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SUMMARY

Integration of Bilding Information Modeling (B1) working methods in post construction
phasesare not very common in the DutcArchitecture Engineering and Construction (AEC)
industry yet. However, in tens of money, subsequent Operation ancaiMtenance (O&M)
costs of a buildingver its lifecycle couldmount to many times more than the construction
costs. In addition, this exploitation phase of a building isltmgest phase

5dzNAy 3 | 06 dzi f Rivesseribdels Sridpieseritafidngioh e2byfilding Rre available
with a vast amount of externalata resulting in the need for distributed data management
This information and the BIM are usually stor locally and shared via emal project
management systemand rarelyconnected across domaing/hile during exploitation, a lot

of (re)usable datas generated, the industry is failing to enrich available models with this
information. This inefficient information management causes significant céstghermore,

the lack of interoperability between software applications hampers the integration of BIM
duringd KS ¢K2f S o0dzAft RAyaQa tAFSOeoOf So

The Industry Foundation Classes (Isi@hdardis increasingly accepted by the AEC industry
as interoperable file format due to the ongoing effort of BuildingSMARTmodels are
semantically rictbecause theyapture not only the 2dimensional geometrpf objects but
metadata related to many other aspeat$ this object and the building as a whoemantic
enrichment of thesebuilding models has the potential to facilitate a more optin@&M
processes by providingieansto structure, preserveand visualizeelevantdata. In order to
investigate this furtherjn this researchjnformation management for riskased O&M is
optimized by semantic model enrichmeirRRiskbased O&M is a relatively novel approach in
the industry for finding the optimabalancebetween structural reliability and lifeycle cost

of deteriorating buildings. Frequently the Failure Mode and Ciriticality Analy&MECAH
methodology is used to determine failure modes and associated riskisuitating objects
The discussed situation resuitsthe followingmh A 'y NXB & S| NBb#W cal S moidlels2 y Y
be enriched semantically to improve riblased operations & maintenance of an AEC/ FM
project® ®o be able to answer the question, first expénterviews were held to get a
better understating of the current situation and future needs of the indusirge experts
pointed out the inefficiency of current BIM project handover to O&W addition, experts
recognize e potential of using 3D modelr O&M to manage and structure information
Furthermore making a good data selection prior to handoigeessential.

Then, two prototype tools are developed émable a facility manager to enrich an IFC model
with riskbased O&M dataFor thistool developnent and testing,one building of the
W! A (i K@ofett s 3gle@ed of which alfC model is available. This model concerns an
overpass facilitatig the tramway passing a canal.

Prototype tool one consists of three stages. The first stage enables #wt amnager to
extract all objects from an IFC model and write these to a FMECA sheet according to the
NEN27674 object breakdown structure (OBS). Second, after completion of the FMECA by
the asset manager, in stage two it is possible to write this FMB@AmMation to IFC.
Thereby, FMECA data can be viewed by any IFC viewer on the nfanidiy, in stage three
risk data can be visualized and IFC elenpeaperties(FMECA)an be viewed.

While a working prototype is the result some drawbadbs this first approach are
discovered The three main disadvantages are that this data in IF@r to query/reuse,
versioning riskexistandthe IFC filegets polluted Due to these drawbacks, a second tool is
developed using semantic web technologi€sst, this second prototype tool transforms
tabular FMECA dataato RDF resulting in data with semantic meaniggcond,the tool
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provides the possibility to view an IFC model with element properties and provide associated
FMECA RDF data by selection nfeteement in3D view. In additionthe ability existsto
visualize RPN values, obtainEdm RDF, in terms of colorblo ontology which describes
FMECA parameters seems to be available. Therefore, for this research a concise ontology is
created. This ontalgy defines the FMECA parameters with associated data and value
restrictions. This second tool eliminates th@isadvantages of first approachhe data is
gueriable and reusable using SPARQL, no IFC polatmmrsand reduced versioning risks

due to theseparation of data repositoriedn addition,this approach isnore future proof

due to the expected shift towards semantic web technologies within the indulsioyvever,
current IFC viewers are not compatible with semantic web technologies.

As an answera the main research questions both approaches are viable, although the
second approach is highly preferred. Recommendations are that any object, whether in IFC
or other data format, contains an objectassification and G@Gbally Unique Identifier (GUID).

In addition, optimally no object propertiesare stored in thelFC model itseltiue to the
discussed disadvantages respecting timportance of good data selection prior to handover
O&M. The shift towards semantic web technologies coemthance data sharingetween the

AEC and FM industry facilitatirggg. design for maintenanceWhile the FM industry is
considered rather traditional the initiative and incentives for such a shift should come from
building owners by stimulation of innovations through more edi®e implementation of
performance based contracts.



SAMENVATTING

Implementatie vaneen Bouw Informatie Model (BIMjijdens beheer en onderhou{B&O)

van een bouwwerkis nog niet erg gebruikelijin de Nederlandse bouwsectoEchter,
financieel gezien ideze fase veel omvangrijker in vergelijking met de ontwerp en bouwfase.
Ook is deze exploitatiefase veruit de langste fase van een bouwwerk.

Gedurendade levensduur van een bouwwerk en daarmee ook de exploitatiefase, zijn er veel
verschillende modellen of representaties met grote hoeveelheid externe gegevens
beschikbaar waardoor gegevensbeheer van deze gedistribueerde informatie essentieel is.
Deze infomatie en het BIM zijn meestal lokaal opgeslagen en gedeeld-wmiaileof project
management systemen en zelden bestaat er een link tussen de verschillende
bouwdisciplines. Terwijl tijdens de exploitatie veel (her)bruikbare gegevens worden
gegenereerd slagt de sector er niet in om een link tussen deze gegevens te leggen en
zodanig op te slaan dat deze later makkelijk (her)gebruikt kunnen worden. Bovendien is het
gebrek aan compatibiliteit tussen softwaretoepassingen belemmerend voor de integratie
van BIM gdurende de gehele levenscyclus van een gebouw. Dergelijk inefficiént
informatiebeheer veroorzaakt daardoor aanzienlijke faalkosten.

De Yhdustry Foundation Clasgg$-C)wvorden in toenemende mate door de bouwsector als
interoperabel bestandsformaat geeepteerd dankzij de voortdurende inspanningen van
BuildingSMARTIFC modellen zijn semantisch rijk omdat ze niet alleen -dem@nsionale
geometrie van objecten bevatten maar ook de daaraan gerelateerde metadata op het
gebied van vele aspecten. Semantisalegrijking van deze modellen m&&0O gegevens

biedt potentieel voor een optimaler beheeen onderhoudsproces door structureren en
visualiseren van relevante gegever@m dit verder te kunnen onderzoeken is in dit
onderzoek gekeken naar semantische modaijking met gegevens voor risicogestuurd
B&O.Risicogestuurd B&O is een relatief nieuwe benadering voor de bouwsector waarbij er
wordt gezocht naar een optimum tussen structurele betrouwbaarheid en onderhoudskosten
van bouwwerken. Vaak wordt hiervoor deailure Mode and Criticality Analysis (FMECA)
toegepast waarbij de faalmodus en bijbehorend risico voor bouwelementen worden
geidentificeerd.

De bovenstaande situati?ll & dzf § SSNII Ay RS @2t 3SyRS K22FRQO
kunnen IF@nodellen semarisch worden verrijkt om risicogestuurd beheer en onderhoud in
RS 02dzgaSO02N (Gn d2zelirday ketkindes Nanfwodrden zijn er eerst
expert interviews gehouden om een beter beeld te krijgen van de huidige situatie en de
toekomstige behoeftenvan de sector. De interviews bevestigdet vermoeden dat
informatie na de bouw inefficiént en vaak incompleet wordt overgedragen aan Bi&thij

blijkt het zeer belangrijk te zijn om een goede gegevensselectie te maken voor de overdracht
naar B&O.Bovenden erkennen de experts het potentieel van het gebruik van 3D BIM
modellen voor B&O om informatie te structureren en beheren.

Vervolgens zijn er twee prototype tools ontwikkeld om de beheerder in staat te stellen een
IFC model te verrijken met risico gestd B&O informatieVoor deze toolontwikkelingen is
SSy 02dzgSN] Oy Kabicasd deBreks @i ditWouiniiekk 2sTelia 2 y Q
model beschikbaar. Dit model betreft een tram viaduct over een kanaal.

