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ABSTRACT

The networks of interdependencies between elemientsuilding projects, referred to as the project
topology, are often complex and difficult for profjgeams to comprehend. It is hypothesized thatphy
based model of the project topology can be baseekimting data in Building Information Models (BIM)
facilitating the application of graph-theoretic alghms to analyze this topology. The objectivetlif
study is to propose an outline for the synthesi8ibfi and graph theory. This synthesis is expected t
contribute to the development of new tools for espnting, managing and analyzing the design oflimgjl
projects.
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INTRODUCTION

The significant deviations from client objectiveshk as cost and performance that occur in many
building projects indicate a need for a more rigsralesign process (Love & Li, 2000; Manavazhi &
Xunzhi, 2001; Moselhi, Leonard, & Fazio, 1991). Wetks of interdependencies between elements in the
project, such as requirements, building componants construction tasks, often create knock-on &ffec
that magnify the impact of local deviations. Thestworks, referred to here as thject topology are
usually an incidental byproduct of the design pssceand are difficult for design teams to undextan
leading them to make decisions with unintended egusnces.

Modeling the topology of a building project and esffively managing and analyzing it is
challenging because projects have many interrelaspécts: a user requirement affects the attribaftes
building components, which in turn affect otheratel components as well as the activities requioed
construct these components. Moreover, projectstantig evolve, as new elements and relationships ar
added. They thus require a flexible model of thejgut topology, in which one can easily define new
elements. Although challenging, the modeling oflding project topologies is essential for the supjpd
design processes, since decisions often affeatga lmumber of components. A holistic systems moflel
projects is required, containing representationsalbftheir elements, as well as tools that suploet
analysis of the project's topology.

Methods that provide a holistic view of complex exagring projects in order to support their
design and development have been the focus of rddséa systems engineering (U.S. Department of
Energy, 2008). Systems engineering is an apprdaahdeals in particular with the definition of user
requirements and their conversion into design $ijpations; on the integration of project design and
verification that it meets user needs; and on tigpert of decision-making and risk management gy th
project team. The complexity of building projecgpaars to justify the application of Systems Engjiirey
methodologies in their design. Building projectspliay both physical complexity, as reflected byldrge
number and variety of building components they amntas well as combinatorial complexity, as refec
by the different, often competing, goals, requirataeand stakeholders involved in projects. While
systems engineering methods have been studiee ioafitext of construction planning (e.g. Austirakt
(2000)), they have been relatively absent fromisgidn building design.

The objective of this study is to propose an oatfior the synthesis of Building Information
Modeling (BIM) and graph theory, bringing togetitlee two different modeling approaches — the fifst o
which focuses on the modeling of project elemestdata-rich, parametric 3D objects, while the sdcon
focuses on the modeling of networks of connectethehts. Such a synthesis is the first step in the
definition of a model of building project topologjyat can facilitate the development of new toots fo
representing, managing and analyzing the desidguitdings.

BUILDING INFORMATION MODELING

Studies on the representation of building projémtglesign management have in recent years
focused on the development and implementation géedriented (OO) models of projects, called



Building Information Modeling (BIM). These modelerttain objects that represent real-world project
elements such as components in the design. BIMctsbhe organized into classes, and often have
complex attributes (such as the cost of a compdnenith are a product of other attributes (sucthas
component's type, dimensions and materials). BlMilar to other OO models, has mainly focused on
object handling: the definition of the values of thbjects' attributes, and the dynamic manipulation
these values. These models also contain valuatoliamation on the relationships between project
elements. However, they do not explicitly represhist information in a systematic way, and it tliere
remains largely hidden and unused (Boeykens & Neww&ns, 2008; Haymaker, 2006). Thus, BIM tools
currently lack, for the most part, the ability &present the topology of networks of project eleimen

In addition, current BIM tools display a lack ofégration and a lack of adaptability. In spite of
efforts that have been made to integrate diffeneodels of building projects through the developragnt
standards for data interchange such as the Indestrgdation Classes (IFC) standard (buildingSMART,
2013), the integration of project information is meell supported by current tools. Project tearikteive
to rely on cumbersome and labor-intensive ad-hbgisos to fully integrate the data (Halfawy & Fese
2005; Hartmann, Fischer, & Haymaker, 2009). Fomepia, the integration of information in design and
in building programs is still very limited.

It is currently also very difficult to fully updatonstruction project models following changes in
the projects. The tools used for the design andnptey of projects are not sufficiently adaptable do
not work well in a dynamic environment (Haymakeunrk, Suter, & Fischer, 2004; Hegazy, 1999). One
technology which has been introduced in BIM toolsthat purpose is parametric modeling, which a&pli
predefined parametric relations and constraintsbfects in the model. These objects are manipulayed
the user by changing the values and relationseoptirameters, while the BIM tool automatically
maintains the predefined constraints. However,patac modeling technology is limited by the difflty
of capturing tacit knowledge and interpreting toiexplicit geometric and other relationships, vihéc
system can understand (Lee, Sacks, & Eastman, 2006)application of parametric technology has
therefore generally been limited to the definitafrone or two components at a time and in the same
discipline, and it has not been widely used togrde the work of multiple disciplines (Haymake®0B).

