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Abstract

Keywords:Building Informaibn Modeling (BIM) Requirement Processing, Experts, Validation and
Verification processAbstract Requirement¥nowledgeBased $stems(KBS)Expert Systems (ES),
Prod of Concept (PoC), autonet verification.

Abstract: Erhanced by the development dBuilding Information ModellindBIM) and relatedto
more datathat is captured an international shift from the traditional building process to a more
integrated way of wrking takes place. The traditional construction process resulted in many
ambiguities and inconsistent information transéeProblems in buildings can often be traced back to
the requirementsprocessing in the design phasés. here therequirement specifcation must be
validated with the clientn order to makesurethe contractorand theclientare on the same leved
reduceany discussion about iin a later staggHoeber, 2012)These requirements are often just a
list in a word processor program and are not ksipformulated, buthaving a lack of consistency and
unambiguity and no standard procedure of dealing is formulatethe interpretation and
implementation of theseabstract requirements is based on the combination of the available
information and reasomig of experts This results in a continue iterative process of defining,
validaing and verifying requirementsThis process with Uman expertshas severalifficulties in
whichknowledgeBased $stems(KBSEould mssibly playan important role It is woth investigating

if these systemsindeed can improve the specification process of abstraetjuirements, ly
developing arExpert SystemH$S as Proof of @ncept (PoC) A model will be developedo show a
new procedure and implementation via a pilot ca3ke development is based omé objective in

this researcho investigate if it is possible and if this way can improve the requirement specification
in the design processmplementation extends the research intatamated verificationto further
improve he quality of building designs arnovationwithout sacrificing these qualitie€Solihin &
Eastman, 2015)
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Summary

Since the introduction of integrated contracts in the construction sectshié of responsibilities has
occurred. Leading factors in th&e reducing (failure) costs and provide a higher quality in the
designs. The different formgshese integrated contracts knowcan provide, via functional
specification, parallel activities. iBhcan result in parallel execution of the activities. Functional
specification find its origin in the method of Systems Engineer{8& )yt which a functional analysis
has to lead to functional requirementdhe drawing and using of a functional speaiiien is
complicated.Important is mapping outhe problem and the need oénd users, stakeholders and
own organization Often is worked with interdisciplinary design teams wigedto keep in mind the
final result. Without thinking in concrete solutionsidathe corresponding technical specifications.
However, it remains important that the functional specification must be sufficiedyailed
described to guaranteenambiguity,consistence and measurabilitidy usingtie method ofSEthe
design icreatedin a systematic way and makes use of-tigwn reasoning.

Describing requirements and functisatarts often early in the development phases of a propaud

has a peak during the design proce3ée different requirements wilbecome more and more
specifc during adesign Various requirements will be formulated at which is worked from client
specific requirements via system requirements towards the final demand specific&tianof the
method of functional specification a distinction is usually made leetw oljects, spaces and
requirements. This package of requirements represerdften requirements that are difficult to
design, to make measurable and are undefinéds often about certain qualities that are imposed to

a design that cannot unambiguoustyriulated without discussing abou distinction can be made
between abstract, undefined and nebmputable requirements and specific, unambiguously and
objective measured requirementBuring the theoretical research there will be lookeetigpth what

an abstract requirement entails and where potential challenges are during specificafion.
requirement to which a certain value is connected will raise fewer questions than a certain intangible
guality that is connected to a certain function, object or aguirement. This raises often quest®n
about what is really meant or the precise meaning to a certain end Utsisrimportant to manage

the process of requirement specification properly in order to guarantee the design assumtins.
translation of alstract formulated requirements into a more specific interpretation of that
requirement is about something different than the real signification of a requirementthis
research abstraction is defined aa certain quality which is desired from a cliehtit containsno
specific and usable datéSuch as the requirement of comfort, security or sustainability to a certain
space or buildingOften because the client does n&now yet why or what hisieedsare. The
translation of this abstract formulated reqement towards a specific requirement often causes a lot

of discussion and ambiguityetween contractor and client kich causes errors in a later stage with
exceedances of budget and time. The problem can be found in the fact that these descriptions have
too little hold to make decisions within the design. Out of the literature several articles are dedicated
to what abstract requirements include and what conditions they must met. But what are the
possibilities to optimize this process and have a correailted the translatior? Whenrequirements

are formulated thatare clearand measurabléhe execution of validation and verificatios easier.