De eerste prototype tool bevat drie stappeDe eerste stap maakt het mogelijk voor de
beheerder om alle objecten uit het IFC model te extraheren en naar een FMECA werkblad te
schrijven volgens de NEN278%bject Breakdown Structu€¥OBS). In de tweede stap, na
afronding van de complete FME@Aalysedoor de beheerder, is het mogelijk om alle
FMECA informatie uit de werkblad naar IFC te schrijven. Daarna is het mogelijk om deze



informatie met een van de vele IFC viewers op de markt te benaderen. Ten slotte, in de
derde stap is het mogelijk omaast toegang te bieden tot FMECA informatie in het model,
NAaAO2Qa (S GAradad fAaSNBYy Ay KSi Y2RSt® hyRI
prototype betreft kunnen een aantal nadelen van deze methode worden onderscheden. De
drie belangrijkste naglen zijn dat informatie in IFC is moeilijk te doorzoeken en
hergebruikenis (1) @ S NE& anStsdnEj bebeeyvan dezelfde informatie in IFC alsmede

in een werksheef(2) en vervuiling van IFC bestard). Vanwege deze nadelen is er een
tweede protope tool ontwikkeldwelke gebruik maakt van semantische web technologie.
Eerst transformeert deze tool de tabulaire FMECA data naar RDfesvateertin data met
semantische betekenis/ervolgens is het mogelijk om het IFC model te bekijken en een
elementte selecteren waarna de eigenschappen uit IFC alsmede de bijbehorende FMECA
informatie uit RDF wordt getoond. Daarnaast is het mogelijk om de risicowaardes, verkregen
uit RDF, te visualiseren nkleuren. Omdat er geen FMECA ontologie beschikbaar is die de
relevante parameters beschrijft is er een beknopte ontologie opgesteld in dit onderzoek.
Deze ontologie definieert FMECA parameters met de bijbehorende datasoort en restricties.
De tweede tool elimineert de nadelen van de eerste benadering, de informatie is
doorzoekbaar en herbruikbaar met behulp van SPARQtreedt geen IFC vervuilingp en

SSy @SNXYAYRSNAY3 @Iy @S NldnSkaimatke Ghe desultabty 6 S3 S
Ook lijkt der aanpak toekomstbestendiger vanwege de verwachte verschuiving naar
semantische web technologieén binnen de sector. Echter, momenteel beschikbare IFC
software is niet compatibel met semantische web technologie.

Als antwoord op de onderzoeksvraag zijn beidelbenaderingen haalbaar en toepasbaar,
hoewel de tweede benadering in hoge mate de voorkeur heeft. Aanbevelingen zijn dat ieder
object, zowel in IFC als in een ander data formaat, een Globally Unique Identifier (GUID) en
classificatie bevat. Optimaal gien zouden objecteigenschappen ook niet worden
opgeslagen in het IFC model zelf vanwege de besproken nadelen en daarbij rekening
houdend met goede dataselectie voér overdracht naar B&O. De verschuiving naar
semantische web technologieén kunnen het deleam wgegevens tussen ontwerp/bouw
aSO02N) Sy .sgh @GSNHSYI 11StA21Sy Sy RIFNXYSS
faciliteren. Omdat de B&O sector als vrij traditioneel kan worden beschomwdt het
initiatief en stimulans voor een dergelijke verschuivingnmkm van de eigenaren van
gebouwen door meer frequente toepassing van prestatiecontracten.
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1 INTRODUCTION

During mid1990s,great amount innovative and new ICT applicationshe architecture
engineering and construction (AEC) sector have been develdpeeelopmentgesulted in
sophisticated CAD systems, where it was possible to enrich 3D models of buildings with, in
addition to vectorial data, complementary data such as physical characteristics, unit costs,
guantity takeoffs, etc. This methodology became known as buildingrmétion modelling
(BIM)(Grilo & JardinGoncalves, 2010a)

In the AEC industry though, the focus of BIM integration is predominantly on) (pre
construction phases. Integration of BIM working methods in post construction phases is not
very common in the Dutch AEC industry.y@&b, while BIM processes are established for new
buildings, the majority of existing buildingse not maintained, refurbished or deconstructed

with BIM nowadaygVolk, Stengel, & Schultmann, 2014)

However, when speaking in terms of money, these subsequent operation and maiie
(O&M) costs of a hilding over its lifecycle could amount to many times more than the
construction cost§BecerikGerber, Jazizadeh, Li, & Calis, 20TRese cost propodins are
schematic represented in figure-ll In addition, with a time span of 30, 50 or sometimes
even more years it is also the longest phase. Therefore, there is a growing interest in the use
of BIM in theexploitation phase for coordinated, consistengnd computable building
information/ knowledge management during the whole liégycle (BecerikGerber et al.,
2012)

Exploitation { =500%%)

Construction {100%:)

However the lack of interoperability between software applications hampers the integration
of BIM duringthe whole huiilding® lifecycle.The Industry Foundation Classes (I&
increasingly accepted by the AEC industry as interoperable file format due to the ongoing
effort of BuildingSMAR(Beetz, Leeuwen, & Vries, 2003he use of IFC in every phadea
building® lifecycle has the potential toprevent information loss and ease the handover
process from one department to another.

Semantic enrichment of thedauildingmodels has the potential to facilitate more optimal
O&M processes by providing meats structure, preserveand visualizerelevant data.
Pruvost et al.(2012) recognize the value of model enrichment (e.g. with linked models)
providingthe nested structurewhich canbe of subsantial help forperforming riskbased
O&M. Riskbased O&M is a relatively novel approach in the industry for finding the optimal
balancebetweenstructural reliability and lifeycle cost of deterioratinguildings.

11
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2 RESEARCH APPROACH

In this dapter the research approach will be elaboratiedset aresearch outline. First, the
problem definition and research gap are defined in sec@oh Thereafter in sectior2.2,
subresearch questions are presented with associated main research question and
objectives/ limitations of this research. In secti@®B the research design is discussed by
means of a methodological justification and research model. Finally, in s&daxpected
results are presented to conclude this chapter.

2.1 Problem definition and research gap

Theexploitationphase of a building is tHengest and most expensive phad&ecerikGerber

et al.,, 2012) In this context, a growing amount of scientific literature is available which
indicate that the potential benefits of using BIMor O&M seem to be significante.qg.
BecerikGerber et al., 2012Arayici, 2008Akcamete, Akinci, & Garrett, 2010)

Within the exploitationphase of a buildinggast amouns of information are being produced
sudc as maintenance dataisk-based O&M datagnergy use andccuyancy patternsin the
current working methodsthis information and the BIM are usually stakrlocally and shared
via emailor project management systemand are rarely connected across donas. In
addition, information generated outside the model based on exports of for instance quantity
takeoffsis seldom fedack into the modelThis inefficient information manageent causes
significant cost¢Dankers, Geel, & Segers, 2014)

The BIM iggenerallythe central point of information used in theonstructionprocessmore

and moreeffort is put into using BIM during thexploitationphase of the building-dowever,
information outside the BIM igusually notconnected to the relevant elements inside the
BIM (Dankers et al., 2014)

Actual BIM application in the Dutch AE&nhd Facility Management (FNhdustry however
remains behind This is partly caused by interoperabilisgues between BIM standards and
O&M software.This incapable interoperability is still a major obstacle in BIM data exchanges
both in new and existing buildind¥ok et al., 2014)Theeffects arevast amounts of data
losses after construction. This is visualized in figurd,2vhere the traditionalpaper based
DesigrBuild processis compared with thecollaborative BIM-based process in terms of
information assets. Aslustrated in figure 21, informationis lost after each phase in the
traditional DesigrBuild working method. The BHglased working method has overcome this
problem significantly withexceptionof the handoverfrom constructionto future phases
Though interoperability issues are reduced by the implementation of an open model
standard, called Indstry Foundation Classes (IFC).

13
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Figure 21 alsoillustratesa lack of model enrichment during pesbnstruction phases, while
a lot of (re)usable data is generate@urrentlyO&M information is stored in proprietary file
formats or nonqueryable data structureslhis is resulting in inefficient information use and
limits O&M information preservation and reuse in future projects.

In order to overcome this,esnantic enrichment ofFC models with O&M data soposedin
lots of scientificliterature (i.a. Visser, Boer, & Voet, 201 Belsky, &cks, & Brilakis, 2015

Dankers et al., 2014/anlande, Cruz, & Nicolle, 2Q@eetz, Coebergh, Botter, Zlatanova, &
de Laat, 2015)

2.2 Research question

C2NJ GKAA&A NBAaASINODK (KS F2ftf 2gA yehrichnentlefiFKS a A &
models O&M dataOl'y 6S LINBaSNIBSR FyR &a0GNUzOGdzZNBER ST¥
hypothesis the following central question will be answered:

How can IFC models be enriched semanticalty improve riskbased operations &
maintenanceof an AEC FM project?

