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Abstract—This paper is an attempt to support effective decision
making in building management by assisting maintenance pro-
cesses. Knowledge about buildings is stored in a graph with many
hierarchies. This representation allows us to express different
types of hierarchical dependencies between building parts, like
geometrical and functional ones, in one structure. Moreover, such
a structure is useful to extract subgraphs containing information
necessary for a given computational task, such as locating a
desired place and the shortest path leading to it. As maintanance
processes often require dynamic path target selection, modified
indoor navigation methods are proposed. The paper presents
the capability of the described knowledge model to cope with
complex queries referring to different types of information. The
considered examples show that the proposed approach can be
used for various facility maintenance management applications.

I. INTRODUCTION

A
COMPUTER-AIDED facility management system re-

quires extensive information of multiple dimensions as

it deals with problems of inspecting, repairing and substituting

equipment in a cost-effective way [1]. As facility maintenance

management directly affects the satisfaction of building users it

should be able to identify problems and maintain the facilities

in a time, cost and resource effective manner [2]. Simulation of

equipment running conditions in a design phase of a building

model can reveal the need of changes in facilities arrangement

or even of the redesign of the equipment location spaces.

Good decisions for building maintenance require integration

of various types of information and knowledge. Systems

providing such an integration are actively researched [3].

Information about the geometrical and physical properties

of a building is the most basic one. On top of this data,

additional types of information can be added: which doors

can be freely opened and which require a keycard, how rooms

are numbered, which are used as office rooms and which as

storage rooms, which employees are assigned to which rooms,

etc. Some types of information may concern not the physical

building, but be related to the building users, for example

an organisational chart of the company which occupies the

building, working hours for company departments, etc.

Having more types of information increases the breadth of

knowledge available to a facility management system. This,

in turn, makes the system more likely to be able to answer

unusual and complex questions, which can enable innovative

ways of managing the building. One of the problems of facility

maintenance in modern buildings is finding information about

equipment which can be turned off for some time to lower

energy consumption. For example, in order to reduce the

costs of building maintenance the current requirements for air

conditioning of different building spaces should be considered.

Finding the useful information in a facility management

system can greatly reduce costs of building maintenance.

The effective maintenance of building facilities often needs

navigation tools to locate a target place, like a storeroom of

spare parts or a broken appliance, and the shortest path leading

to it. It is also important to navigate the maintenance staff to

equipment which should be operated manually by the shortest

paths.

Navigation systems are, in general, concerned with deter-

mining the current location of their user, finding the optimal

path to a target point, and then guiding the user along this

path. Outdoor devices usually use satellite-based location

services, but these services are unreliable inside buildings.

Indoor systems use alternative approaches based on Wi-Fi [4],

UWB, RFID [5], etc. Approaches based on matching images

from smartphone cameras to the database of unique landmarks

were also proposed [6]. In the last resort, the user can simply

be asked to mark their current location on a map.

The optimal path is usually defined as the shortest one, and

calculated by an appropriate graph algorithm. This implies that

the system must have an alternative map in the form of a graph.

This graph will usually have nodes representing doors and

other important points in the building, and edges representing

possible movements of a person walking from one point to

another one [7].

The guidance part can be limited to showing a map with

a drawn path, or can be provided as a list of commands

(“go straight 100 meters, then turn right and walk another

50 meters”). Humans do not have an innate understanding

of numeric distances and angles, therefore instructions using

landmarks (“walk up the stairs, then turn towards the coffee

machine”) are easier to follow [6]. In the extreme case, when

the navigation device does not use any location service and

cannot update its own position in real-time, the guidance

instructions may simply be a sequence of photos showing

landmarks the user should walk by on their way from the

starting to the target point [8].

Navigation strategy proposed in this paper is based on
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knowledge about the building layout stored in the hierarchical

graph structure. Its multiple hierarchies allow for building

models which represent not only the spatial hierarchy of

rooms and floors, but also other functional and administrative

dependencies. This additional knowledge stored in the graph

can be used in the target selection phase.

Currently available navigation tools require users to specify

a single point as a target, either by directly marking it on a

map or by providing a description which can be translated by

the device to point coordinates (“the room with the number

303”, “the coffee machine closest to my current position”).