The process of validation examines if the right thing is made and if this corresponds the need of the
client. Ths therefore involves the mutual understanding of contractor andntlieegarding the
requirements vhich is not always the case with abstract formulated requirements. This research has
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worked towards a way to improve this process amlimizethe translation of these requirements.
Currently experts with extensive experience are the ones wh®going into conversation with
clients to specify requirements. Athese experts togethe have a huge databasélled with
knowledge, experience and expertifut evey expert and client iglifferent even as every project

they work on. This often causes slightly different results which influence the satisfaction of the client.
By bundling this knowledge and usingwithin this process a clearer way can be found to kvor
towards a correct specification and more successful process of validatidnverification In this
research is looked t&S) @hich are concernedin general, with taking decisions, something that is
always a issue with requirements specification®f course it is not that simple to capture all
possible decisions with corresponding results and all the experts knowledge. But nevertheless the
use of such systems can sharpen the process and ensure less failures during these requireme
specification proceswithin thedesign phase®ut of this idea a model is developed to investigate if
knowledgebased systems can contribute to the requirement specification proteseesult in
computable valuesThe objective of this model is th@wv with the use of an emple how the
translation and specification can take plaGut of the interviews an overview is presented in which
advantages and disadvantages are given of the current approach and possibilities of knewledge
based systems.

In existing research in autamated verificationuntil now only investigation have taken place
regarding measurable requirement$Vith increasing developments and the use of BIM and the
connected information streams, verification of tabstractformulated requirements becomes more
important and are worth more. Though, the requirement must contain a value including an unit to
use it for verification via BIMOut of the developed modéhe result is used to show via a case how
automated verification can take place. This automated vetific is based on a query which can
check a measurable value in a BIM model. The idepe@fification using Knowleddgased $stems

gives the reason to work towardsReoof of Concept With this the possibility is investigated how to
deal with abstract rquirements in the construction sector. Knowledge about the current approach
and the possibility as well as thefagnmation for the input of the KnowledgBased $stem(KBShare

the result of interviews with expertsLhis results in a research on the currelealing with abstract
requirements and possible improvements. These improvements are framed by presenting how
abstract requirements can be translated to a description which is more consistent and usable for
automated verification. Which in turn can leéala positive result during practice regarding budget,
time and less errors as due to the requirement specificatiaotess. The research shows tlzakKBS
indeed can be used to accelerate, clarify and ensure valuable results that lead to less questions and
changes in later stages of the design process. However, it is of interest before actual implementation
more research and an extensive development must be conducted.
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Samenvatting

Sinds de introductie van geintegreerde contracten in de constructiesbeeft er een verschuiving
plaatsgevonden van verantwoordelijkheden. Leidende factoren hierin zijn het reduceren van
(faal)kosten en zorgen voor een hogere kwaliteit binnen de ontwerpenverschillende vormen die
geintegreerde contracten kent, kunnena het functioneel specificeren zorgen voor parallel aan
elkaar lopende activiteiten. Deze kunnen hierdoor ook parallel aan elkaar worden uitgevoerd. Het
functioneel specificeren vindt zijn oorsprong in de meth&t&vaarbij een functionele analyse moet
leiden tot functionele eisen. Het opstellen en gebruiken van een functionele specificatie is
ingewikkeld. Van belang is het in kaart brengen van het probleem en de behoefte van
eindgebruikers, stakeholders en de eigen organisatie. Vaak wordt hierbij gewmaskt
interdisciplinaire projectteams welke het uiteindelijke resultaat in gedachten moeten houden
Zonder daarbij te denken in concrete oplossingen en de bijbehorende technische specifitetiies.

is het wel van belang dat de functionele eisen voldoengmletailleerd zijn omschreven om
eenduidigheid, consistentie en meetbaarheid te waarborgen. Via de meti8iwordt op een
systematische werkwijze owbrpen en topdown geredeneerd.

Het beschrijven van eisen en functies begint al vroeg in de ontwikkilseggan het projecten kent

Zijn piek gedurende het ontwerpproceBe verschillende eisen zullen gedurende het project steeds
concreter worden. Verschillende eisen zullen worden opgesteld gedurende het specificeren waarbij
van klanteisen via systeemeisemar de uiteindelijke vraagspecificatie wordt gewerkt. Vanuit de
methode van functioneel specificeren word er meestal onderscheid gemaakt tussiecten,
ruimten en eisen.Binnen dezeeisen zijn er veel abstracte omschrijvingen vaaak moeilijk te
ontwerpen, meetbaar te maken en ongedefinieerde eisen. Het gaat vaak om bepaalde kwaliteiten
die worden gesteld aan een ontwerp welke niet eenduidig zijn zonder hier op in te gaan en deze om
te schrijven naar eisen die bruikbaarder zijn in deze ontwerpen en wib@indelijke verificatie Er

wordt eentweedelinggemaakt in abstract, ongedefinieerde en Rietrekenbare eiseen specifiek,
eenduidig en objectiefemeten engeformuleerde eisen.Tijdens hettheoretischonderzoek zal er
gekekenworden wat een abstrete eis inhoudt en waamoeilijkheden zittertijdens de specificatie

