportional to the number of scenarios T . Exactly, the
LP model (6) contains T + n + 1 variables and T + 2
constraints. It does not cause any computational difficulties

for a few hundreds of scenarios as in several computational

analysis based on historical data [12]. However, in the case

of more advanced simulation models employed for scenario

generation one may get several thousands of scenarios. This

may lead to the LP model (6) with huge number of variables

and constraints thus decreasing the computational efficiency

of the model. If the core portfolio constraints contain only

linear relations, like (1), then the computational efficiency can

easily be achieved by taking advantages of an alternative LP

formulation.

Note that, due to the finite distribution of returns, the CVaR

measure is well defined by the following optimization

Mβ(x) = min
ut

{
T∑

t=1

(

n∑

j=1

rjtxj)ut :

T∑

t=1

ut = 1,

0 ≤ ut ≤
pt
β

t = 1, . . . , T }
(7)

that implements directly the ALC formula (2). The entire

CVaR portfolio optimization problem may be respectively

expressed as

max
x∈Q

Mβ(x) = max
x∈Q

min
u∈U

T∑

t=1

(
n∑

j=1

rjtxj)ut (8)

where

U = {(u1, . . . , uT ) :

T∑

t=1

ut = 1,

0 ≤ ut ≤
pt
β

t = 1, . . . , T }.

The inner optimization problem represents (7). It is an LP for a

given vector x. However, within the entire portfolio optimiza-

tion problem (8) the objective function
∑T

t=1(
∑n

j=1 rjtxj)ut

becomes nonlinear for x being a vector of variables. This diffi-

culty can be overcome by an equivalent dual LP formulation of

problem (7). Indeed, introducing dual variable η corresponding

to the equation
∑T

t=1 ut = 1 and variables dt corresponding

to upper bounds on ut one gets the LP dual

Mβ(x) = max
q,dt

{η − 1

β

T∑

t=1

ptdt :

n∑

j=1

rjtxj ≥ η − dt, dt ≥ 0 ∀ t}.
(9)

This leads us to the standard LP model (6) for the CVaR

portfolio optimization.

An alternative CVaR optimization model can be built by

taking advantages of the minimax theorem. Since both sets Q
and U are convex polyhedra, formula (8) can be rewritten into

a dual form

max
x∈Q

min
u∈U

T∑

t=1

(
n∑

j=1

rjtxj)ut

= min
u∈U

max
x∈Q

T∑

t=1

(

n∑

j=1

rjtxj)ut

= min
u∈U

D(u)

(10)
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with the inner optimization problem

D(u) = max
xj

{
T∑

t=1

ut

n∑

j=1

rjtxj :

n∑

j=1

µjxj ≥ µ0,

n∑

j=1

xj = 1,

xj ≥ 0, j = 1, . . . , n}

= max
xj

{
n∑

j=1

(

T∑

t=1

rjtut)xj :

n∑

j=1

µjxj ≥ µ0,
n∑

j=1

xj = 1,

xj ≥ 0, j = 1, . . . , n}.

(11)

Again, we may take advantages of the LP dual to the inner

problem. Indeed, introducing dual variable q corresponding to

the equation
∑n

j=1 xj = 1 and variable u0 corresponding to

the inequality
∑n

j=1 µjxj ≥ µ0 we get the LP dual

D(u) = min
q,u0

{q − µ0u0 :

q − µju0 −
T∑

t=1

rjtut ≥ 0 j = 1, . . . , n}.

Hence, an alternative model for the CVaR portfolio optimiza-

tion (10) can be expressed as the following LP:

min q − µ0u0

s.t. q − µju0 −
T∑

t=1

rjtut ≥ 0, j = 1, . . . , n

T∑

t=1

ut = 1

0 ≤ ut ≤
pt
β
, t = 1, . . . , T

(12)

LP model (12) contains T + 1 variables ut, but the T
constraints corresponding to variables dt from (6) take the

form of simple upper bounds on ut (for t = 1, . . . , T )
thus not affecting the problem complexity. The number of

constraints in (12) is proportional to the total of portfolio

size n, thus it is independent from the number of scenarios.

Exactly, there are T + 1 variables and n+ 1 constraints. This

guarantees a high computational efficiency of the model even

for very large number of scenarios. Similarly, other portfolio

structure requirements are modeled with rather small number

of constraints thus generating small number of additional

variables in the model. Actually, the model (12) is the LP

dual to the model (6), thus similar to that introduced in [23].

Obviously, the optimal portfolio shares xj are not directly

represented within the solution vector of problem (12) but they

are easily available as the dual variables (shadow prices) for

inequalities q − µju0 −
∑T

t=1 rjtut ≥ 0.

The Minimax portfolio optimization model can be written

as the following LP problem:

max η

s.t.

n∑

j=1

µjxj ≥ µ0,

n∑

j=1

xj = 1

xj ≥ 0, j = 1, . . . , n

−η +

n∑

j=1

rjtxj ≥ 0, t = 1, . . . , T

(13)

which is simpler than the standard CVaR optimization model

(6). Except from the portfolio weights xj , the model contains

only one additional variable η. Nevertheless, it still contains T
linear inequalities in addition to the core constraints. Hence,

its dimensionality is (T + 2)× (n+ 1).

The Minimax portfolio optimization model representing a

limiting case of the CVaR model for β tending to 0. Actually,

for any β ≤ mint=1,...,T pt we gets Mβ(x) = M(x) thus

allowing to represent the Minimax portfolio optimization by

the CVaR optimization model (6) and to take advantages of its

dual form (12). Due to β ≤ pt for all t = 1, . . . , T , the upper

bounds on variables ut becomes redundant and we get the

following dual form of the Minimax portfolio optimization:

min q − µ0u0

s.t. q − µju0 −
T∑

t=1

rjtut ≥ 0, j = 1, . . . , n

T∑

t=1

ut = 1

ut ≥ 0, t = 1, . . . , T

(14)

The model dimensionality is only (n + 1) × (T + 2) thus

guaranteeing a high computational efficiency even for very

large number of scenarios.

The Mean Absolute Deviation (MAD) risk measure is

directly given by the value of the second order cdf F
(2)
x at

the mean δ̄(x) = E{max{µ(x)−Rx, 0}} = F
(2)
x (µ(x)) [19].