The system based on the graph model proposed in this paper

will be able to find targets described in a parametric way

or specified by selected attributes (for example, the type of

a scientific equipment shop). The hierarchy grouping graph

nodes into larger entities makes it possible to accept requests

for “the closest laboratory belonging to the Department of

Organic Chemistry”. What is even more important, specifying

targets which resolve to a set of points will also be possible:

“all office rooms belonging to the Department of Games” will

make the navigation device guide its user from one room to

the other.

The hierarchical nature of the graph model can also be

useful for path searching algorithms. It provides the possibility

of filtering the graph by hierarchy type and level, eliminating

knowledge not related to the task of finding a path between

two points in the chosen fragment of the building. The number

of data to be analyzed is greatly reduced, thus speeding up the

search.

II. RELATED WORKS

Building maintenance can be seen as the combination of

administrative and technical actions to ensure the items of

the building in an acceptable standard to perform its required

functions [9]. The main objectives of building maintenance

are: extending the useful life of the buildings, providing save

and efficient working or living environment and maximization

of economic and aesthetic values of the buildings. Building

maintenance can be seen as an activity in facilities manage-

ment [10] and considered as the part of the construction sector

[11].

Building management requires taking many important deci-

sions regarding the way of inspecting, maintaining, renewing

or replacing existing facilities [1]. To support decision making

at different stages of a building lifecycle the constant acqui-

sition and analysis of data is needed [12]. Limited access to

accureate data, knowledge and integrated of multiple domains

makes it difficult to create user-friendly interfaces for decision

support in operation and maintanance of building facilities

[13].

Good decisions for building maintenance require integration

of various types of information and knowledge. Current BIM

applications are not able to fully exploit the capabilities of the

knowledge systems. In [14] and [15] Radio Frequency Identi-

fication (RFID) is proposed to collect and share maintenance

data with the most minimal manual data entry. The method is

used in an integrated system proposed in [3] which captures

both, information and knowledge. The system developed in [3]

concerns rather capturing information and knowledge, while

the efficiency of the system is improved by the automation

of data capturing by means of technologies such as RFID.

The system helps maintenance teams learn from previous

experience and trace the history of a building elements on

the base of Case-Based Reasoning system (CBR).

Majority of the current building maintenance systems

mainly focus on capturing either information or knowledge.

On the other hand many currently available building main-

tenance system capturing information and knowledge are

concentrated on tracing the history of the building and learning

from previous experience.

In our approach, we focus on another aspect of the effective

maintenance of building facilities—navigation to locate a

target place, like a storeroom of spare parts or a broken

appliance, and the shortest path leading to it as well as

finding information about equipment which can be turned off

for some time to lower energy consumption. To allow for

effective navigation and finding information about equipment,

the hierarchical graphs with multiple hierarchies of various

types are used as a representation of building models.

Graph structures are commonly used to model relations

in many systems [16], [17]. They can be used in design

systems to model topological relations between components,

in databases to model logical relations between objects as well

as to model data and control flow or specification and analysis

of software systems. In many real applications, modelling

systems by plain graphs (graphs where edges and nodes are

sets without additional structure) is insufficient. The complex

systems are very often hierarchical, thus graphs with hierarchy

should be used as the models [18]–[20]. Graphs of this kind

allow not only for modelling hierarchical relations between

components of the system but also for hiding some details

of “encapsulated” subgraphs. Hierarchical graphs used in

conjunction with graph transformation rules can be used to

manage changes in the state of big and complex systems like

computing grids [21].

During the last years several models based on graphs with

hierarchy have been defined [22]–[33]. They were used for

modelling global computing systems, syntactical structure of

agents, mobile systems, design systems, granular computing,

etc. It turns out that existing hierarchical graphs are not suffi-

cient to efficiently model objects considered in architectural

design and engineering problems. The good representation

should allow for expressing multi-argument relations between

parts of different components, hierarchical dependencies be-

tween different parts of design, as well as many hierarchies of

different types, where not all components must belong to the

hierarchy. None of the mentioned models allows for modelling

of all required features.