Een eis waarbij een bepaalde waarde wordt gesteld aan een duidelijk omschreven functie, object of
eis zal voor iedereen minder vragen oproepen dan een bepaalde ontastbare kwaliteimlie a
eenzelfde functie, object of eis wordt gesteld. Vaak roept dit vragen op wat er precies mee wordt
bedoeld of voor de eindgebruiker nu echt betekemiet is van belang om het proces van
eisenspecificatie van abstraceisen in goede banen te leiden om de project uitgangspunten te
waarborgen.Het omzetten van een abstracte eis welke nog geen diepgang heeft aan het begin van
het project naar een concrete invulling van deze isislaardoor zeer belangrijkn Idit onderzoek
wordt naar abstractie gekeken saleen eis dieeen bepaalde kwatkit omschrijft die vanuit de
opdrachtgevergewenst wordt maar geen specifieke en dus bruikbare gegevens bevat.déoais

van comfort, veiligheid of duurzaamhe&hn een bepaalde ruimte of gebouw. Vaak doordat de
opdrachgever ook (nog) niet weet waarofmj dit wil of wat er gewensis. Het vertalen van deze
abstracte eis naar de specifieke aergt veelal voor veel discussen onduidelijkheid tussen
opdrachtnemer en opdrachtgeveavat fouten in een latere fase kan opleea met overschrijdingen

van budget en tijd tot gevoldiet probleem is te vinden in het feit dat deze omschrijvingen te weinig
houvast bieden om beslissingen te nemen ten aanzien van het ontWerpit de literatuur worden

vele artikelen gewijd aan watbatracte eisen inhouden en aan welke voorwaarden ze moeten
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voldoen.Maar wat zijn nu de mogelijkheden om dit proces te optimaliseren en bijigste vertaling

uit te komen?Wanneer eisen welluidelijken meetbaar geformuleerd zijn verloopt de validatie e
verificatie hiervan een stuk gemakkelijker. Het validatieproces waarbij het gaat om dat het juiste is
gemaakt, gaat in op de behoefte van de klant waaraan voldaan moet zijn. Hier gaat het dus om het
feit dat opdrachtnemer en opdrachtgevedkaar begrijpa. Gedurende ditbnderzoek is toegewerkt

naar een manier om dit proces te kunneerbeteren en de vertaling van deze eisen te kunnen
optimaliseren Op dit momentzijn het experts met ruime ervaring die vaak samen met de
opdrachtgever in gesprek gaan om dezisen te specificeren. Al deze experts samen hebben een
enorme database aan kennis, ervaring en expertise bij zich. Maareiekpert en opdrachtgever is
anders evenals ieder projeddit zorgt vaakoor wisselende uitkomsten en zet devredenheid van

de klant onder spanning. Door deze kennis te bundelen en te gebruiken binnen dit proces kan
duidelijker en overzichtelijker worden toegewerkt naar een juiste specificatie en daarmee ook een
succesvoller validati& verificatie proces In dit onderzoek wait gekeken naar xpert systemen
welke zich in algemene zin, bezlpudenmet beslissingen nemen, iets wat bij de eisenspecificatie
ook altijd aan de orde is. Natuurlijk is het niet zo eenvoudig om alle mogelijke beslissingen en
bijbehorende resultaten gedseerd op alle kennis te vangen in een systeem. Maar desalniettemin
kan de inzet van dergelijke systemen wel het proces versenegn zorgen voor minder fouteen
onduidelijkhedengedurende eisenspecificatieprocessen tijdens de ontwerpfad&muit dit icce

wordt er een model opgezet om te onderzoeken of kemgebaseerde systemepen bijdrage
kunnen leveren aan het eisenspecifictieproces naar meetbare waarden toe te werkenit model

heeft als inzet om door middel van een voorbe&ddaten zien hoe deertaling en specificatie kan
plaatsvinden. Vanuit interviews wordt een uitgebreid overzicht gepresenteerd waar eoaradelen

van het huidige proces zitten en waar kengebaseerde systemen mogelijk van waarde kunnen zijn.