Therefore, its leads to an LP portfolio optimization model very

similar to that for the CVaR optimization (6). Indeed, we get:

max −
T∑

t=1

ptdt

s.t.

n∑

j=1

µjxj ≥ µ0,

n∑

j=1

xj = 1

dt ≥
n∑

j=1

(µj − rjt)xj , dt ≥ 0, t = 1, . . . , T

xj ≥ 0, j = 1, . . . , n

(15)

with T+n variables and T+2 constraints. The LP dual model
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TABLE I
COMPUTATIONAL TIMES (IN SECONDS) FOR THE STANDARD MEAN-RISK MODELS

Scenarios Securities CVaR (6) Minimax MAD
(T ) (n) β = 0.05 β = 0.1 β = 0.2 β = 0.3 β = 0.4 β = 0.5 (13) (15)

5 000 76 2.5 2.6 3.7 5.2 6.7 7.6 0.5 19.0
7 000 76 4.1 4.4 6.9 9.3 11.8 14.8 0.9 9.3
10 000 76 6.5 8.3 13.9 18.4 24.2 29.8 1.3 18.4
50 000 50 3275.4 4876.6 – – – – 7.8 –
50 000 100 – – – – – – 24.1 –

TABLE II
COMPUTATIONAL TIMES (IN SECONDS) FOR THE DUAL MEAN-RISK MODELS

Scenarios Securities CVaR (12) Minimax MAD
(T ) (n) β = 0.05 β = 0.1 β = 0.2 β = 0.3 β = 0.4 β = 0.5 (14) (16)

5 000 76 0.9 0.9 1.1 1.3 1.4 1.6 0.5 2.1
7 000 76 1.2 1.4 1.8 2.0 2.2 2.3 0.7 3.1
10 000 76 2.0 2.3 2.9 3.4 3.9 4.0 1.0 10.8
50 000 50 14.9 19.4 24.0 26.8 28.2 27.9 3.9 25.8
50 000 100 40.0 54.6 68.7 77.7 78.2 78.8 8.2 76.7

takes then the form:

min q − µ0u0

s.t. q ≥ µju0 −
T∑

t=1

(µj − rjt)ut, j = 1, . . . , n

0 ≤ ut ≤ pt, t = 1, . . . , T

(16)

with dimensionality n × (T + 2). Hence, there is again

guaranteed the high computational efficiency even for very

large number of scenarios.

We have run two groups of computational tests. The medium

scale tests of 5 000, 7 000 and 10 000 scenarios and 76

securities were generated following the FTSE 100 related data

[5]. The large scale tests instances developed by Lim et al.

[9] were generated from a multivariate normal distribution for

50 or 100 securities with the number of scenarios 50 000

just providing an adequate approximation to the underlying

unknown continuous price distribution. When applying the

lower bound on the required expected return, its value µ0

was defined as the expected return of the portfolio with equal

weights (market value). All computations were performed on

a PC with the Pentium 4 2.6GHz processor and 3GB RAM

employing the simplex code of the CPLEX 9.1 package.

In Tables I and II there are presented computation times for

all the above primal and dual models. All results are presented

as the averages of 10 different test instances of the same size.

For the medium scale test problems the solution times of the

dual CVaR models (12) ranging from 0.9 to 4.0 seconds are not

much shorter than those for the primal models ranging from

2.5 to 29.8 seconds, respectively. However, an attempt to solve

the primal CVaR model (6) of the large scale test problems was

successful only for β = 0.05 and β = 0.1 and the times were

dramatically longer than those for the dual model. For other

values of β the timeout of 6000 seconds occurred (marked

with ’–’). For 100 securities the primal model was not solvable

within the given time limit, while the dual models could be

successfully solved in 40.0 to 78.8 seconds.

The Minimax models are computationally very easy. Run-

ning the computational tests we were able to solve the medium

scale test instances of the dual model (14) in times below 1

second and the large scale test instances in up to 8.2 seconds

on average. In fact, even the primal model could be solved in

reasonable time between 0.5 and 24 seconds, for medium and

large scale test instances, respectively.

The MAD models are computationally similar to the CVaR

models. Indeed, only medium scale test instances of the primal

model (15) could be solved within the given time limit. Much

shorter computing times could be achieved for the dual MAD

model (16) – not more than 10.8 seconds for the medium scale

and 76.7 seconds for the large scale test instances.

To see how the value of the required expected return affects

the solution times we have performed additional tests for the

reformulated CVaR (with β = 0.1) and Minimax models

with increased value µ0. The increased value was set in the

middle between the expected return of the market value and

the maximum possible return for single security portfolio.

The computational times are generally comparable with those

for the market value constraints. Actually, for the medium

scale problems (10 000 scenarios) the CVaR optimization time

has remained unchanged (2.3 seconds) while the Minimax

optimization time has only raised from 1.0 to 1.1 seconds

and for the MAD model optimization it has raised from 10.8

to 13.9. For the large scale problems (50 000 scenarios) we

have noticed even a drop in computation times for the CVaR

model (reduction from 54.6 to 49.9 seconds) and similar

reduction (from 76.7 to 55.4 seconds) has occured for the

MAD model optimization while the Minimax optimization

time has increased from 8.2 to 10.5 seconds.

IV. GINI’S MEAN DIFFERENCE AND RELATED MODELS

Yitzhaki [32] introduced the portfolio optimization model

using Gini’s mean difference (GMD) as risk measure. The

GMD is given as Γ(x) = 1
2

∫ ∫
|η−ξ|dFx(η)dFx(ξ) although

several alternative formulae exist. For a discrete random vari-
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able represented by its realizations yt, the measure

Γ(x) =

T∑

t′=1

∑

t′′ 6=t′−1

max{yt′ − yt′′ , 0}pt′pt′′

is LP computable (when minimized) leading to the following

portfolio optimization model:

max −
T∑

t=1

∑

t′ 6=t

ptpt′dtt′

s.t.

n∑

j=1

µjxj ≥ µ0,

n∑

j=1

xj = 1

dtt′ ≥
n∑

j=1

rjtxj −
n∑

j=1

rjt′xj

dtt′ ≥ 0, t 6= t′ = 1, . . . , T
xj ≥ 0, j = 1, . . . , n

(17)

which contains T (T − 1) nonnegative variables dtt′ and

T (T − 1) inequalities to define them. This generates a huge

LP problem even for the historical data case where the number

of scenarios is 100 or 200. Krzemienowski and Ogryczak [7]

have shown with the earlier experiments that the CPU time of

7 seconds on average for T = 52 has increased to above

30 sec. with T = 104 and even more than 180 sec. for

T = 156. However, similar to the CVaR models, variables

dtt′ are associated with the singleton coefficient columns.