The following sub questions will be answered in this research:

1. What is the added value of Industry Foundation Gag=-C) in Building Information
Modeling usdor O&M phases?

2. Which approachks can be employed to semantically enrich IFC niquispulations
and what are theipossibilities and limitations?

14



3. What are object classifications and how cthey be of added value in ridkased
operation & maintenance?

4. What are important IFC model conditi®fior handover towards the O&M phase?

5. What is riskbased operation & maintenance and how can this be applied practically?

6. How couldrisk-basedO&M databe reused in future projects?

2.2.1 Research objectives and limitations

The aim of this research ie presentan advice on how riskased O&M can be integrated in
BIM based working methods. The focus of this research is to enhance information
management and preservation of rigkased O&M dataTherefore,a tool to integrate risk
based O&M and IFC modets develped. Thistool should enable the facility managéw

view and visualize O&M daia a 3Dmodel environment. The tool will be tested on a real
world IFCmodel.

This tool is developed to facilitateannectionbetween IFC and FMECA risk analysis, other
risk-based O&M methods are not covere&urther research and testing is needed to
improve and test therototype tool for practical integration.

2.3 Research design

In this section the researatiesignis elaboratedby a methodological justification first. Here,
the use of desk researcmterviews and tool development witbase study is justifiedhen,
the research model is presented with accompanying explanation.

2.3.1 Methodological justification

To get a better understanding of the problem and the current albéglacientificliterature,

desk research islone in the first stage. Desk research is the process of gathering and
analyzing information, already available in print or published on the internet
(Businessdictionary, 2014According to Hilbe (2014)for a researcher to successfully

dzy RSNIF1S yS¢ NBASEFNOK GKS& Ydzad O2y i NR o dzi
knowled§s G KNRdzZZK Lldzof AOFGA2y Ay GKS aryYS gleo
available literature must be studied first teta baseline.

Using the developed knowledge obtained by desk reseagpert interviewswill provide

better understanding of the auwent situation in the AEC/ FM industry regarding the main

topic of this researchExpertsin the fieldof BIM and facility managment of the engineering
companyArcadisand other companieswill be interviewed toget more knowledge about the

industries latest developments and views on future needs. Based on expert views, a tool will

be developed to suppoBIM and FM integration.

In general his tool must enable thefacility managerto link, view and visualiz®&M data

within 3D buildingmodels Python prgramming language andarious modules such as
IfcOpenShellPyQt RDFLiland OpenPyXare usedfor developmentlfcOpenShell is an open

source software library that helps users and software developers to work with the IFC file
format. IfcOpenShell uses Op&€ASCADE internally to convert the implicit geometry in IFC

files into explicit geometry that any software CAD or modelling package can understand
(ifcOpenShell, 2015).

The case study iareal worR LINP2SOG OFftf SR W5S ! AdK2Ft A2y
' NB OK (iree Uitheflijr| will e a tram connection between Utrecht Central Station and
Utrecht Science Park De Uithof by 2018. For tool testing and validation, case models and

15
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data are used. Case study research is inquiry focusing on describing, understanding,
predicting and/or controlling the individu§iWoodside & Wilson, 20031lanageable parts of
this caseare used to test and validaiéa working and usable tool is created

2.3.2 Research model

The research model can be divided into four parts which represent the ptases of the
research (figure2-2). First, the objectives arset which are translated into research
guestions.

In the second phase, desk research is done tatsetbase of the research by investigating
WdzA f RAY 3 Ly T2 NYIZRidaged2al ISR f (AAy23y 30 . 9L avBe@hagtia Sy | y O
model &/ NA O K W8hythisCiterature study, a number of sulesearch questionsan be
(partially)answered.

Third, a pactical application with interviews and a case study will create insight into the
practicalpossibilities angros and cons of semantic IFC model enrichmést stated in the
previoussection a tool will be create which makes it possible to enrich a rhedth risk-
based O&M information and the possibility to visualize this data 8Daenvironment. This
tool will be tested using theealworld case.

Fourth, tool reflection interview conclusionsand literature study will lead to the final
conclusion. Hee, the central research question is answered and recommendations for

further research are proposed.

Research questions Research objectives

Semantic model Enrichment

Set Objectives

Building Information Risk- Based Opperation &
Modeling (BIM) Maintenance

Conclusion literature
research

......

Tool development Explore ifcOpenShell

Validation

Case study (testing)

Practical
application

arees Conclusions Verification of tool

Recommendation further
research
Conclusions

Figure2-2: Research model
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2.4 Expected results
By finding an answer to the central research gi@sthe expectation is that amdvicecan
be presented on the preservation, reuse and optimizationisk-basedO&M data using BIM
methodologies.Resuls may be generalized to be able to present an advice on how data
should be handeaverto facility managerandreused by the AEC industry (figureR This
seems challenging because currently both industries are rather disassociated.
In order to answer the research questions and present an advice, a tool wdk\edoped
which must be free to use and provide arple interface towork with IFC models and risk
based O&Mdata. To be able tabtain practically relevant resulis realworld case will be
used totest information management of riskased O&M datand IFC

|
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3 BUILDING INFORMATION MODELING (BIM)

Nowadays Building Information Modeling (BIM) seems to be a buzzawddften used
when talking about 3D models. However, BIM is much moaa flast a ® model. In section

3.1, BIM is defined by discussing and comparing multiple definitiam the literature.In
section 3.2, BIM maturity levels are explained to get insight in the extent in which BIM could
be implemented.In section 33, BIM applicationacross the project lifecycle are elaborated

in terms of current implementation in the industry and classification of BIM eajdins.
Thereafter in section .&, interoperability is defined and current interoperability issues are
discussed. In section5 the open standard Industry Foundation Classes {H&laborated

to get insight is the possibilities and limitatior&ection 3.6, provides explanation of object
Of FaaAFTAOFIGAZ2Ya FYR O2yOSLIi f A0 NI NAISBRIPQ CIAWR f
W[ S@St 2F LYFT2NNIGA2YyQ NS RA&OdzA&ASRO®

3.1 What is BIM?

Building Information Modeling (BIM) is much more than just a 3D model, nowadays it can be
considered as a proven AEC technology applied in a steadily growing number of projects in
the industry.Due to the fact that the extent in which BIM is applied differs significantly
among companies and/or projects, many definitions ex@&irrently, it also seems scientific
literature has failed to reached a consensus about a single, widebepted BIM déition
(Eastman, Teicholz, Sacks, & Liston, 200Bgrefore, multiple definitions are discussed to

get insight in differences and to select the most complete one for this thesis.

Azhar, Khalfan, & Maqsoq@009)state that BIMis a revolutionary technology and process
that has quickly transformed the way buildings are conceivedigdesl, constructed and
operated. In ontradiction to the conventiona(3D) CAD systems which descridre AEC
project by e.g. lines, arcs and circles and therewith independent views such as plans, sections
and elevations, BIM models adefined in terms of building elements and systems such as
spaes, walls, beams and columns.

In the research otove, Simpson, Hill, & Standi{@013) BIM is defined as aemerging
technologythat can be used to improve the performance and productivity of an asset's
design, construction, operation andaintenance processBoth definitions shov that BIM is

not only applicable to the design and construction phase. This is also supportddward
(2006)Y & . La A& tdmanageitte 29R¢ehtialbHilly design and project data in
digital format(i K NB dza K 2 dzii (i éySeé 0 dzKA BA RIFTA YA XK BionsSEG Sy R
by using the term lifeycle because nowinception up to decommissioning phasese
covered as well.

TheNBIMS(2007)state that BIM should be a collective knowledge resource by defining BIM

I & YBIMii¢ a digital representation of physical and functional charasttesi of a facility. As

such itservesas a shared knowledge resource for information about a faditirming a
reliable basis fodecisions during its lifecyalee
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BuildingSMARTis an international acknowledgedplatform for knowledge exchange
regarding BIM.The aim is to improve the xehange of information between software
applications used in the AEC/ FM indusiize definition of BuildingSMARZ012) seems to
integrate the discussed definitions in the following:

ABIM is a business process for generating and leveraging building data to
design, construct and operate the building during its lifecycle. BIM allows
all stakeholders to have access to the same information at the same time
through interoperability betweentatlo | ogy pl atm®MARJS . 0 ( Bui | d
2012).