Therefore in this paper hierarchical graphs with multiple

hierarchies of various types are proposed as representation

of building models. The considered graphs are composed of

nodes, which represent object components, and edges repre-
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senting relations between them. In given graph nodes other

nodes and edges can be nested. Graph nodes with nested atoms

are called hierarchical. Hierarchical nodes may be used to hide

certain details of a designed object that are not needed in a

given moment or to group objects having common features

(geometrical or functional). Graph hierarchies enable us to

group elements according to different objectives and consider

the project at a chosen level of detail. Hierarchical graphs

encode the knowledge about created designs and therefore

enable to efficiently reason about the conformity of designs

with specified design criteria [34].

In this paper, a multi-hierarchical graph model is used

to search for possible routes in a given building. The most

common graph algorithm for route calculation is the Dijkstra’s

algorithm. Other graph algorithms like A*, Floyd-Warshall or

Bellman-Ford [35] are also used to determine the shortest path

from a source to a destination. In [36] a reduced visibility

graph is used to reflect possible route choices and the Fastest-

Path Algorithm finds the fastest path for travelers [37]. In [38]

metrical-topological models constructed from labelled floor

plan geometry are used to describe the shape and connectivity

of space, and constitute useful underlying tools for wayfind-

ing. However, for almost all current navigation applications

complex building interiors with large open spaces and vertical

communication means present challenges.

III. THE GRAPH-BASED REPRESENTATION OF

BUILDING-RELATED KNOWLEDGE

In this section the extended graph-based data structures,

which better reflect the intrinsic nature of design objects, are

described. They enable to express geometrical properties of

objects together with their other attributes and different types

of relations between object components.

Flat graphs are often used to model internal structures

of objects. Nodes represent components of an object, and

relations between them are represented by edges. These simple

models are no longer convenient when components themselves

need to be decomposed into sub-components without losing

their identity. In such a case, the model has to contain nodes

representing both the component and its parts.

Hierarchical graphs can represent the connection between

the whole and its parts in a straightforward way, because

nodes and edges can be nested inside other nodes. A graph

node with nested atoms is called hierarchical and represents a

component as a whole, while the children atoms represent this

component’s internal structure. Graphs considered in this paper

also allow for expressing relationships between components

located on different hierarchy levels, i.e., edges can connect

nodes nested in different parents.

The considered graphs are multi-hierarchical, i.e., there is

a possibility to define hierarchies of different types in one

graph. Many hierarchies defined in one graph allow us to

specify different types of hierarchical dependencies between

graph elements. Such a representation makes it possible to

filter the knowledge stored in the graph by selecting specific

hierarchies. Moreover, there is a choice of different views of

the project consisting of selected hierarchies including only

relevant subsets of graph atoms.

The proposed multi-hierarchical graphs can represent a

complex object at different levels of detail and different stages

of the building lifecycle. They allow for hiding unnecessary

at the moment low-level data and presenting only an outline

of the object or showing a detailed view of the whole object

(or of its part). The considered multi-hierarchical graphs are

an extension of labelled and attributed graphs. Nodes and

edges are labelled by names of components and relations,

respectively. Semantic aspects of components and relations are

encoded in sets of attributes assigned to nodes and edges.

Use of multiple graph hierarchies, instead of a single

hierarchy, allows for additional knowledge to be encoded in

the graph structure. Each hierarchy can correspond to different

element grouping criteria. Reasoning about designs [34] can

be more efficient thanks to the possibility of selecting both the

hierarchy type, level, and the appropriate components of the

object.

Let us introduce a formal description of the proposed multi-

hierarchical graph model.

Let ΣV and ΣE be two disjoint alphabets of node and edge

labels, respectively. Let A be a nonempty, finite set of node

and edge attributes. Let Da denote a fixed, nonempty set of

admissible values for attribute a ∈ A, called the domain of a.

Let the set of nodes and edges of a graph G, known together

as graph atoms, be denoted by U , i.e., U = V ∪E. It can be

assumed without loss of generality that ΣV , ΣE , A, V and E
are pairwise disjoint.

Some graph atoms may be completely outside the hierarchy,

in the sense that concepts like “set of children” and “parent”

are not applicable to them at all. Let ⊥ be a fixed value,

different from all graph atoms, which will be used to denote

this case in the following.