Hence, while solving the dual instead of the original primal,

the corresponding dual constraints take the form of simple

upper bounds (SUB) which are handled implicitly outside the

LP matrix. For the simplest form of the feasible set (1) the

dual GMD model takes the following form:

min q − µ0u0

q ≥ µju0 +

T∑

t=1

∑

t′ 6=t

(rjt − rjt′ )utt′ , j = 1, . . . , n

0 ≤ utt′ ≤ ptpt′ , t, t′ = 1, . . . , T ; t 6= t′

(18)

where original portfolio variables xj are dual prices to the

inequalities. The dual model contains T (T − 1) variables utt′

but the number of constraints (excluding the SUB structure)

n + 1 is proportional to the number of securities. The above

dual formulation can be further simplified by introducing

variables:

ūtt′ = utt′ − ut′t, t, t′ = 1, . . . , T ; t < t′ (19)

which allows us to reduce the number of variables to T (T −
1)/2 by replacing (18) with the following:

min q − µ0u0

q ≥ µju0 +
T∑

t=1

∑

t′>t

(rjt − rjt′ )ūtt′ , j = 1, . . . , n

−ptpt′ ≤ ūtt′ ≤ ptpt′ , t < t′ = 1, . . . , T

(20)

Such a dual approach may dramatically improve the LP model

efficiency in the case of larger number of scenarios. Actually,

as shown with the earlier experiments of [7], the above dual

formulations let us to reduce the optimization time below 10

seconds for T = 104 and T = 156. Nevertheless, the case of

really large number of scenarios still may cause computational

difficulties, due to huge number of variables (T (T − 1)/2).
This may require some column generation techniques [3] or

nondifferentiable optimization algorithms [9].

As shown by Yitzhaki [32] for the SSD consistency of

the GMD model one needs to maximize the complementary

measure

µΓ(x) = µ(x) − Γ(x) = E{Rx ∧Rx} (21)

where the cumulative distribution function of Rx ∧ Rx for

any η ∈ R is given as Fx(η)(2 − Fx(η)). Hence, (21) is the
expectation of the minimum of two independent identically

distributed random variables (i.i.d.r.v.) Rx thus representing

the mean worse return. This provides us with another LP

model although it is not more compact than that of (17) and

its dual (18). Alternatively, the GMD may be expressed with

integral of the absolute Lorenz curve as

Γ(x) = 2

∫ 1

0

(αµ(x) − F (−2)
x (α))dα

= 2

∫ 1

0

α(µ(x) −Mα(x))dα

and respectively

µΓ(x) = 2

∫ 1

0

F (−2)
x (α)dα = 2

∫ 1

0

αMα(x)dα (22)

thus combining all the CVaR measures. In order to enrich the

modeling capabilities, one may treat differently some more or

less extreme events. In order to model downside risk aversion,

instead of the Gini’s mean difference, the tail Gini’s measure

introduced by Ogryczak and Ruszczyński [21], [20] can be

used:

µΓβ
(x) = µ(x) − 2

β2

β∫

0

(µ(x)α − F (−2)
x (α))dα

=
2

β2

β∫

0

F (−2)
x (α)dα

(23)

In the simplest case of equally probable T scenarios with

pt = 1/T (historical data for T periods), the tail Gini’s

measure for β = K/T may be expressed as the weighted com-

bination of CVaRs Mβk
(x) with tolerance levels βk = k/T

for k = 1, 2, . . . ,K and properly defined weights [21]. In a

general case, we may resort to an approximation based on

some reasonably chosen grid βk, k = 1, . . . ,m and weights

wk expressing the corresponding trapezoidal approximation of

the integral in the formula (23). Exactly, for any 0 < β ≤ 1,
while using the grid of m tolerance levels 0 < β1 < . . . <
βk < . . . < βm = β one may define weights:

wk =
(βk+1 − βk−1)βk

β2
, k = 1, . . . ,m− 1

wm =
β − βm−1

β

(24)
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where β0 = 0. This leads us to the Weighted CVaR (WCVaR)

measure [12] defined as

M (m)
w (x) =

m∑

k=1

wkMβk
(x)

m∑

k=1

wk = 1, wk > 0, k = 1, . . . ,m

(25)

We emphasize that despite being only an approximation

to (23), any WCVaR measure itself is a well defined LP

computable measure with guaranteed SSD consistency and

coherency, as a combination of the CVaR measures. Hence,

it needs not to be built on a very dense grid to provide proper

modeling of risk averse preferences. While analyzed on the

real-life data from the Milan Stock Exchange the weighted

CVaR models have usually performed better than the GMD

itself, the Minimax or the extremal CVaR models [12].

Here we analyze only computational efficiency of the LP

models representing the WCVaR portfolio optimization. For

returns represented by their realizations we get the following

LP optimization problem:

max

m∑

k=1

wkηk −
m∑

k=1

wk

βk

T∑

t=1

ptdtk

s.t.

n∑

j=1

µjxj ≥ µ0,

n∑

j=1

xj = 1

xj ≥ 0, j = 1, . . . , n

dtk ≥ ηk −
n∑

j=1

rjtxj

dtk ≥ 0, t = 1, . . . , T ; k = 1, . . . ,m

(26)

where ηk (for k = 1, . . . ,m) are unbounded variables taking

the values of the corresponding βk-quantiles (in the optimal

solution). The problem dimensionality is proportional to the

number of scenarios T and to the number of tolerance levels

m. Exactly, the LP model contains m× T + n variables and

m × T + 2 constraints. The LP problem structure is similar

to that of reperesenting the so-called WOWA optimization in

fuzzy approaches [22]. It does not cause any computational

difficulties for a few hundreds scenarios and a few tolerance

levels, as in a simple computational analysis based on his-

torical data [12]. However, in the case of more advanced

simulation models employed for scenario generation one may

get several thousands scenarios. This may lead to the LP

model (26) with huge number of variables and constraints thus

decreasing the computational efficiency of the model. If the

core portfolio constraints contain only linear relations, like

(1), then the computational efficiency can easily be achieved

by taking advantages of the LP dual to model (26). The LP

dual model takes the following form:

min q − µ0u0

s.t. q − µju0 −
T∑

t=1

rjt

m∑

k=1

utk ≥ 0, j = 1, . . . , n

T∑

t=1

utk = wk

0 ≤ utk ≤ ptwk

βk
, t = 1, . . . , T ; k = 1, . . . ,m

(27)

that contains m× T variables utk, but the m× T constraints

corresponding to variables dtk from (26) take the form of

simple upper bounds on utk thus not affecting the problem

complexity. Hence, again the number of constraints in (27) is

proportional to the total of portfolio size n and the number of

tolerance levels m, thus it is independent from the number of

scenarios. Exactly, there are m× T + 2 variables and m+ n
constraints thus guaranteeing a high computational efficiency

of for very large number of scenarios.

TABLE III
COMPUTATIONAL TIMES (IN SECONDS) FOR THE DUAL WCVAR MODELS

Scenarios Securities Model (27)
(T ) (n) m = 3 m = 5
5 000 76 6.2 13.8
7 000 76 10.0 22.8

10 000 76 16.2 37.7
50 000 50 121.8 281.0
50 000 100 335.3 731.7

We have tested computational efficiency of the dual model

(27) using the same randomly generated test instances as for

testing of the CVaR and other basic models in Section III.