This definition is supported bfrcadis(2015)by defining BIM as process of creating and
using one or more (3D) object orientated databases of a construction in its environment,
relevant for the design, realization, maintenance and repurposingatfcbnstruction during

its lifecycle.

The wide range of definition can be caused by the different levels on which BIM is
implemented in the industry. These implementations levels as® &nown as maturity
levels, discussed in the next section.

3.2 BIM maturity levels

The BIM maturity stages provided a systematic framework for the classification of BIM
implementation. The Government Construction Client Group (GCCG) developed the UK
Maturity modelvisualizedn figure3-1. Although many versions exist, the model created by
the GCCG is widely used. By defining the levels from 0 to 3, different types of technical and
collaborative working are categorized to create a better understanding ofptiogesses,

tools and techniques to be usé@&CCG, 2011)

Level 0 Level 1 Level 2 Level 3 /
=
2 E Data
- [¥]
iBIM | 25
Maturity e ®
g E
]
=
2D
CPIC 1DM - Common Dictionary
| AVANTI 17D - Common Prosesies Processes
CAD | Bs 1192 2007 1SO BIM
User Guides CH'IC , Avanti, BST
& 2008 Bew - Richards
Drawings , lines arcs text etc Models, objects , collaboration Integrated . Interoperable Data

As depicted in figur8&-1 four levels (ranging from 0 up to 3) in BIM implementation can be
distinguished. These four levels are definediypsrowshahi & Arayici (201&23pre-BIM (0),
objectbased (1), moddbased (2) and networkased (3). The line on this graph represents
the degree of automation and the integration of processes uilding project lifecycles.
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Level 0, or preBIM, is strictly document oriented meanitigat everyone works with texts,
lines, curves etc. on document le@IR, 2008) ¢ KA & OF Yy 069S -ARSEIINRIOGBIRY |
due to the lack of digital objects and therefolabeled as pre-BIM level.

Levell, object basedrefers to the migration from 2D to 3D and objdmsed modelhg and
documentation(Succar, 2009 hereby, this is the first step of implementing BIM by working
with objects. This does not mean only working wifh 32D objects can be used and so can
objects without any geometric descriptigi8IR, 2008)Clearlydefined objects are used to
which information or intelligence can be linked.

Level 2, model based, covers therogresses from modelling to collaboration and
interoperability (Succar, 2009)This enables file based-operation between departments in
the same project. Hereby, th@ossibilities existo link planning and cost calculations.

Level3, networkbased, is théevel at which information between both known and unknown
parties can be exchangg®8IR, 2008)This results in less striptoject lifecycleboundaries
and players interact in real time to generate real benefitsrfrimcreasingly virtual workflows
(Succar, 2009At the end of level 3nformation is shared over the lifecycle am integrated
environment.

3.3 BIM applications across the project lifecycle

In this section more insight is gained in BIM applicagi@across a buildiglifecycle. A
building® lifecyclecan be decomposed iproject inception, feasibility, design, construction,
handover, operation, mainteance and eventual demolitiorfEadie, Browne, Odeyinka,
McKeown, & McNiff, 2013)

Eadie et al(2013) conducted a survey on BIM use during construction stages in the UK
Results in table3-1 showthe actual apptation in the AEC/ FM industry per construction
stage. The survey was conducted amongst almost 100 professionals within the construction
industry. Expectations are that these numbers do not differ significantlyarNgtherlands.

Often  Occasionally Never

Use during the construction project stage: % % %

Feasibility 26.92 52.56 20.51
Design 54.88 42.68 2.44
Preconstruction (Detail design & Tender) 51.9 39.24 8.86
Construction 34.67 52 13.33
Operation & Maintenance (O&M) 8.82 4559 45,59

Table3-1 illustrates that BIM is most often used in the design (54.88%) anecpnstruction
stages (51.9%Application during the construction stage and feasibility studiesven less
common, 34.67% and 26.92% respectively. Often usBIiIf during O&M stages are rare
with 8.82%. BIM maturity levels are not taken into account in this research which could
mean that however a large part applies BIM often during design phases low maturity levels
are reached in this phase.

3.3.1 Application classification

Numerous scientific literature exists concerning the description and classification of BIM
applications (e.gAzhar et al.2007, BecerikGerber et al., 201Eastman et al., 2008

The comprehensive classifiaati of Kreider & Messne(2013)is discussed in this section
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because it is generic anthe RA A G Ay 3dzA aKSR dzaSa Oy | LLJX e &
lifecycle. BIM applications are divided in five prisnaategories: gather, generate, analyze,
communicate and realize (figur8-2). Of these primary categories there are various
subcategories that specify the BIM use.

>

E Generate Communicate Realize

i |

; ’ Arral nge Size: Validate Visualize

é . Coordinat

= l Transform | Document
GatheringA Y T2 NXY I GA2y OFly 65 TFLOAtAGFGSR o6& . La

(Kreider & Messner, 20135econdary BIM uses are qualifying, monitoring, capturing and
guantifying. These BIM uses are solely fecl®n the collection and organization of
information.

Ly F FLFEOAtAGEQa f ATFS Ogedefatenelvinfyrthatidn. SBdBeydiesa G 1 S
according toKreider & Messne2013)are prescribing, arranging and sizing facility elements

to various levels of development. In the design phase, the engineers and architects will be
the primary generators of information. During constructidhe (sub) contractors are the
primary informaton generators. In addition, during O&M those maintaining the facility will
generate information when updating or changing a facility.

Theanalyzingpurpose of BIM includes those actions in which an examination of the facility
elements is needed. Secondarges are coordinating, forecasting and validatidgor to this

use, previous generated and gathered information is needed that will be analyzed to come
to decisions.

Communicationof facility information as primary use is intended to present informatio

such a way this information can be shared or exchanged. Visualize, draw, transform and
document are the secondary uses. Communication optimization by BIM is often seen as one
of the most valuable BIM uses.

Realizationincludes the use in which BIM t@dais used to make or control a construction
element, more and more often without human interaction. Fabricate, assemble, control and
regulate are secondary uses of this primary use. Eventually this can lead to improved
productivity of both construction athO&M ofbuildings(Kreider & Messner, 2013)

3.4 Interoperability

The goal of full interoperability i&r from being realized, in th&EC FM sector (Grilo &
JardimGoncalves, 2010b)Full interoperability must result in a situation in which all
different systems are able to communicate with each @tbsing open standards, protocols
and proceduresEastman et al(2008)defined BIM interoperability as the need to pass data
between applications, allowing multiple types of experts anglaations tocontribute to
the work at hand This is extremely important due thé¢ fact that more than 150 software
applications are supporting BIM nowadafgisser et al., 2013)These software packages
have various BIM applications and are used in different phasesdotizh f Hifécyck QM
standard file format should ensure optimal cooperation between these software packages
and thereby enhanced cooperation between AEC/ FM departments.
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There is a need to develop an interoperable file format whicltaspatible with other
software tools(Laakso & Kiviniemi, 2012n addition to compatibilitytiis necessaryhis
software can translate a model into ameroperablefile format, in such a wayhat all of the
object's information can be transferred correctly. In most cases it is a challenge for such a
translation to retain all the information that the model contained in its original native file
format (Grilo & JardirGoncalves, 2010b)

Due to the many different interacti@between the various participants across a building
lifecycle, interoperability dimension is critical fothe success of BIMGrilo & Jardim
Goncalves, 2010bBecause interoperability relies on open standatttiss concept is further
elaborated and compared with proprietary formats in the next section.

3.4.1 Open standard versus proprietary formats

An open standard is a standavdth an open stadardization process which results in easy
accessible documeation, no intellectual property rightonstraints,open participation in
addition to independene and the gstainability of thestandardization organizatio(BIR,
2015) Proprietary file formats are the exact opposite, these are not standardized in an open
process and created by specific software developers thereby often only supported by their
own software.