Definition 1: A mapping ch : V → 2U ∪ {⊥} is a child

nesting function if and only if:

• ∀v, w ∈ V : w ∈ ch(v) ⇒ ch(w) 6= ⊥, i.e. if a node is a

child of some other node, then it is a part of the hierarchy

and thus must have its own set of children (which may

be empty),

• ∀x ∈ U ∀v, u ∈ V : x ∈ ch(v) ∧ x ∈ ch(u) ⇒ v = u,

i.e., an element cannot have two distinct parents,

• ∀v ∈ V : v /∈ ch+(v), i.e., no element can be its own

descendant.

For node v ∈ V , ch(v) is known as a set of its children,

ch+(v) as a set of its descendants, and ch∗(v) denotes a set

containing both node v and its descendants.

Definition 2: A multi-hierarchical graph over ΣV , ΣE and

A with n hierarchies (where n is a fixed natural number) is

a system G = (V, E, s, t, ch1, . . . , chn, vlb, elb, atr, val),
where:

• V and E are disjoint finite sets, with V being non-empty,

whose elements are called nodes and edges, respectively,

• s : E → V and t : E → V are mappings assigning to

edges their source and target nodes, respectively,
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Fig. 1. An example graph model with three hierarchies

• chi : V → 2U∪{⊥}, where i = 1, . . . , n are child nesting

functions,

• vlb : V → ΣV and elb : E → ΣE are node and edge

labelling functions, respectively,

• atr : U → 2A is a node and edge attributing function,

• val : U × A → D, with D =
⋃

a∈A Da, is a partial

function such that for all x ∈ U and a ∈ A if a ∈ atr(x),
then val(x, a) ∈ Da.

In Fig. 1 an example of a graph with three different hierar-

chies is presented. In the first hierarchy, nodes representing

rooms and other spaces are nested in hierarchical nodes

representing floors. Edges which connect nodes represent

accessibility. All graph elements belonging to this hierarchy

are drawn as solid ovals and lines.

The second hierarchy is used to group stair segments into

staircases. While stair runs and their landings are contained

in their specific floors, staircases considered as a whole do

not belong to any floor. Therefore, the node in Fig. 1 which

represents a staircase is not a part of the first hierarchy, and

is drawn with a dashed line to underline this fact.

The third hierarchy stores knowledge about administrative

room assignments. In this example there are four rooms

assigned to the Department of Radioastronomy. Nodes rep-

resenting these rooms are nested in the node representing the

department.

It should be noted that a graph atom can belong to several

hierarchies at the same time. For example, nodes representing

stair segments are a part of the spatial and of the vertical

spatial hierarchy; they are not a part of the administrative one.

Notions of a subgraph of a multi-hierarchical graph, an

induced subgraph and a single view are useful tools for

filtering the knowledge stored in a graph model.

Parts of an object represented by a multi-hierarchical graph

correspond to its subgraphs.

Definition 3: A graph G = (VG, EG, sG, tG, ch1G, . . . ,
chnG, vlbG, elbG, atrG, valG) is a subgraph of a graph

H = (VH , EH , sH , tH , ch1H , . . . , chnH , vlbH , elbH , atrH ,
valH) if:

• VG ⊆ VH ;

• EG ⊆ EH and ∀e ∈ EG : sH(e) ∈ VG ∧ tH(e) ∈ VG;

• sG = sH |EG
, tG = tH |EG

;

• ∀x ∈ VG : chi G(x) = chiH(x) ∩ (UG ∪ {⊥}) where

i = 1, . . . , n,

• vlbG = vlbH |VG
, elbG = elbH |EG

;

• ∀x ∈ UG : atrG(x) ⊆ atrH(x),
• ∀x ∈ UG, a ∈ A : valG(x, a) = valH(x, a).

A subgraph in which all edges connecting selected nodes

of a given graph are present is called an induced subgraph.