Table III presents average computation times of the dual

models for m = 3 with tolerance levels β1 = 0.1, β2 = 0.25,
β3 = 0.5 and weights w1 = 0.1, w2 = 0.4 and w3 = 0.5, thus
representing the parameters leading to good results on real

life data [12], as well as for m = 5 with uniformly distributed

tolerance levels β1 = 0.1, β2 = 0.2, β3 = 0.3, β4 = 0.4,
β5 = 0.5 and weights (24).

V. CONCLUDING REMARKS

The classical Markowitz model uses the variance as the

risk measure, thus resulting in a quadratic optimization prob-

lem. There were introduced several alternative risk measures

which are computationally attractive as (for discrete random

variables) they result in solving linear programming (LP)

problems. The LP solvability is very important for applications

to real-life financial decisions where the constructed portfolios

have to meet numerous side constraints and take into account

transaction costs. A gamut of LP computable risk measures has

been presented in the portfolio optimization literature although

most of them are related to the absolute Lorenz curve and

thereby the CVaR measures. We have shown that all the risk

measures used in the LP solvable portfolio optimization mod-

els can be derived from the SSD shortfall criteria. This allows

us to guarantee their SSD consistency for any distribution of

outcomes.
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The corresponding portfolio optimization models can be

solved with general purpose LP solvers. However, in the case

of more advanced simulation models employed for scenario

generation one may get several thousands of scenarios. This

may lead to the LP model with huge number of variables

and constraints thus decreasing the computational efficiency

of the models. For the CVaR model, the number of constraints

(matrix rows) is proportional to the number of scenarios. while

the number of variables (matrix columns) is proportional to

the total of the number of scenarios and the number of instru-

ments. We have shown that the computational efficiency can be

then dramatically improved with an alternative model taking

advantages of the LP duality. In the introduced model the

number of structural constraints (matrix rows) is proportional

to the number of instruments thus not affecting seriously the

simplex method efficiency by the number of scenarios. In

particular, for the case of 50 000 scenarios, it has resulted

in computation times below 30 seconds for 50 securities or

below a minute for 100 instruments. Similar computational

times have also been achieved for the reformulated Minimax

model.

Similar reformulation can be developed for other LP com-

putable portfolio optimization models as many of them are

related to the Absolute Lorenz Curve [18], [10]. In particular,

this applies to the classical LP portfolio optimization models

based on the mean absolute deviation as well as to the

Gini’s mean difference. The standard LP models for the Gini’s

mean difference [32] and its downside version [7] require

T 2 auxiliary constraints which makes them hard already for

medium numbers of scenarios, like a few hundred scenarios

given by historical data. The models taking advantages of

the LP duality allow one to limit the number of structural

constraints making it proportional to the number of scenarios

T thus increasing dramatically computational performances

for medium numbers of scenario although still remaining hard

for very large numbers of scenarios.
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[14] Miller, N and A Ruszczyński (2008). Risk-adjusted probability measures
in portfolio optimization with coherent measures of risk. European

Journal of Operational Research, 191, 193–206.
[15] Müller, A and D Stoyan (2002), Comparison Methods for Stochastic

Models and Risks, Wiley, Chichester.
[16] Ogryczak, W (1999), Stochastic dominance relation and linear risk

measures, in A M J Skulimowski, ed.: Financial Modelling – Proc.

23rd Meeting EURO WG Financial Modelling, Cracow, 1998, Progress
& Business Publisher, Cracow, 191–212.

[17] Ogryczak, W (2000), Risk measurement: Mean absolute deviation versus
Ginis mean difference, in W G Wanka, ed.: Decision Theory and

Optimization in Theory and Practice – Proc. 9th Workshop GOR WG,

Chemnitz, 1999, Shaker Verlag, Aachen, 33–51.
[18] Ogryczak, W (2000), Multiple criteria linear programming model for

portfolio selection, Annals of Operations Research 97, 143–162.
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Abstract—The constrained optimization with differential evo-
lution (DE) is addressed. A novel variant of competitive differ-
ential evolution with a hybridized search of feasibility region
is proposed, where opposition-based optimization and adaptive
controlled random search are combined. Various variants of the
algorithm are experimentally compared on the benchmark set
developed for the special session of IEEE Congress of Evolu-
tionary Computation (CEC) 2010. The results of the enhanced
competitive DE show effective search of feasible solutions, in
difficult problems significantly better than the competitive DE
variant presented at CEC 2010.

I. INTRODUCTION

D
IFFERENTIAL evolution (DE) was proposed by Storn
and Price [1] as a global optimizer for continuous

optimization problems with a real-value objective function,
where only the search space (domain) S is specified by
lower (aj) and upper (bj) limits of each component j,
S =

∏D
j=1[aj , bj], aj < bj, j = 1, 2, . . . , D , D is

the dimension of the domain. The global minimum point
x∗ = argminx∈S f(x) is the solution of the problem.
DE has been studied intensively in recent years and many

new variants of DE have been proposed. The research has
mostly focused on proper settings of control parameters and
their adaptation during the search process. However, variants
of DE for solving discrete or constrained problems have also
appeared, for overview see e.g. [2].
The paper is organized as follows. In Section II, the con-

strained optimization problem is defined and sevral stochastic
algorithms for its solution are mentioned. The DE algorithm
is described in Section III, the description is focused on
important features of the competitive DE used in this study.
Techniques of enhanced search of the feasibility region are
summarized and all algorithms tested in this study are de-
scribed in Section IV. Section V involves specification of
experiments and the results of comparison of the feasibility
rates obtained by all the competitive DE variants in the tests
as well as detailed results of the best performing algorithm.
Concluding remarks are made in Section VI.

This work was supported by Czech Ministry of Education, the research
project MSM 6198898701.

II. CONSTRAINED OPTIMIZATION

We consider the optimization problem in the following
format [3]:

Minimize: f(x), x = (x1, x2, . . . , xD) and x ∈ S (1)

subject to: gi(x) ≤ 0, i = 1, . . . , p
hj(x) = 0, j = p+ 1, . . . ,m.

A solution is regarded feasible if gi(x) ≤ 0, for i = 1, . . . , p,
and |hj(x)| − ε ≤ 0, for j = p+1, . . . ,m. Mean violation v̄
of any point x in population defined according to [3] can be
evaluated

v̄ =

∑p
i=1 Gi(x) +

∑m
j=p+1 Hj(x)

m
,

where

Gi(x) =

{
gi(x) if gi(x) > 0
0 if gi(x) ≤ 0

Hj(x) =

{
|hj(x)| if |hj(x)| − ε > 0

0 if |hj(x)| − ε ≤ 0.