Interoperabilityusingan open stadard has many theoretical benefitim the application of

BIM in the AEC/ FM industrywithout an open standard, each individual software
application must developlirect translators back and forth for all other softwasapplication

to communicate (Laakso & Kiviniemi, 2012)f an open standards used instead, the
applicationonly need be compatible with this open standard order to be compatiblevith

all other applications supporting that same standard. In figure-33 a graphical
representation of this principle Mgsualized

Open

Interoperability
Standard

The value of an open standard is supported by H&MS(2007) due to the eliminatiorof
integrating every apptation (andversion) with everyother application (and version).
However,exchange of BIM data is dominated by proprietary solutioo&adays.This means

in practice thatconstruction projects are based on a solution in which all collaborators have
software from the same or compatible venddtsaakso & Kiviniemi, 2012)

Open BIMis the concept of having all the relevantodel information in open formats,
making them accessible and readable for anyone, and not lockedpmoprietary software
formats (Hallberg & Tarandi, 2011Ppen BIMs an iniiative of BuildingSMART and several
leading software vendors usingdhopen IFC data modéBuildingSMART, 20123 mongst
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the various déa modelformats, IFC is thenly public, norproprietary data model existing
today formally adopted worldwide by differéengovernments and agencie$Gupta,
Cemesova, Hopfe, RezguiS&veet, 2014)IFC is further elaborated in secti8rb.

3.5 Industry Foundation Classes (IFC)

Industry Foundation Classes (IF€)an open and standardized data model intended to
enable interoperability between building information modeling software applications in the
AEC/FM industryLaakso & Kiviniemi, 2012lhe actively ongoing effort of BuildingSMART
(formally known as thdnternational Alliance for Interoperability, IAlto bring together
various software vendors and research institutioasulted ina standard that isncreasingly
accepted by the AEC/FM indus{Beetz et al., 2005)

Since the first definition of IFC in 1996 by IAl, the stanthaxiseen a number of minor and
major revisions(Steel, Drogemuller, & Toth, 201Zfhe latest version is IFC4, however
currently the versions 2x2 and 2x3 are still popular.

IFC modelscontain not only the 3dimensional geometry of objects, metadata relatexb
many other aspectsf the buildingare included as wellThis makes IFC modalemantically
rich (Steel et al., 2012)While semantics are furtherelaboratedin chapter4, a simple
example is providedif we consider an instancef a window object, thiswindow will be
located in a wall, on a defined buildinlevel, within the buildinglt will have attributes
associated with it that describe its thermal performanpegce, manufacturer, window type,
etc.

A great amounbf the sigrificant BIM tools currently used byhe indugry support import
and export of IFC filgSteel et al., 2012)As stated in section.8, it is essential that various
analysis tools used in theEC/ FMdomain are interoperable witlthe non-proprietary open
IFCschema(Gupta et al., 2014)However, success depends on tiueality of IFC expost i.e.
the mapping between different software packages to IFC. Studiesatehat data losss
occur because IFC formditased information exchange fails to gwide complete
interoperability (Oh et al., 2015Pazlar & T, 2008) Oh et al.(2015)discoveredhat up to
78.8% of albbjects can be lost in the proces$ exchanging informan between IFC and
Revit formats In addition to objectspbject properties (e.g., color, grid, layer, location, and
view)were lost as wellThis unsatisfying model handlinig also proven in exchange scenarios
using software of other large vendofBazlar & Turk, 2008 ontinuous improvement of IFC
import and exportmethods are required to minimizdata loss

Although IFC data losses are an isshe,gotentiab ofopen interoperabilityare substantl.

It would enable the seamless flow of design, cost, project, production and maintenance
information, thereby reducingrocessinefficiencythroughout ad dzi f Rfacyck.Oaakso
and Kiviniemi(2012)considerthe IFC efforasone of the most ambious IT standardization
efforts.

3.5.1 IFC-EXPRESS

The IFC specification is writteatcording tothe EXPRESS data definition language. IFC is
accepted as an open international standard in the ISO 16B88BdingSMART, 2012)

As stated byLaakso andiviniemi(2012)BIM data is intended to be readable, editable, and
shared between vaous systemsTherefore the file structure needs to be standardized. IFC
relies on the STEP physical file format. A STEP file consists of two sections, a header section
with information about the file itself and a data section with the description of gntit
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instances. All objects in EXPRESS are called entities, with tsientgfined base entities e.g.
geometry, materials, propertiefEastman et al.,, 2008By composing these base entities,
commonly used objects are defined such as generic wallsor§l, structural elements,
building service elements, process elentemmanagement elementgnd gener features.
BecausdFC isspecifiedas an extenble data modelthe possibilityemergesto elaborate
base entitiesf required

IFCrelies on ahierarchicalinheritanceobject structure, the objects armcorporatedwithin

an entity tree as illustrated by figure -4. Each level of the tree introduces different
attributes and relations to arentity. For example)JfcRootassigns a Global ID and other
identifier information. IfcProductdefines the location of the wall and its shap&Element
has attributes which define the relatiship of this element with othersMany of these
attributes and relations are optionathis brings the option to exclude attributes from the
export to IFGEastman et al., 2008All independent entities generally ctain the attributes
WDf 20t ! yAldzS LRSYGAFASNI 0D! L50QF 26y SN KAa

IfcRoot:

| ]

IfcObjectDefinition IfcPropertyDefinition IfcRelationship
3 . IfcPropertySet 3
fi : fi -
IfcObject IfcTypeO bject Definition IfcRelAssigns
i |fcRelDecompaoses
IfcProduct: \\ HcPro
I — IfcRelAssociates
IfcElement
— IfcRelDefines
(@
Eg. IfcWall, IfcDoor, . — IfcRelConnects
1, L O
IfcStair, etc. 3 b

R

Attribute  (O—— Instance [O—-—

Complementary, BuildingSMART extended the scope dbdB€d exchanges beyond the IFC
data model. Figur&-5 shows other BuildingSMAR®Bncepts explained in section 3.5.2 and
3.5.3and 3.5.4.
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ISO 16739 (IFC)

3.5.2 Information Delivery Manual (IDM)

Information Delivery Manual (IDM) describes a set of process maps, exchange requirements

and functional parts, and has been recognized as the key feature that makes IFG&utork

& JardimGoncalves, 2010bAn IDM provides a standardization framework to structure the
information need for spefic tag & 2 F | O0QBAGIRS\ey 3 Q& A Y&HSINI GA
participants can set when specific information is needed iarnehat quality.

The main purpose of an IDM is to make sure that the relevant data are communicated in

such a way that they can be interpeel by the software at the receiving side
(BuildingSMART, 2011BuildingSMART has an IDM framework available for O&M, however

this IDM is still in draft sttus and therefore not ready to implement in the industry.

3.5.3 Model View Definition (MVD)

A Model View Definition (MVD) defines a subset of the IFC schema that is needed to satisfy
one or many exchange requiremer{BuildingSMART, 201X)ften the complete IFC schema

is not required, a MVD provides only the relevant information for a specific AEC/ FM
department or task. The MVD acts like a filter of the IFG dahema to obtain only the
required information for a specific ppose. For O&Mpurposes, Construction Operation
Building information exchange (COBie) is the international standard to exchange contact an
generalbuildinginformation as well as informatioabout spaces, floors, zones, components,
technical systems and equipmef\tolk et al., 2014)

3.5.4 BuildingSMART Data Dictionary (bsDD)

TheBuildingSMART Data Dictionary (bSDB) terminology standard for Rl libraries and
ontologies(Volk et al., 2014)The bsDDwith its former name Yhternational Famework for
Dictionaries (IF[@) 2s an ISO 12008 based ontology for theAECindustry to connect
information from existing databases to IFC data modBlsildingSMART, 281 The bSDD

currently containsover 80k concepts along with approx. 200k natural language names and
descriptions(DURAARK, 2013)sing bsDD, modeled objects are separated from its name

and language and described using an ontolégythe definition and storage of building

model objecs that can be reused on different projec{Steel et al., 2012)This helps to

prevent ambiguities such as the example of the Norwegia® DAKES 62 NR & R DANE
b2NBSIALY A& AYy | y2N¥YI{ RA GHovegey th&d® NRNAY & € |
refers to the door with its frame, whiledoor¢ in Endish only referrers to the door itself

2 KSy (NI dod f shaildl Yefdood se€ in English. This simple example illustrates a

critical problem which has to be overcome for Biddsed object oriented arking methods.

The bsDIxoncepts relate to other conceptsith objectified relationships and are assigned
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with Global Unique Identifier(GUID, names and descriptiongVhile notall stakeholders in
every lifecycle phaseof a building will use all described information a unique and
identifiable object can bereated (figure %).