Definition 4: A graph Ind(VI) = (VI , EI , sI , tI , ch1 I ,
. . . , chn I , vlbI , elbI , atrI , valI) is an induced subgraph of

an graph H = (VH , EH , sH , tH , ch1H , . . . , chnH , atrH ,
valH) if Ind(VI) is a subgraph of H , where EI = {e ∈ EH :
sH(e) ∈ VI ∧ tH(e) ∈ VI}.

Searching for specific information about the design, the

designer often needs to take into consideration only one graph

hierarchy. A subgraph which contains all nodes of the selected

hierarchy and edges representing relations between them is

called a single view.

Definition 5: Let H = (VH , EH , sH , tH , ch1H , . . . , chnH ,
vlbH , elbH , atrH , valH) be a graph and let i be a fixed

number 1 ≤ i ≤ n. A graph S(chi) = (VS , ES , sS , tS ,
chi S , vlbS , elbS , atrS , valS) is a single view determined

by the hierarchy chiH if S(chi) is a fragment of an induced

subgraph of H where VS = ch∗

iH(VH)∩VH and chj for j 6= i
are omitted.

IV. CASE STUDY

A university building is used as an example in this section.

Fig. 2 displays a part of its floor plan, which includes several

rooms belonging to two departments, a student canteen and a

staircase. A multi-hierarchical graph which models this build-

ing has four hierarchies: spatial, vertical spatial, functional and

administrative. A graph with many hierarchies is difficult to

arrange on a diagram in a clear way, therefore the following

figures show different views of this graph.

The first hierarchy, which groups together nodes represent-

ing rooms belonging to the same floor and places them inside

a node representing this floor, is the most obvious one. It also
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Fig. 2. A fragment of a university building floor plan

provides nodes representing entry/exit points which are used

to move between adjacent spaces in the building. Most of

them represent doors, some represent stair landings. Edges

connecting these points denote accessibility and are attributed

with numbers representing costs of traversing the edges (i.e.,

the time required to walk from one point to the other). A single

view showing this spatial hierarchy is displayed in Fig. 3.

The second hierarchy is also based on physical containment,

but it groups spaces in the vertical direction. It is named

“vertical spatial” and provides hierarchical nodes representing

staircases and lifts—that is, objects which cross floor bound-

aries.

The third hierarchy (see Fig. 4) divides the building into

functional areas. All corridors and stairs are assigned as

children of the “communication” node, personal rooms of

university employees as children of the “staff offices” node,

canteens and other places where food can be bought are

assigned to the “gastronomy” node, and so on.

The fourth hierarchy (see Fig. 5) provides nodes corre-

sponding to the administrative structure of a university (chairs,

departments, etc.) and places rooms inside these nodes.

Usually, floor layouts like the one displayed in Fig. 2 show

only the geometry of the building and room labels. A multi-hi-

erarchical graph model is able to store additional information.

This extra knowledge can be used to support specific facility

management tasks.

A. Case 1: HVAC system

Modern buildings usually have HVAC (heating, ventilation,

and air conditioning) systems which are centrally managed by

a BMS (building management system). To reduce the energy

consumption, the BMS often switches off the HVAC systems

at the end of a day and turns them back on the next morning.

In a university building there are additional chances for

saving energy, offered by irregular events. A special event can

be accompanied by a university-wide cancellation of classes,

which means that nobody will use lecture halls and student

laboratories. On a smaller scale, a conference attended by a

department can mean that the staff from that department will

be absent for several days, and AC in their office rooms can

be turned off for that period.

To take advantage of such events, a manual HVAC schedule

adjustment must be made at a BMS computer terminal. Mak-

ing adjustments room by room is time-consuming and error-

prone. The BMS can make this procedure easier by letting

the operator specify a group of rooms and then apply the

adjustment to the whole group in a single step. The procedure

gets even easier if the group can be automatically defined.

Integrating the BMS and the multi-hierarchical graph model

makes it possible. The set of graph nodes representing office

rooms belonging to a considered department is calculated

on the basis of knowledge stored in the administrative (see

Fig. 5) and functional (see Fig. 4) hierarchies. Alg. 1 shows

the algorithm which implements this calculation. For example,

when given the name “Department of Games” as an argument,

function OfficeRooms returns a set of nodes representing

rooms number 007 and 008. Returned graph nodes are mapped

to objects representing these rooms in the BMS.