Some versions of DE for constrained problems have been
published recently. One of the first modifications of DE for
constrained problems was published by Lampinen [4]. In [5],
the authors proposed self-adaptive algorithm ε-jDE which is
a modification of jDE algorithm [6] extended for constrained
optimization. They presented ε level controlling. The ε level is
updated according to the mean violation of individuals in the
current generation until the number of generations G reaches
the control generation GC . After the number of generations
exceeds GC , the ε level is set to 0 to obtain a solution with
minimum constraint violation.
An up-to-date overview of evolutionary techniques for

constrained problems is presented in [7]. The authors also
proposed a novel algorithm using an ensemble of con-
straint handling techniques (ECHT). The included techniques
are superiority of feasible solution, self-adaptive penalty, ε-
constraint, and stochastic ranking. In the algorithm which
uses ECHT together with differential evolution (ECHT-DE)
each constraint handling method has its own population and
new trial points are computed separately for each constraint
handling method in the current generation.
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A simple DE algorithm for constrained problem was pre-
sented in [8]. This algorithm alternates minimization of mean
violation v̄ and f(x) using one generation of the adaptive
DE algorithm with 12 competing DE strategies, where various
values of control parameters and two types of crossover are
used. The algorithm performed well on most problems of
the benchmark test set [3]. However, in a few problems the
algorithm found feasible solution rarely or even never, see
counts of feasible solutions in Tables II and III. This failure
in search of the feasible region is a motivation for the proposal
of a new algorithm with enhanced search of the feasible region.

III. DIFFERENTIAL EVOLUTION

Algorithm of DE works with a population of individuals
(NP points in domain S) that are considered as candidates
of solution. The population develops iteratively by using
evolutionary operators of selection, mutation, and crossover.
Each iteration corresponds to an evolutionary generation. Let
us denote two subsequent generations P and Q. Application
of evolutionary operators in the old generations P creates a
new generation Q. After completing the new generation Q,
the Q becomes the old generation for next iteration. The basic
scheme of DE is written in a pseudo-code in Figure 1.

1 generate an initial generation P , (xi, i = 1, 2, . . . ,NP)
2 while stopping condition not achieved
3 for i := 1 to NP do

4 generate a new trial vector y using P
5 if y better xi then insert y into Q
6 else insert xi into Q
7 endif

8 endfor

9 P := Q
10 endwhile

Fig. 1. Algorithm 1 – Basic scheme of DE in pseudo-code

The relation "better" (line 5 in Algorithm 1) means f(y) <
f(xi) in unconstrained problems. In constrained problems,
the preference of a more feasible solution is usually applied
according to the following rule: Accept a new trial point y if

v̄y < v̄i or (v̄y = 0 and v̄i = 0 and f(y) < f(xi)), (2)

where v̄i is mean violation of the current point xi.
A new trial point y (line 4 in Algorithm 1) is generated

by using mutation and crossover. There are various strategies
of mutation and crossover [1], [2], [9]. The most popular
mutation strategy called DE/rand/1/ generates the mutant point
u by adding the weighted difference of two points,

u = r1 + F (r2 − r3) , F > 0 , (3)

where r1, r2, and r3 are three mutually distinct points ran-
domly taken from population P, not coinciding with the
current point xi, and F is an input parameter. In the imple-
mentation of the DE algorithm in this paper is used a slightly
modified mutation strategy. It was proposed by Kaelo and

Ali [10]. They called it random localization and it can be
denoted as DE/randrl/1/. The point r1 in (3) is the best one
among r1, r2, and r3.
The elements yj , j = 1, 2, . . . , D, of the trial point y are

built up by the crossover of the current point xi and the mutant
point u. The most frequently used kind of crossover is called
binomial. It uses the following rule of combination of parents’
elements

yj =

{
uj if Uj ≤ CR or j = l
xij if Uj > CR and j 6= l ,

(4)

where l is a randomly chosen integer from {1, 2, . . . , D},
U1, U2, . . . , UD are independent random variables uniformly
distributed in [0, 1), and CR ∈ [0, 1] is an input parameter
influencing the number of elements to be exchanged by the
crossover. The rule given by Eq. (4) ensures that at least
one element of vector xi is changed, even if CR = 0. The
DE variants applying binomial crossover according to (4) are
denoted DE/ · / · /bin in literature.
The exponential crossover denoted by abbreviation

DE/ · / · /exp was also proposed in the first version of DE
by Price and Storn [1]. The exponential crossover in DE is
similar to the two-point crossover in genetic algorithms. For
the exponential crossover, the starting position of crossover
(k = 1) is randomly chosen from {1, . . . , D}, and L
consecutive elements (counted in circular manner) are taken
from the mutant vector u. The probability of replacing the
k-th element in the sequence 1, 2, . . . , L, L ≤ D, decreases
exponentially with increasing k.
The probability of crossover pm can be defined as the

mean relative length of overwritten elements of xi, i.e. pm =
E(L)/D. The relation between the pm and control parameter
CR was studied by Zaharie [11], [12]. For the binomial
crossover, the relation between pm and control parameter CR
is linear,

pm = CR(1− 1/D) + 1/D, (5)

while for the exponential crossover the relationship is strongly
non-linear,

pm =
1− CRD

D(1− CR)
, for CR < 1. (6)

This non-linearity should be taken into account when we set
the CR value for a problem to be solved.
Differential evolution has a few control parameters, namely

the size of population NP, mutation strategy, crossover type,
and couple of parameters F and CR. However, the efficiency
of differential evolution is very sensitive especially regarding
the setting of F and CR values. The most suitable control-
parameter values for a specific problem may be found by trial-
and-error tuning, which requires a lot of time. There are some
recommendations for setting of these parameters [1], [2], [9],
[13], [14] but their applicability is not universal.
Because trial-and-error control-parameter tuning is time-

consuming, several new adaptive variants of DE have been
recently proposed, e.g. [6], [15]–[21].
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Competitive setting of the control parameters was proposed
in [22]. In this adaptive approach to the choice of proper
DE strategy, we randomly choose among H different settings
of control parameters (F , CR, mutation, and crossover) with
probabilities qh, h = 1, 2, . . . , H .
These probabilities change according to the success rate of

the settings in the preceding steps of the search process. The
h-th setting is considered successful if it generates a trial point
y better than its counter-partnerxi in the old generation P , see
line 5 of Algorithm 1 in Figure 1. Probability qh is evaluated
as the relative frequency

qh =
nh + n0∑H

j=1(nj + n0)
, (7)

where nh is the current count of the h-th setting’s successes,
and n0 > 0 is a constant. The input parameter n0 > 1 prevents
a dramatic change in qh by one random successful use of the
h-th parameter setting. To avoid degeneration of the search
process, the current values of qh are reset to their starting
values qh = 1/H if any probability qh decreases bellow the
given limit δ > 0 during the search process.
Mutation according to (3) could cause that a new trial point

y moves out of the domain S. In such a case, the point y
can be skipped and a new one generated. A more effective
attempt is to replace the values of yj < aj or yj > bj , either
by random value in [aj , bj], see [9], or by reversed value
of this coordinate yj into S over the aj or bj by mirroring,
see [23]. The latter method is used in algorithms implemented
for numerical tests.