" is atype of " is atype of | building product
is atype of -1 fire escape route  is part of

" consists_of —— door ieaf consists_of

door frame

( horizontal light-opening for door }’ relates to

inner door

outer door

sliding door [--5918 ists of sliding door leaf
rotating door sliding door frame

strongroom door

Depending o the use case, an object viewan be instantiated showingnly the desired
bsDD contextFigure 37 illustrateshow awindow concept can be described by a set of
characteristics.These characteristics can originate from eagwindow suppliers objet
specification.The different contexts of a window are illustrated in figur&.3
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The bsDD does not describe instances of e.g. a window of a specific project or from a
product database. This obligationfidfilled by a BIM model in, for example, IFC forméhe
BuidingSMART Data Dictionary bsBDbeing developed with an emphasis bnildings
(Nederveen, Luiten, & Bohms, 201Bifrastructural &sets are not covered yet.

27



3.6 Classifications & Concept Libraries

Classifications are used to classify collections according to their similaritpranaling a

hierarchal structure to these collection$or interoperability within an object oriented

working method, classifications are keps stated byPauwels et al.(2011) a proper
classificationframework is the key to managand provideaccess to informationBy

annotating  models semantically with negeometric informationan improved search

over the information is possibleFor example, good classification enable informational
Y2RSt |jdzSNASAE ¢AGK2dzi 0SAy3d KAYRSNBR o0& YyIlY
WgAYR26Q 0SOFdzaS GKSe& Thé&ébg ¥ Standard classificaign Y A £ | NJ
implementation within a BIMnodel will allow same information sorting and retrieval across

multiple platforms and at any stage in tiledzA f R AcycHE.® sectibnA3®B.&0me common

Dutch classifications are discussethereafter in section 3.6,2concept libraries are
discussed Wwichcanbasicallybe seen ag more extensive form of object classification

3.6.1 Object Classification

According toETIM(2015)object classification is simply a logicalnambiguous classification
(taxonomy) of product in different product classeglesigned so that anyone within the
sector can communicate about those products without misunderstandi@gsrently, nany
classification systems are developed both on natlasinternational scale. TH8O 12006
2/3):2015 defines a framework for the development of built environment classification
systems. It identifies a set of recommended classification table titles for a range of
information object classes according to rpeular views. While not commonin the
Netherlands, nternationally used classifications based on this ISO standardization are e.g.
Omniclass, DBK and Uniclags.number of fequently usedclassification systems the
Netherlandsare:

1 NL/SfB Classification method to group and code semantic building information
during its lifecyclelt originates from the Swedish SfBystem published in 1947
(STABU, 2015)n total the NL/SfB consists of five parts e.g. encodings for a buidding
environment, functional parts and construction materials.

1 ETIM international TheEuropean Technical Information Mod&TIM) gives a listing
of the most important technical characteristics of product ctete describe and find
the products(ETIM, 2015)ETIM finds its application in the installation, construction
and maritme sectors and is intends to share product classes clearly on an
international scale.

1 IMGea Information Model Geography (IMGe&)rms the standardfor exchangeof
3D geainformation and contains agreements about the exchange. This includes
agreements redting to the legally compulsory Basis Rsation LargeScale
Topography or BG{IGeonovum, 2015)

f STABUBWBRDY ¢! . ! . 2dzgoNBSRQ A& | LINI IYFEGAO
description of entire building systems and installatio(STABU, 2015)This
classification system contains six dutes and thereby applicable in each lifecycle
phase of a building.

1 NEN2767Classification and standardization of inspection of the technical state of
construction components introduced by thidetherlands Standardization Institute
(NEN). Contains diffen¢ parts of which the first defines &lethodology for
measuring the condition of building and installation parts (NEN 2I)6%econd, the
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NEN 27672 includes @fect lists for measuring the condition of building and
installation parts Then, NEN 2763 is an aggregationof condition scores for
measuring the condition of building and installation parts. Finally, NEN27687he
standardization of the condition assessment for infrastructuspecifically In
addition, it provides a breakdown of elements andneponentsof infrastructural
works and associated defect lists (NEN, 2010).The agregation of condition
assessment scores of management objects and areas is still under development.

3.6.2 Concept library

An concept library or alsceferred to as Object Type tuary (OTL) is library containing
generic reusable objects covering the complete building lifecycl@AC, 2014)A BIM
describingspecific construction objestin various stages of its lifgcle is composed of data
specific for this projectHoweversome information has more generic nature and wrde of

use for the category the construction object belongs to. Therefore, this kind of category
specific object information could be stored in a concept library that can be referenced by
2 0 KSNJ . Lol @dstrictioh abjedks of the same categgHoeber, Alsem, & Willems,
2015) By doing so,raenhancement of semantigs offered byconceptlibrariesdue to the
reusability of data

The AEC/ FM industry faces the challenge of improving effectiveness and efficiency of thei
processes in the areas of project managemelRl and network management where
information management seems to be crucial (Nederveen et al., 2015). Ideally, information
that has been created at a particular location wouldused and resed by other act® at
other locations, inside or outside an organization

In the Netherlandsa nationwide conceptlibrary with the name CBNL is developedin
addition,the Dutch ministry of Infrastructe (Rijkswaterstaat) developscanceptlibrary for

its asset typese(.g. highways and waterways), while the Dutch railway authority (ProRail) is
developing a concept library specific for railwgytoeber et al., 2015)Eventually these
infrastructural concept librarynitiatives will be harmonized by mappings to the natiwide
CBNL.While the CBNLIs stll in a conceptubstage it creates greaibject standardization

and associated data reusability opportuniti@@ankers et al., 2014yheCBNLhasadopted a
linked data approach(Nederveen et al.,, 2015)Thereby not only combining before
mentioned concept libraries bua great number of distinct standards, databases, and
ontologies, including STABU, NET, NLCS, BID CROW, AQEK, INSPIRE, CORA RIioNED,
ETIM, and so fortilLDAC, 2014Yhis combination effort by GBL is illustrated in figure-8,
where some standamlhave distinct mappingslirectly between them, they can all be
connect by the natiorwide concept libraryCBNL It relies onlinks between thediverse
ontologies, and will becomea dedicated context in the BuithSMART Data Dictionary
(bsDDYLDAC, 2014)

29



3.7 Level of detail (LOD) and level of information (LOI)

Level of Detail (LOD) is defined Mplk et al.(2014)as thegeometric and nofgeometric

attribute information provided by anodel,commonlyreferringto a pointin time, lifecycle

stage or to a contractual responsibilitpifferent levels ofdetail are defined to enable
specific informational requirements to be set for e.g. a project phaswe et al.(2013)

definesLODas an indicator ohow much information is known about a model atgiven

time which increasesin richness as an asset progresses througheach project lifecycle

phase. Generally, Levels of Detail values range from LOD100 to LOD500 with increments of

100. On this scale LOD100 contains only spatial objects or masses ranging upb@® LOD
represerting the asbuilt conditionand is configured t@a central data storage for integration
into mantenance and operations system@love et al., 2013) For maintenance
functionalities, the Construction Operations Building information exgeafCOBie) standard
defines a LO for technical egipment, regarding type and dation, make,model and serial
numbers, tag, installation dateyarranty andscheduledmaintenance requirementgVolk et

al., 2014)

Level of Information (LOI) refers to all rRgraphical content of a model at a point of time or
lifecycle stageWhile <ientific literature commonly only refers to LOD, LOd isart of this
broader definition Hence, LOI is a proper subset of LOD thus:

00 @O VO

Due to hilding complexity high levels of informatioffor its facility managementare
required This information isessentialand thereby required to be available as highly
accurate as possibleavy & Jawadekar, 2013)

During design phasearchitects and other engineers preliminary produce graphical data
whereby the amount attribute data increases in timeo#f valuableO&M information is
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addedduring constructiorto obtain an asouilt situation(Verbaan, Visser, Koe, Boer, & Voet,
2014) For an asset manag®&iM attribute datais more important than the graphics and
visual dataof the asbuilt model (Visser et al., 2013This principle of proportional shift and
transfer of information overitne is illustrated in figure-8.