B. Case 2: navigation support

Let us consider a case of guiding a maintenance technician

to a correct shop. The technician was called in to check a

non-working piece of scientific equipment, and he determined

that a repair is possible but requires a spare part and/or use

of specific tools. The required items can be obtained from

workers in an equipment shop. The problem is, the building

contains several such shops, and going to a wrong one is a

waste of time. The shops are assigned to departments, and

Algorithm 1 Outline of an algorithm used by the BMS

Room selection algorithm.

Input: a name of a department or other administrative unit.

Output: a set of nodes representing office rooms assigned to

this department/unit.

constants

offices := the node labelled “staff offices”

function OfficeRooms (administrativeUnitName)

v := the node labelled administrativeUnitName

A := ch+

administrative(v)
B := chfunctional(offices)
return A ∩B

endfunc
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Fig. 3. A view showing the spatial hierarchy of the building model (edge costs omitted)
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Fig. 4. A view showing the functional hierarchy of the building model
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canteen
no: 009

Astro Catering

Fig. 5. A view showing the administrative hierarchy of the building model

because of university accounting rules, shop workers may not

expend resources to fix equipment belonging to an unrelated

department.

A navigation application with a dynamic target selection

algorithm can help the technician to get to the correct shop.

Pseudocode in Alg. 2 shows how to implement this guidance

algorithm. We assume that the technician starts in the room

with a broken piece of equipment. The SearchForShop pro-

cedure uses this assumption to determine which department

this equipment belongs to. It can then take the set of nodes

contained in the node representing this department (adminis-

trative hierarchy) and intersect it with the set of nodes nested

in the “shops” node (functional hierarchy). This determines the

room—or, if the department has more than one shop assigned,

the set of rooms—to check in the first search phase.

Then, the application should direct the technician to the

nearest room from this set. This is implemented in the TryN-

odes procedure. The code finds the shortest path from the node

representing the room the technician is currently in to any of

the nodes representing rooms to check (or rather, from a node

representing an entry/exit point in the current room to any

node representing a point in the destination rooms). To speed

up the search the Dijkstra’s algorithm is applied not to the

complete graph model, but to its subgraph. Specifically, to a

spatial hierarchy subgraph induced by start and destination

nodes as well as by nodes which in the functional hierarchy

are nested in the “communication” node.

If, when arriving at the destination point, the technician

finds the shop closed or the replacement part unavailable, then

they command the navigation application to direct them to the

next shop. The application removes the node representing the

visited shop from the set of destination nodes and repeats the

procedure described in the previous paragraph.

If required parts can not be obtained from any shop in the

department, the application checks the administrative hierarchy

to find the parent unit of the department, and considers shops

assigned directly to that unit. If necessary, it then proceeds to

the grandparent unit, the great-grandparent unit, etc.
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Algorithm 2 Outline of an algorithm used by the navigation application

Dynamic target search algorithm.

SearchForShop determines which sets of rooms to visit in each search phase.

TryNodes is an auxiliary procedure which navigates the user between rooms.

constants

shops := the node labelled “shops”

comm := the node labelled “communication”

D := S(chspatial), i.e., the single view of the spatial hierarchy (see Fig. 3)

procedure SearchForShop

u := node representing the room user is currently in

v := paradministrative(u)
while v 6= NULL do

A := chadministrative(v)
B := chfunctional(shops)
TryNodes (A ∩B)

v := paradministrative(v)
endwhile

report failure and end program, all possibilities exhausted

endproc

procedure TryNodes (setOfRoomNodes)

while setOfRoomNodes 6= ∅ do

p := node representing the point user is currently in

A := subgraph of D induced by ch∗

spatial (chfunctional(comm) ∪ {p} ∪ setOfRoomNodes)

use Dijkstra’s algorithm on A with p as the source node and entry points of setOfRoomNodes as the target nodes

let target be the closest target point

targetRoom := parspatial(target)

display map with the route from p to target

direct user to target

wait for user’s decision

if user wants to check another room then

setOfRoomNodes := setOfRoomNodes − {targetRoom}
else

report success and end program

endif

endwhile

endproc

Fig. 6 illustrates the result of this process: the shop assigned

to the Department of Design is closed, and the navigation

application displays directions to the shop belonging to the

Group of CS Departments. This path was calculated by the

Dijkstra’s algorithm invoked on a graph displayed in Fig. 7.