TABLE I
VALUES OF CROSSOVER PROBABILITY AND THE CORRESPONDING VALUES

OF CR PARAMETER FOR EXPONENTIAL CROSSOVER

D = 10 D = 30
i 1 2 3 1 2 3

pmi 0.3250 0.5500 0.7750 pi 0.2750 0.5167 0.7583

CRi 0.7011 0.8571 0.9418 CRi 0.8815 0.9488 0.9801

In several benchmark tests [24], [25], the competitive variant
of DE/randrl/1/ with H = 12 competing settings was among
the most efficient. In this variant, six various settings of
(F,CR) for the binomial crossover and six settings for the
exponential crossover take part in the competition. Two values
of F are used for the both type of crossover, one of them
F = 0.5 is rather small and the second one F = 0.8 is
rather big when the recommendation in [1], [2], [9], [13], [14]
are followed. Three values of CR for the binomial crossover
are set to their minimum, middle, and maximum value, that
is CR = 0, CR = 0.5, and CR = 1. All the three values
are combined in tuples with two values of F , which gives
six settings mentioned above. For the exponential crossover,
three values of CR are used as well, but they are set in
such a way in order to have the values of the crossover
probability given by (6) equally spaced inside the interval of

their possible values, [1/D, 1]. Notice, that for extremal values
of the crossover probability pm = 1/D or pm = 1 the both
types of crossover do not differ. Both the mutation probability
values and the corresponding CR values are dependent on the
dimension of the problem. The values of mutation probability
and the corresponding values of CR evaluated from (6) for
D = 10 and D = 30 are given in Table I. Like in the case
of the binomial crossover, three values of CR are combined
with two values of F , which gives six settings of (F,CR)
for the exponential crossover taking part in competition. The
competitive DE variant using these 12 settings is hereafter
referred as b6e6rl.
Thus, the b6e6rl algorithm modified for constrained prob-

lems has only the following control parameters:

• Size of the population, NP – can be intuitively set with
respect to the dimension of the problem.

• Parameters n0 and δ to control the competition – can be
set to the values, n0 = 2, δ = 1/(5 ×H) used in other
problems.

• Stopping condition – can be formed by maximum of
objective function evaluations (MaxFES) or in other way.

• Parameter ε for the tolerance of feasibility violation – the
value depends on the user’s request.

IV. ENHANCED SEARCH OF FEASIBILITY REGION

The basic idea, how to enhance the search of the feasibility
region, consists in exploitation of strategies different from
DE in the search. Opposite-based optimization and adaptive
controlled random search were applied for minimization of
mean violation v̄ in this study.

A. Opposition-Based Optimization

Application of opposition-based learning in stochastic op-
timization algorithms has appeared recently [26], [27] and it
is called opposition-based optimization (OBO). Basic idea is
to search for solution not only within the individuals of the
population developed by evolutionary operators but also in the
opposite part of the search space T . The opposite point to the
point x ∈ T , T =

∏D
j=1[lj , uj ], lj < uj , j = 1, 2, . . . , D is

defined as symmetric with respect to the center of T by

x̆ = l+ u− x. (8)

The opposite population O of NP points to the population P
according to relation (8) is generated occasionally, then the
function values in the opposite points are evaluated and from
the set P ∪O the NP fittest individuals are selected to the new
population. At the start of the optimization, T = S, which
is l = a and u = b. The search space T for the opposite
points shrinks dynamically during the search process. If P is
a matrix of size (NP, D), then l = min(P ) and u = max(P ),
the functions min(·) and max(·) return the vectors of column
minima and maxima, respectively. Thus, current dynamically
shrinking search space for the opposite population can be
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written as

T =
∏D

j=1[lj , uj], lj < uj, j = 1, 2, . . . , D,

where l = min(P ), u = max(P ).

(9)

The opposite population is generated after the initialization of
the population for the first time. During the search process,
the opposite population is generated in randomly selected
generations if the condition of rand(0, 1) < JR, where
rand(0, 1) is a random value from uniform distribution on
[0, 1) and JR (jumping rate) is an input parameter of the
algorithm. The jumping rate is usually set to constant value,
e.g. JR = 0.3 [26].

B. Adaptive Controlled Random Search

Another algorithm for enhanced search of the feasible
solution is the adaptive controlled random search (CRS) with
four competing local heuristics. This algorithm was applied
successfully to the estimation of parameters in non-linear
regression models [28].
Three of the competing local heuristics are based on a

randomized reflection in the simplex Σ created byD+1 points
chosen from P . A new trial point y is generated from the
simplex by the relation

y = g + U (g − xH) , (10)

where xH = argmaxx∈Σ f(x) and g is the centroid of
remainingD points of the simplex Σ. The multiplication factor
U is a random variable distributed uniformly in [s, α − s),
α > 0 and s being input parameters, 0 < s < α/2. All
the D + 1 points of simplex are chosen randomly from P
in two heuristics. Regarding the third heuristic, one point of
the simplex is the point of P with the minimum objective
function value and the remaining D points of the simplex Σ
are chosen randomly from the remaining points of P . The
fourth competing local heuristic is derived from differential
evolution, where strategy DE/rand/1/bin is used and adaptive
setting of control parameter F according to [15] is applied.
The algorithm was used as described in [28] with the same
setting of the parameters controlling the competition of local
heuristics.

C. Enhanced Search of Feasible Individuals

The scheme of enhanced search of the feasible region is
written in a pseudo-code in Figure 2. By the term "one
generation" of an algorithm is meant one generation of DE
(algorithm b6e6rl) or a run of another algorithm, where NP

evaluations of objective function is needed. Notice that except
the b6e6rl all the other algorithms minimize only the mean
violation v̄ as objective function. In the algorithm described
in Figure 2 (hereafter denoted CRSrOBO) are shown all the
enhanced search techniques used in this study. CRSrOBO

appeared best performing in the experimental tests. The other
algorithms tested miss one or more enhancement parts. The
algorithm labeled by CRSOBO does not use the refreshment
of population for the controlled random search, i. e. lines 4 to

6 in Figure 2 are not applied. The algorithm not using lines
4 to 6 and no opposition-based optimization (lines 10 to 12
Figure 2) is labeled CRS. The algorithm without enhancing the
search of the feasible solutions by controlled random search
(skipped lines 3 to 9 in Figure 2) is marked as OBO. The
dynamically shrinking search space according to relation (9) is
applied in all the algorithms using enhanced search by OBO,
whereas the static search space S is used in refreshment of
the population for CRS, because of no a priori information on
allocation of the feasibility regions is assumed. One generation
of OBO with static search space S is also applied immediately
after the initialization of P at line 1 in Figure 2.