100%
Graphical Design = Graphical Design o Graphical Design
7 A 7 =
09" 09
R e 2 A »ScEn >
{ QV / \@gv /
O%%. oY%, )
- - - - Attribute Data
Data Data
Attribute Data Attribute Data
0% R s .
Design Construction Operation

31



32

SEMANTIC MODEL ENRMENT FOR B{¥NABLED RF
BASED OPERATION AMNDNTENAN(C



4 SEMANTIC MODEL ENRICHMENT

While BIM models are elaborated to a high level during design @mdstruction of a
buildngg G KSe& R2 y2i KI-@8z fi 8 QNB RINBzE -Bulitdondticnd K $1 B O
can differ significantly from the design, and thews®d conditions can change extensively
throughout abuilding® lifecycle(Huber, Adan, & Okorn, 20X®) ¢ K S NERFS2aNUEY SURFQR . L
modesy SSR&a (G2 0SS | Rada i S RIn&RiE Bt of eRterndl data is
available that is to some extend related to a specihigilding Missing obsolete or
unstructuredbuilding information might result in ineffective project managemeuntcertain
process results and time loss or cost increases in maintenance, retrofit or remediation
processegVolk et al., 2014Koukias, Nadoveza, and Kist&013)considermanagement of

a building@dataaskey to achieve ptimization ofFM.

A semantic model is a model in which semantic information is included describing the
meaning of its instancesAs discussed in chapter 3, IFC models can be cossides
semantic modelsGenerally, dzerse models or representations a building are available

with a vast amount of external data resulting in the need for distributed data management
(figure 41). Additionally datasets are distributed over varioypéaces and in possession of
different stakeholdersmaking the challenge only more compleience, @velopment
towardsa Web of Datebecomes more relevant for the AEC/ FM indugtrip AC, 2014)

First, in section 4.1 the term semantic enrichment is elaborafdereafter in section 4.2,

the semantic web is discussed in more desd@itl some relevant terms arestined. Finally, in
section 4.3, approaches of semantic IFC enrichment are introduaed discussed in more
detail.

Urban Building
plans codes Requirement
model

e
&
Architectural
model
Companies

Infrastructure
models
5 = e suilcin
bl Components plan o Sensor
: project
and materials data

Facility

MEP
model management
models

Structural
model

Indoor/usage
models

4.1 Semantic enrichment

Semantic enrichment is defined byMB2015)as elaborating the content/context of data by
tagging, categorizing, and/or classifying data in relationship to each otbedictionaries,
and/or other base reference sources. This means adding additional contextual information
to some existinglata set.Thus smantic enrichment also includes the reference of external
information resources, e.g. from building regulationsssltication systems, or product data
(Beetz, Dietze, Berndt, & Tamke, 2013)e to the changing state of the built environment,
this process of enrichment ofesting datasetsvith knowledge and information should be an
iterative process during the wholauilding@ lifecycle.
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Semantic enrichment dbuilding models iglefined byBelsky et al(2015)as a process in
which an expert systa appliesdomainspedfic rule ®ts to identify new facts abouiuilding
objects and redtionships in an input buildingnodel and adds them to the modeThe
semantics ofa building object are composeaf its form, function, ad behavior (Lee et al.,
2006). These semantics are representedy its shape (3D geometry), materiand
mechanical properes, functional classificatiortppological and aggregation legionships
with other objects,all of which have articular meaning The relative lod#gons of objects to
one another are key determinants fortheir functional classificationand tgpological
aggregatiorrelationships.

4.2 The semantic web

The manticweb is introducedn 2001with the aimof turning the curentwebA y 12 | a6 S0
2 T R thérdby¢ diminatingunstructured and semstructured documents(BernersLee,
Shadbolt, & Hall, 2006Basically, te idea behind the emantic web is to add semantic
metadata to the existing data in order to describe data content and their relations in a way
so that the meaning of data can be processed myachines. Common ihked data
technologiesare RDF, SPARQL, OWhd eSKOSW3C, 2015b) The World Wide Web
Corsortium (W3¢ has directed major efforts at specifying, developing, and deploying
languagesfor sharing meaning. These lgmges provide a foundation fosemantic
interoperability (BernersLee et al., 2006)Theneed has increased for sharednsantics and

a web of data and imirmation derived from it(BernersLee et al., 2006)Various industries

have recognized the value semantic web applicatiomsuding the AEC/FM industry.

By using semantic &b technologies BIM models can be linkadith external information

from other ecosystems (product cdtaues, libraries of design elements, public
procurement requirementsgtc.) on the interne{Costa & Madrazo, 2015)

According toBernersLee et al.(2006) four main rules must be taken into account for
semantic web application. First, tings must be identifi@th Uniform Resource Identifiers
(URIs). Without application of universal URIs data is not a part of the semantic web. The
second rule is to integrate HTTP URIs to enable people to look up specific information
connected with an URI. The third rule statbat information connected to mURIshouldbe

useful in terms ofvell-formed ontologies, thereby structuring data following e.g. RDF, RDFS
and OWL. The fourth and last rule defines the importance of linking to other URIs, thereby
creating a web of informt#on.

Linked Open Data (LOD) is Linked Data which is released under an open license, thereby not
limiting free usage(W3C, 2015b) The five star Linked Open Data model is commonly
mentioned in theliterature, classifying the level of LOD integration. This model contains the
following levels:

Make data available on the web in any format (e.g. pdf, image, scar
Make it available as structured data (e.g. Excel);
Publish data in nosproprietary open format ( e.g. CSV);

Use URIs to denote so that data becomes uni@ug. RDFE)

Link the data to other data to provide context as Linked Open I
(LOD).
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A key strength of the semantic web is the ability to create new links betwaessia
automatically, referred to as inference. Inference can be characterized by discovering new
relationships due to the modelling of data as nametiationships between resources. These
new relationships could be added to the set of data or returned lgyery. The semantic

web principles can be the key to harmonization of information modi®, to the ability to

let software agentsinderstand the meaning of data and create connections between data
automaticallythereby gainng new information. Based othis vision, ontologies can be used

to capture the semantics of data, resolve semantic heterogeneities and optimize data quality
and availabilitKoukias, Nadoveza, & Kiritsis, 2013lh)e semantic web stack illustrates the
hierarchy of languages where each layer uses parts of the layer below (fi)rdd geta
better understanding of the semantic wednd current developments in theEC industry
ontologies, Resource Description Framework (RDF) and IfcOWL are further elaborated.

‘ User interface and applications
Trust
Proof
Unifying logic
Ontologies: ‘ ‘ Rules:
Querying: OowL RIFISWRL 53
SPARQL =
Taxonomies: RDFS c‘_a‘
5
2
Data interchange: RDF
Syntax: XML
Identifiers: URI Character set: UNICODE

4.2.1 Resource Description Framework (RDF)

Semantic web information is representedy triples, which are Resource Description
Framework (RDF) expressiamnposedodf subjects, predicates, and objects. By semantically

linking all kinds of objects and subjects (resources) using predicates, large clouds of Linked
Data carbe created This information is stored in RDF triple stores, wis@hspecific kind of

graph daabase(Dimyadi, Pauwels, Spearpoint, Clifton, & Amor, 2015)

Figure 43 represents an RDF graph example containing four tripiésinformation about a

person This RDFexample includes various kinds of information. Finst,contains an
AYRAGARdzZIE XS Ay (GKA& OFasS WONRO aAiffSNRd® { S
indicating the type ofthingQ Third, properties of thos&hingsare indicated such as the
WYIFAf02EQ LINRLISNI & @ ! y Rtifidd whlidh infthés caséNi®@thdSemadile G| f
address for example. In terms of subject, predicate and object one insfemtefigure 43 is

WYSQ> WFdzZ t bl YSQ YR WINRO aAffSNR NBaLISOUAD
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http://www.w3.0rg/2000/10/swap/pim/contact#Person

/

" http://www.w3.0rg/1999/02/22-rdf-syntax-ns#type

http://www.w3.org/People/EM/contact#me

http://www.w3.0rg/2000/10/swap/pim/contact#fullName
\

\
\
/ Eric Miller

/
/

/ http://www.w3.0rg/2000/10/swap/pim/contact#mailbox

' mailto:em@w3.0rg

/http://www.w3.org/2000/1 0/swap/pim/contact#personalTitle

By application oRDF specific Universal Resource Identifiers (dRisgssignedo individual
fields. URIs have a global scope, associa&mgRI with a resource means that anyone can
link to it, refer to it, or retrieve a representation of(BBernersLee et al., 2006)BecausérDF
statements can be diagrammed as a directed graph representing, fexpdicit linkscan
provide anunambiguous referencthat may refer todata specified in dter graphs. Thereby,
creatinga network of linked data available for any applicat{@wosta &adrazo, 2015)

The primary query language for RDF graphs is SPARQL (SPARQL Protocol and RDF Query
Languagg able to retrieveand manipulatesubgraphinformation (Dimyadi et al., 2015)
SPARQL can be deployactossvariousdata sources, whether the data is stored natively as
RDF or viewed &RDF. In addition, it is possible to testiues and query constrairs by source
RDF graph.