GRAPH-BASED MODEL S

BIM has, so far, mainly focused on the developnwdribjects with complex attributes and their
manipulation (Halfawy & Froese, 2005). We hypothesithat existing data in BIM regarding the
relationships between project elements can be tasdelvelop a system model of the project. Such deino
can be based on the use of graphs to represetagblgy of building projects, and on the applioatbf
graph-theoretic algorithms to analyze and optinttis topology (Isaac & Navon, 2008, 2009). Graph
database models, in which data structures are mddaek graphs, flourished in the information
management community in the eighties and earlytigisiein parallel to OO models, before their infioe
gradually faded. More recently, the need to manafermation with inherent graph-like nature has
brought back their relevance, and a new wave oficgijpns for graph databases has emerged (Angles &
Gutierrez, 2008).

Graph-based models are in general the primary apprto represent complex systems with a
large number of highly interconnected elements (Béatti, Latora, Moreno, Chavez, & Hwang, 2006).
However, the use of graph-based representatiotieonformation contained in BIM has been, so far,
sporadic and limited to specific domains such as:
» The representation of rooms and physical connesti@tween building components for building
energy simulation (C. van Treeck & Rank, 2007).
» The representation of spaces and openings for sibdég analysis (Eastman, Lee, Jeong, & Lee,
2009).
* The representation of connections between roonth (@s doors and windows) for space planning
(Wessel, Blumel, & Klein, 2008).

In a graph-based model of building projects, naeégsesent the project elements (for instance the
components in the design), and links between tlesoepresent the relationships between elements (f



instance the relationship between a componentiésign, and a requirement in the building program
which the component satisfies). Formally, the grégh(N,L) consists of two setd andL, such thaiNAQJ
andL is a set of pairs of elementsif The elements dfl are the nodes of the gra@representing project
elements, while the elementslofre its links representing the relationships betwelements. This is a
strong approximation, since it means translatimgitieraction between two elements, which usually
depends on time, space and other details, intmplsibinary number: the existence or not of a link
between the two corresponding nodes. Some infoomathn be added by defining a weighted link,
representing the strength of the relationship. Tfiarmation can nevertheless be useful for reprisg
the topology of building project design. A graprsed model, representing the project topology, is in
many cases likely to facilitate the integration adglistment of the reduced amount of information
contained within it with greater ease than BIM.

INTEGRATING BIM AND GRAPH THEORY

The objective of this stage of the present studyg {gropose an outline for the synthesis of BIM

and graph theory, bringing together these two mogdelpproaches in order to create a model of the
topology of building projects. The information oroject elements and their relationships, used fimele

the graph-based model, will be extracted from degeb that will include BIM. The ability to autoncatily
extract information on the relationships betweemgonents from BIM has, for example, been
demonstrated in Nguyen, Oloufab, & Nassar (2008)Rawl & Borrmann (2009). The graph-based model
will, however, contain a reduced amount of inforimaton these components, in comparison with the
databases from which this information is extrac&d/ objects with complex attributes and parametric
relations will be simply represented as nodesgreph with links to other nodes. Such a model can

facilitate:

1. Anintegrated representation of information onefiént project aspects (such as requirements, design
and construction planning) in a single model.

2. The_adjustment and updating of data through thécgtion of graph transformation rules.

3. The analysis of the project topology through thpliaption of graph theoretic algorithms.

Representation: The use of a graph-based model enables movindpighar-level abstraction, from a
representation at the object level to a representaf the entire project (Figure 1). Graph-basextiais
represent systems as networks of relations, engihggiata interconnection. They are therefore aplgh
areas where information about data interconnegtivitopology is more important, or as importaistttze
data itself.
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Figure 1 — Graph-based representation of buildiogept



The use of a graph-based model to represent bgifttiojects enables the integration of different
project aspects which are currently often defimesdparate models (corresponding definitions i@
system are added in brackets):
e The building program — containing the project reguients (IfcProperty, IfcPropertySet) specified for
the planned spaces (IfcSpace) in the building.
* The design — containing building components (Ifc#at) and subsystems (IfcSystem,
IfcElementAssembly).
* The project plan — containing planned constructasks (IfcTask), and resources (IfcResource)
allocated for the tasks.

Each IFC object is defined as a node in the graph.relative ease of integrating such disparate
aspects in the graph-based model is due to thetfactelationships between elements belonging to
different aspects are defined as simple links betwedes. These relationships can also be extrciad
BIM databases where they are defined as IfcRelsliipnobjects. Each such object is then definedlizxdka
in the graph.