1 generate an initial generation P
2 while stopping condition not achieved
3 if no individual feasible then

4 if rand(0, 1) < JRCRS then

5 refresh P using opposite population in S
6 endif

7 perform one generation of CRS
8 endif

9 perform one generation of b6e6rl
10 if no individual feasible & rand(0, 1) < JROBO then

11 perform one generation of OBO
12 endif

13 P := Q
14 endwhile

Fig. 2. Algorithm 2 – Enhanced Search of Feasible Solutions

The mnemonic labels of the algorithms with enhanced
search respect the applied techniques and the basic algorithm
of competitive DE is not stressed in labels of variants because
it is present in all the tested algorithms. Finally, if we omit
all enhanced search (lines 3 to 8 and 10 to 12) then the rest
is the algorithm b6e6rl described in Section III.

V. EXPERIMENTS AND RESULTS

The modification of DE for the solution of constrained
problems presented in [8] consists in alternating minimization
of mean violation v̄ and f(x) using one generation of the
b6e6rl algorithm. An extra minimization of mean violation
could be considered as enhanced search of the feasibility
region by b6e6rl. This variant labeled by CEC10 hereafter
is compared with the algorithms described in this study. All
the variants of algorithm were implemented in Matlab.
The algorithms were tested on the benchmark set developed

for the special CEC 2010 session [3]. The set consists of
18 problems at two levels of dimension. The code for test-
function evaluation was loaded from the web page of the
organizers [3].
Six algorithms were compared in experimental tests, namely

algorithm labeled CEC10, simple competitive DE for con-
strained optimization (b6e6rl) and four new variants with en-
hanced search of the feasible solutions (CRS, OBO, CRSOBO,
and CRSrOBO).
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The control parameters of the algorithms were set to the
same values for all the test problems, some parameters depend
on the dimensionality of the test problems, the values follows:

• Size of the population, NP = 50 for D = 10, NP = 100
for D = 30.

• Parameters to control the competition, n0 = 2, δ =
1/(5×H) for all the test problems.

• Stopping condition, MaxFES = 2 × 105 for D = 10,
MaxFES = 6× 105 for D = 30, as given in [3].

• Parameter for tolerance of feasibility violation, the value
ε = 0.0001 is prescribed in [3].

• Jumping rate for OBO was set to JROBO = 0.3 as mostly
applied in [27].

• Jumping rate of population refreshment for CRS was set
to JRCRS = 0.1 in order not to waste time by too frequent
using static OBO.

• Control parameters of adaptive CRS were used the same
as in [28].

No tuning of control-parameter was performed before the test
experiments.
For each problem and dimension, 25 independent optimiza-

tion runs were performed. From each run the function value
f(x∗) found at the minimum of the mean violation v̄ is
returned together with the corresponding values of variables
needed for the processing of the results presented in the tables.
If there are more feasible solutions in the last generation, the
minimum function value f(x∗) of the feasible solutions is
returned.

TABLE II
COUNT OF FEASIBLE SOLUTIONS OF 25 FOR D = 10.

Problem CEC10 b6e6rl CRS OBO CRSOBO CRSrOBO
1 25 25 25 25 25 25
2 25 25 24 18 22 21
3 25 25 25 24 25 25
4 25 25 25 25 25 25
5 4 0 0 16 14 16
6 2 0 1 23 21 20
7 25 25 25 25 25 25
8 25 25 25 25 25 25
9 3 2 0 12 18 22
10 3 5 3 11 20 17
11 20 0 22 0 24 24
12 25 16 25 21 25 25
13 25 25 25 25 25 25
14 25 25 25 25 25 25
15 24 25 25 22 24 24
16 19 25 20 25 23 24
17 19 21 21 19 23 21
18 22 24 25 16 23 20

Average 18.94 17.67 18.94 19.83 22.89 22.72

Comparison of the feasibility rates obtained by all the tested
variants are shown in Tables II and III, where counts of runs
that found a feasible solution (v̄ = 0) of 25 runs are given. If

TABLE III
COUNT OF FEASIBLE SOLUTIONS OF 25 FOR D = 30.

Problem CEC10 b6e6rl CRS OBO CRSOBO CRSrOBO
1 25 25 25 25 25 25
2 25 25 25 25 25 24
3 25 25 25 25 24 24
4 25 25 13 25 13 17
5 0 0 0 9 4 14
6 4 0 0 19 7 17
7 25 25 25 25 25 25
8 25 25 25 25 25 25
9 1 6 2 19 16 20
10 2 5 0 19 20 21
11 25 0 17 0 21 23
12 13 1 23 0 20 23
13 25 25 25 25 25 25
14 25 25 25 25 25 25
15 25 25 25 25 25 25
16 25 25 25 25 25 25
17 23 25 24 25 25 25
18 25 25 25 24 25 24

Average 19.06 17.33 18.28 20.28 20.83 22.61

we compare the results of the algorithms in problems 5, 6, and
9 to 12, we see a complementary effect of different enhanced
techniques. Where CRS does not help, OBO is useful, and
vice versa. Moreover, a synergic effect appears if more types
of enhanced search are applied together. The best results were
obtained by CRSrOBO, where the average count of the feasible
solutions is almost 23 of 25 and the minimum of feasible
solutions is 14, i.e. more than a half of 25.
The two-tailed Fisher’s exact test was applied to the sta-

tistical comparison of the feasibility rates of the algorithms.
All the algorithms were compared with respect to CRSrOBO.
The values of the feasibility rate for which the proportion
of the feasible solutions is different significantly from the
corresponding proportion of CRSrOBO at level of 0.05 are
underlined.
Detailed results of the best performing variant of enhanced

competitive DE (CRSrOBO) in 18 test problems at two levels
of the dimension are presented in Tables IV and V. The
structure of the results follows the requirements given in [3].
The results obtained from 25 runs of each problem were
sorted according to their values of mean violation v̄ in an
ascending way. Then the part of the feasible solutions was
sorted according to their function values f(x∗) in an ascending
way. The presented values of f(x∗) in columns Best, Median,
and Worst refer to this order. The sorting according to the
values of mean violation v̄ can cause that the best or median
of f(x∗) need not be necessarily less than the worst one in
some of the problems. The values of v̄ and c correspond to the
row of Median. Three numbers in vector c indicate the number
of violations more than 1, the number of violations in (0.1, 1],
and the number of violations in (0.0001, 0.1]. The mean and
the standard deviation (Stdev) of f(x∗) are evaluated from all
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TABLE IV
DETAILED RESULTS OF CRSROBO ALGORITHM AFTER ACHIEVING MAXFES FOR D = 10.