4.2.2 Ontologies

Ontologies define the concepts and relationships used to describe and represent an area of
concern (W3CG 2015b) These common conceptuatations are also referred to as
vocabularies(BernersLee et al., 2006)There is no bvious distinction between what is
NEFSNNBR (2 la Ww2yG2t238Q FyR W@20l o6dzf  NEQO®
formal collections of terms, whereas vocabulary is used when such n&sglis not
necessarilyimportant (W3C, 2015b)Ontologies are to improve data integration when
ambiguities could exist on terms used in data sets or when extra knowledge can lead to the
discovery of new relationship@ntologies can capture the semanticsdaita, describingthe
knowledge for sharing ia specifiddomain and provide reasoning capabilitigukias et al.,
2013b) Markup ontology languages are used to encode knowledge most used language
created by theWorld Wide Web Consortiunto describe ontologies in a formal way the

Web Language OntologPWLD (Costa & Madrazo, 2015Providing aformal and explicit
specificatim of a shared conceptualizatiaefined bymeans of classes, attributes, values,
relationships, roles and ruleS’he OWL recommendatiois now at version 2.0(OWL2)
extending the capabilities of version 1.the OWL specification integrated several efforts.
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The W3C recommendation presentariousversionsof OWL, depending on the degree of
expressive power require@BernersLee et al., 2006)Thesedifferent OWL profiles are
illustrated in figure 4. OWL uses theRecourse Description Framework Schema (RDFS)
concepts as subset to describe ontologies. SubsequeRIPFS took the basic RDF
specification and extended it to support structured vocabularRBFS provides minimal
ontology representation language that the research community has adopted fairly widely
(BernersLee et al., 2006)To conclude, RDF graphs can obtain an improved semantic
structure using vocabularies or ontologies with the most basic elements to describe such
ontologies available in RDFS vocabu(&guwels et al., 2011)

OWL 2 (Full)

4.2.3 IfcOWL

As discussed in section 3.5 thmelustry Foundation Classel$ @ model standard enables the
exchangeand representationof building data in a more interoperable walowever,the

lack ofmechanisms teextend the senantics of the models identified asone of its major
limitations (Costa & Madrazo, 2015)herefore,Beetz, Van Leeuwen, ance Vries(2009)
introduced an ontology for the building and construction sector basediF@®@ By the
introduction of semanticweb technologiesIFCmodel information based on EXPRESS
proposed to be transformed into semantically enhancechodelencoded in OWLThisOWL
version of the IFC schema namiéDWLmakes it possible to ussemantic web technologies

for BIM models Amongst others, the benefits otransition to semantic weliechnologies

and fcOWL specifically are the ability to link different types of datasets of the same concept
or elements, querying of data, publishing of data and reasoning with d&&C, 2014)As
comparison, figure 4% illustraes the difference in approachy G SNXY & 2F ahtR
GbS¢g {OK22f¢ 2F RFGF YIyF3aSYSyidoe ¢KS ahf
technologies (STEP, XML, etehere one data structure is selected and applied. Thistral

F LILINR F OK A& NBftlIGA@Ste Ay¥FEtSEAGES FyR &Gl aGA

fundaments in one logibased technology which the semantic web. Thereby, the ability
emerges to interlink many data structureghis decentralized approadan be characterized
as more flexible and dynamic.

37



Committee-based
* Long cycle times
« Inflexible / Static
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Non-web-based

+ Evolution-based
» Short cycle times
Flexible / Dynamic
Decentral solution
Web-based

“Old School” “New School”

Considering the fdaares of the different OWL2 profileas visualized in figure-4, multiple
opportunitiesare availableregarding the IFC conversio®n theone hand, one could aim at

an fcOWL ontology with as much type information as possible (high expressivenessg On th
other hand, one could aim for an ifcOWL ontology that is in one of the less expressive
profiles, but is more efficient at execution tinfeDAC, 2015)

In order to standardize transformation ruledet developmen of ifcOWL ismanagedby a
standardization bodyThe BuildingSMART Linked Data Working Group is respongile
building and maintaininghe ifcOWL ontology. The group meets at regular intervals, both
virtual and live, to keep track of and discuss possilBOWL ontologyenhancements
(Pauwels, Torma, Beetz, Weise, & Liebich, 2005 Linked Dat&VorkingGroup is part of

the Technical Roorof BuildingSMART and closely interasfgh the other working groups
within the BuildingSMART organization. This work tessilted in a draft ifcOWL ontology

4.3 Semantic enrichment of IFC

As statedJFCmodels are semantically ridiecause theyapture not only the &limensional
geometryof an objed, but metadata related to many other aspeasthis object and the
buildingas a whole. Object within the model will have attributes associated with it that
describe its thermal performance, costing, fire safety performance, (8teel et al., 2012)

As discussed in section 3I5,C files are made of objecdmd connections between these
202S00Gad® ho2SOG FGdNROGdziSa RSAaONROGS GKS aoc
between objects are represented Dby relation elements, for example
IfcRelDefinesByPropertigSenerally, a great amount of information calneady be found in

the semantically rich IFC model developed duraduilding® design and construction.
Ranging from provenance data such as authorship, creation date and stakeholder roles for all
instances descending from thfeRootclass to informatia of individual components such as
material and configuration propertig®eetz et al., 203). Individual component metadata is
generally stored inlfcPropertiesthrough IfcPropertySetsincluded into the IFC model
capabilities. This provides the possibility to extend and adjust object metadata within the
model itself.
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While somerelevant &M metadata is already present in the model by handover from
design and construction phasesther data has to be added manually or through automated
procedures bythe asset managerin such data networked structureshis process, referred

to as semantienrichment also includes the reference of external information resources e.g.
from building regulations, classification systems, or product {Beetz et al., 2013b}or

O&M, this practically would mean thatdditional metadatais added or updated while
geometry datawould be adjusted less frequentlin the research oDarkers et al.(2014)
researchers havehosen to enrichan IFGmodel by adding hyperlinks objects and thereby
referencing to external information. An advantage of this IFC enrichment method would be
that data in a web databse is much easier to update teew or updateddatasetsthen tags

in an IFC property However, this method still requires the manutleraction ofadding the
hyperlink itself to every single object in the model which cduddome a significantly large
task for extensive models. Thougmany of the significanBIM tools currently used by
indudry support import and export of IFC fi(Steel et al., 2012)Thereby, by adding either
metadata directly into the IFC model or indirectly by adding hyperlinks to the location of the
associated data, a usahteodel for O&Mcanbe the result.

Following the semantic web principleelaborated in section 4.2, with the wehown
statement ofa ! ye2yS OFy &l & | yeéiKxefiag oh bnRsdagtweeny & (i K A
resources ands therefore a more decentralized situatiorAs stated earlieradditional
arbitrary inks between data resources can be created if the resources can be identified by
an URI. In contrast téFC this does not require elaborate changes in the schema $&ut i
inherent to all RDF data se(Beetz et al., 2013b)/NVhile the efforts of developing ifcOWL
making good progress armrtainly havepotential of future adoption and implementation in

the industry, currently the ontologys stll in a conceptual stage. To overcome this issue, a
transitional approach is suggested by the DURAARK project. DURAARK (Durable Architectural
Knowledge) is funded by the European Commission with the collaborative aim of developing
methods and tools for seamtic enrichment and longerm preservation of architectural
knowledge and data. The transitional approdoipliessimple implementation agreements
whereby IFC models can be semamlly enriched with arbitrary linkedatiasets without
raising compatibilityissues withexisting cormerciatof-the-shelf tools(DURAARK, 2013in

other words, the IFC model remains valid and can still be understood by available IFC
viewers. Besides the current challenges of ifcOWL #adcurrent conceptualstage,
transformation of IFC modelsr partial submodel chunks itself into RDF demand a
considerable shift in technologiesd would require an even higher implementation effort
than schema extension(8eetz, Coebergh, Botter, Zlatanova, & de Laat, 2015)

As graphically illustrated in figure6} the transitional solutionproposed byDURAARK013)

allows the combination oSTEPbased IFC models with RDF dafhe suggestedapproach
allows much more rigid semantics using a wide range of methods and technologies that can
be applied and integrated intexisting processes and tools.
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Figure4-6: Web of Data technologigd DAC, 2014)
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