Adjustment: Graph-based models are appropriate for represesystgms such as building projects, to
which new types of elements and relationships dded over time. The incorporation of new typesaifd
can be ensured through the application of Graphsfoeamation (GT) rules (Isaac & Navon, 2009). G&is
technique for automatically implementing changegraphs through predefined rules (Heckel, 2006¢ Th
GT rules specify how the graph should be built, o@ it can evolve. This can also make it easier to
extend BIM beyond component design, to the modedingther aspects such as user requirements,
resource allocation and maintenance activitiesn@ 8T rules, the model can be adjusted to inclede n
elements, as well as changes in existing elemert®iproject. The use of GT rules ensures that the
correctness and consistency of the model is maiediai

Analysis: The application of graph-theoretic algorithms ie thodel can enable the analysis of the
topology of a building project, and of issues thiatultaneously involve a large number of elements.
Numerous such algorithms exist for an automateskori-automated analysis of complex systems
consisting of large networks of elements (Figure 2)
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Figure 2 — Application of graph-theoretic algorithm



Algorithms that are run in the graph-based modelrefer directly to the project topology. For

example:

» The application of a shortest path algorithm tantdg the elements through which one element (such
as a requirement) is linked with another elememti{sas a cost item).

* The application of a breadth-first search of newiiy nodes to identify all the elements directly
related to a specific element (for example, thaseected to a specific building component).

e The application of a clustering algorithm to idéntcertain sub-graphs (such as a subsystem of
relatively closely connected components in thegi®si

Such algorithms can reduce the considerable amofititee project team members currently
spend manually sifting through large volumes ofdatorder to analyze it. The conversion of exigtin
BIM data into graph-based representations, baseéleot~C definitions of this data, can thus faatkta
different approach to the modeling, managementaanadlysis of building project data (Table 1).

Tablel — BIM and graph-based modeling of buildingjgcts

BIM Graph-based modeling
Component Objects with attributes Nodes
representation
Relationship Complex OO relationships (e.g. Binary or weighted links; Directed or
representation | aggregation, association, etc.) undirected links
Adjustment Parametric modeling Graph Transformation rules
Analysis Rule-based OO algorithms (e.g. claslGraph-theoretic algorithms (e.g. shortest
detection, quantity takeoff, etc.) path, breadth-first search, clustering, etc.)
EXAMPLE

The following example demonstrates the feasibitityd benefits of the application of graph-
theoretic algorithms in a graph-based model ofding project design.

The objective in this example is to support theigtesf buildings that can be gradually adapted
throughout their use. This is done by systematicsdiparating building components whose replacement
occurs at different rates, into modules that camdmly disconnected (Isaac & Sadeghpour, 20128sé&h
components are otherwise connected through physidainctional relations. Components that satisiy t
same user requirement are functionally connectade £hanges over time in the requirement may ire/ol
changes in these components or their replacemé&he definition of the requirements in the building
program may thus have an impact on the definitibrthe modules in the design. For example, the
requirements in one project may justify the desira partition wall as a single module which can be
easily replaced, while in another project they mesify the design of the wall as an assembly ofimber
of modules, each of which can be separately regldoeorder to represent functional connectionsveen
components in the graph, the user requirementfiénptoject brief are also represented as nodes, and
connected to the components that satisfy them.

Following this, building systems in the projectssin, or parts of these systems, are ordered
according to an initial assessment of their reptead rates. This assessment is based on the edpecte
physical obsolescence rates of the componentspartgipical maintenance policies and changes in use.
Since the functional requirements in a specifiggmbmay cause the replacement rates to be diffeties
implications of different scenarios for future chan to the requirements are then identified antyaed.

The components that satisfy a requirement thatdcobblnge in the future, and which will therefore be
affected by this change, can be identified in th@pb-based model using a path search algorithm that
traces the links that connect the project requirgm# the components (Figure 3). The replacenassr



of the affected components are adjusted when clsaage expected to occur sooner than the assessed
replacement rate of the building system to whiaythelong.

Components Components

Requiremer Requiremer

a. Initial replacement rates of b. Adjustment of replacement
components rates

c. Clustering

Figure 3 — Design modularization using a graph-thasedel

Following the adjustment of the replacement rafeh® components, groups of components with
similar replacement rates can be identified usiggagh clustering algorithm (Figure 3). These geoape
represented by clusters of nodes in the graphhtinzg the same attributes. Links between clusten®dés
in the graph represent dependencies between gafulpsilding components with different replacement
rates. A systematic reduction of these dependentliesugh the design of modules with standard and
flexible interfaces, may allow the building to bem easily adapted at some point in the future.

CONCLUSIONS

The proposed synthesis of BIM and graph theorkeeted to facilitate the development of new
tools for representing, managing and analyzingdésign of building projects. A graph-based model of
building projects contains a reduced amount ofrimfttion relative to BIM, and is therefore likely be
more easily integrated and adjusted. It can alsditide a graph-based analysis that may be udeful
answer many questions regarding building projestsh as an assessment of the expected impact of
proposed design changes, and of the optimal madateom of the design. The present research in the
development of this model is currently focusingdaveloping tools for automatically translating BiMo
graph-based representations, and for analyzing tlgsesentations using different algorithms.
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