Problem Best Median Worst c v̄ Mean Stdev FR
1 -0.74731 -0.74731 -0.74056 0,0,0 0 -0.74623 0.00253 100 %
2 -0.85975 3.0025 3.1052 0,0,0 0 2.5482 1.3519 84 %
3 0 0 5.180e+11 0,0,0 0 2.072e+10 1.036e+11 100 %
4 -0.00001 -0.00001 -0.00001 0,0,0 0 -0.00001 0 100 %
5 6.8037 241.51 533.08 0,0,0 0 205.13 167.99 64 %
6 -36.480 203.55 469.88 0,0,0 0 197.07 145.76 80 %
7 0 0 3.9866 0,0,0 0 0.31893 1.1038 100 %
8 0 3.6229 40.876 0,0,0 0 6.6088 8.9421 100 %
9 2.099e+10 2.905e+12 5.438e+12 0,0,0 0 3.895e+12 3.727e+12 88 %
10 6.005e+10 1.437e+12 3.676e+12 0,0,0 0 3.989e+12 4.606e+12 68 %
11 -0.00152 -0.00152 -0.08734 0,0,0 0 -0.00496 0.01716 96 %
12 -305.49 -0.19925 -0.19925 0,0,0 0 -26.310 69.644 100 %
13 -68.429 -68.429 -68.429 0,0,0 0 -68.429 7.234e-08 100 %
14 6.8326 3.197e+08 1.496e+10 0,0,0 0 1.680e+09 3.389e+09 100 %
15 3.876e+11 2.925e+13 1.012e+14 0,0,0 0 4.242e+13 5.102e+13 96 %
16 0 0.90857 0.92313 0,0,0 0 0.74910 0.32623 96 %
17 17.319 242.92 751.13 0,0,0 0 247.91 186.64 84 %
18 113.90 4379.01 10223.3 0,0,0 0 5823.3 4195.9 80 %

TABLE V
DETAILED RESULTS OF CRSROBO ALGORITHM AFTER ACHIEVING MAXFES FOR D = 30.

Problem Best Median Worst c v̄ Mean Stdev FR
1 -0.82188 -0.82188 -0.81795 0,0,0 0 -0.82095 0.00169 100 %
2 2.0180 3.4494 4.1897 0,0,0 0 3.4143 0.63100 96 %
3 0 1.129e+08 9.749e+11 0,0,0 0 3.350e+12 5.015e+12 96 %
4 -3.263e-06 0.00191 0.92952 0,0,0 0 0.25626 0.42471 68 %
5 73.320 506.36 556.27 0,0,0 0 352.56 176.17 56 %
6 196.45 524.00 582.50 0,0,0 0 439.48 125.78 68 %
7 0 0 0 0,0,0 0 0 0 100 %
8 0 0 2.335e-26 0,0,0 0 1.081e-27 4.693e-27 100 %
9 2.937e+11 1.934e+13 2.445e+13 0,0,0 0 1.773e+13 1.672e+13 80 %
10 1.861e+11 1.822e+13 3.883e+13 0,0,0 0 1.869e+13 1.572e+13 84 %
11 -0.00039 -0.00039 0.01867 0,0,0 0 0.00113 0.00528 92 %
12 -0.19926 -0.19926 196.42 0,0,0 0 7.4997 39.368 92 %
13 -67.224 -65.433 -64.449 0,0,0 0 -65.617 0.74208 100 %
14 2.783e+08 3.130e+10 2.708e+11 0,0,0 0 4.778e+10 6.011e+10 100 %
15 1.111e+13 1.349e+14 2.599e+14 0,0,0 0 1.312e+14 7.212e+13 100 %
16 0.29150 0.80218 1.0364 0,0,0 0 0.78285 0.20885 100 %
17 86.084 781.38 1533.7 0,0,0 0 719.01 491.01 100 %
18 55.420 15580.9 42534.6 0,0,0 0 19026.4 14999.8 96 %

the 25 runs. The feasibility rate in the last column of tables is
defined as

FR = 100× number of runs with feasible solution
number of all runs

.

In comparison with the results of CEC10 [8], not only the
feasibility rate of CRSrOBO is significantly better in some
problems, but also the minimum function values (column Best)
found by CRSrOBO are less than those found by CEC10

in more than a half of problems. Thus, the novel enhanced
competitive DE variant combining adaptive controlled random

search with population refreshment and opposition-based op-
timization for the search of feasible solution proved to be a
substantial improvement of the competitive DE for constrained
single-objective optimization.

VI. CONCLUSION

A novel competitive DE variant with enhanced search of the
feasibility region for constrained single-objective optimization
was proposed. This algorithm includes adaptive controlled ran-
dom search with population refreshment by applying opposite
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points in the search space and opposition-based optimization.
These techniques are used for the search of the feasibility
region (minimization of violation), whereas the competitive
differential evolution is used both for minimizing the con-
straints’ violation and the function value. The novel algorithm
proved to be a substantial improvement of the competitive
DE for constrained single-objective optimization presented
recently [8].
In near future, we are planning to compare this algorithm

with good performing algorithms available in literature [5], [7]
and with the other algorithms succeeded in the competition
of Congress on Evolutionary Computation 2010 at Barcelona.
It is needed for a decision on applicability of the algorithm
in real-world problems. A more detailed analysis of the
algorithms is intended. Its results can bring a new impuls
for further development of algorithms for constrained single-
objective optimization with enhanced search of the feasible
solutions.
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Krzywdziński, Krzysztof . . . . . . . . . . . . . . . . . . . . . . . . . .873, 879
Kulikowski, Juliusz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . 59
Kübert, Roland . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 655

Laat, Cees de . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231
Lafourcade, Mathieu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 439
Lentini, Alessandro . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 709
Letia, Tiberiu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . 759
Lindén, Krister . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 477
Lipitakis, E. A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 297
Lirkov, Ivan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 309
Loban, Ksenia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 723
Longo, Laurence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..447
Lukasova, Alena . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 67

Mach, Maria Antonina . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249
Machacek, Zdenek . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .831
Macioł, Paweł . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 337
Maciołek, Przemysław . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .455
Malawski, Maciej . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 621
Marakova-Begoc, Irina . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 723

Marc, Thiriet Jean . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 817
Marchewka, Dariusz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .805
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