It should be noted that while SearchForShop implements

a very specialised algorithm specific to this case, TryNodes

is a general navigational procedure, able to direct people to

successive rooms from the set given as its invocation argument.

It should be possible to reuse TryNodes without modification in

many other algorithms solving different navigation problems

faced by university visitors, students and staff.

V. DISCUSSION

As demonstrated by these case studies, the use of multiple

hierarchies in a graph model allows that model to represent

several different hierarchical relations in a natural way. Knowl-

edge stored in these relations can be combined and used to

extract subgraphs which contain information necessary for a

given computational task. This reduction of data size speeds

up processing.

Knowledge concerning properties of a single building com-

ponent can be stored in attributes of the graph node corre-

sponding to that component. In the case studies, types of shops

are represented in this way. This additional information could
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be used by an enhanced navigation algorithm to narrow the

set of rooms to be visited, but it would require the technician

to specify the type of a shop he is looking for, which would

consist an additional input parameter of the SearchForShop

procedure.

In the presented approach, it is assumed that architectural

building designs are created by means of CAD tools with

the use of Building Information Modeling (BIM) technology.

As the IFC (Industry Foundation Classes) format [39] is an

interoperable BIM standard for CAD applications, a graph

model of the considered building can be created by extracting

the information about the topology of its spatial layout from

the IFC file. On the basis of IFC entities and relations between

them, the accessibility relations between building spaces are

computed and stored in the graph structure. However grouping

nodes into other hierarchies than the spatial one have to be

done later by the person responsible for the maintenance of

the building information (BMS operator).

Therefore the BMS operator has to take care of modifica-

tions in the building design structure or functionality during

its lifecycle in order to maintain the consistency of multi-hi-

erarchical graph representation of the building with its current

status. The proposed formalism has an additional capability

of supporting the preservation of information consistency and

integrity. For example, when a room is divided into two new

ones, the system can provide the additional level of securing

correct assignment of information. It assigns to new rooms

places in both functional and/or administrative hierarchies. In

a similar situation of adding an extension to the building (new

rooms) the formalism will also help to assure that all required

information is provided.

However, there are some situations which require our for-

malism to be adjusted to cope with them. For example in case

when two staff members work in the same room, and one of

them changes the department in which he works, a problem

arises as the same room can not be assigned to two different

functional units, as an in graph terms it would mean that one

node has two parents in the same hierarchy. In some cases this

problem can be solved by assigning a room to a functional

unit at the higher level of the hierarchy, in others it could be

virtually divided into two parts.

VI. CONCLUSION

This paper deals with supporting effective decision making

in building management by assisting maintenance processes.

As building maintenance require integration of various types

of information and knowledge, the multi-hierarchical graph

representation of buildings was proposed. This representation

allows us to express different types of hierarchical dependen-

cies between building parts, like geometrical and functional

ones, in one structure. The additional knowledge concerning

properties of building components is stored in attributes of the

graph nodes corresponding to these components.

The described multi-hierarchical graph-based building

model is useful in facility maintenance aspects. It provides

the possibility of filtering the graph by the hierarchy type

and level, eliminating knowledge not related to the given task.

On the one hand, it helps in finding information constituting

answers to complex queries referring to different types of

information. On the other hand, it helps in finding a path

between a starting point and a dynamically selected target
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point in the chosen fragment of the building, by enabling

to consider only relevant subgraphs specified by selected

hierarchies. In both cases the number of data to be analyzed

is greatly reduced.

The considered problems were presented on examples set

in the environment typical for the campus/educational estab-

lishments. The proposed solutions can be used with minor

changes for BM systems of public buildings or other complex

buildings where people have to be navigated. The proposed

model can be extended in several ways. It was used in this

paper as a knowledge base for the navigation within the

building on the basis of the shortest path algorithm. It can

also be used for creating tools which would support persons

with disabilities helping the to find the easiest/most accessible

route (not always the shortest).
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