In aansluiting op al bestade onderzoeken wordt er ingesprongen op automatische verificatie, waar
tot dusver alleen maar naar al meettaomschreven eisen is gekekekblet de toenemende
ontwikkelingen en het gebruik van BIM modellen en de informatiestromen die hier bij hawnd

het verifieren van de geformuleerde eisen steeds belangrijker en meer waard. Hiervoor moet de eis
echter wel een waarde en eenheid bevatten om ze te kunnen verifiéren middels\&iit het
opgezette model wadt het resultaat gebruikt onvia een case teaten zien hoe dit automatisch
geverifieerd zou kunnen worden. Deze automatische verificatie is gebaseerd op een query dat
meetbare waarda checkt in een BIM modelHet idee van specificatie op grond van kennis
gebaseerde systemen, geeft de aanleiding orarreenProof of Concepttoe te werken. Waarmee de
mogelijkheid wordt onderzocht hoe om te gaan met abstracte eisen in de bouwsector. Kennis over
de huidige aanpak en de mogelijke inzet alsmede informatie als input voor het systeem zelf komen
vanuit intervews met experts. Dit resulteert in een onderzoek naar deigaidmgang met abstracte
eisen en hoe dit mogelijkerwijs kan worden verbeterd. De verbetering zit in het feit dat dit onderzoek
laat zien hoe abstracte eisen te herleiden zijn tot een omschgijdie consistenter is en bruikbaar
voor automatische verificatie. Wat tot positief resultaat kan leiden in de praktijk ten aanzien van
budget, tijd en minder fouten die het gevolg zijn van het eisenspecificatieproces. Het onderzoek laat
mede zien dat kerie-gebaseerde systemen wel degelijk bruikbaar zijn om specificatieprocessen te
versnellen, verduidelijken en te zorgen voor waardevolle uitkomsten die tot minder vragen en
wijzigingen leiden in latere fasen van het ontwerpproces. Echter is het wel vamgbeta voor dit
daadwerkelijkgeimplementeerd kan worden er meer onderzoek en uitgebreidere ontwikkebdg

is.

Page |xv



1.0 Glossary

1.1 List of figures
FIQUIE 1. RESEAICH SCOPE.....coiiiiiiiiiiiiie e e e e e e e e e e e e aaaaaaaaaaaeesd 4
Figure 2. Conceptual FrameEWOIK...........cc.uiiiiiiiiiiiie et 6
Figure 3. RESEArCh MOUEL.........cooo i e e e e e e e e e e e e e e e e e e e e e e s e e e s ean e 8
T [0 R A S LY =T L o] o IR (] 01 T 9

Figure 5. Design phases according to the Dutch construction sector (Moonen, 2016), own dt8wing.
Figure 6. Interaction of information in design proess§Schaap et al., 2008), own drawing........ 14

Figure 7. System development process (Hull et al., 2011)..........cuvvviemiiieieiiiiiiiiiiiieeieeeeeeeeeee, 17
Figure 8. Simplified requiremerigsxonomy according to different literature (Glinz, 2005) (Schneider
& Berenbach, 2013), OWN AraWinG.. . ..uueeeeeeeieeiieieeee e e s eeeeees 23
Figure 9. Left: Systems Engineering methods. Right: Systems Engineering process. {Keasiakof
Seymour, & BiemMer, 201L1).. ..o e et aaaaaaaaaaaaas 29
Figure 10. One of the Systems Engineering approaches (Kossiakoff et al.,.2011)................. 30
Figure 11. Vdiication process components, OWN AraWilg-..........ccceeeieiuuurmmnrrrmnnrnrienerereeeeeeeeees 31
Figure 12. Cost to fix requirement defects based on (Wheatcraft, 2012), own drawing.......... 32

Figure 13. Essence of the verification process based on (Moonen, 2016), own drawing........ 33
Figure 14. Framework Architecture of Expert System for users with no experience based on (Ruiz

Mezcua et al.2011), OWN AFrAWING....cccccureerietiniierierirreeeee e errereereaeeaaaaaaeaeaeeeseesssnasaanaaansnnnnes 39
Figure 15. Different role types of the held INterVIEWS..........covvviiiii 48
Figure 16. Division in companies of the held INtErFIBW.............oocviiiiiieee e 49
Figure 17. Effect of abstract formulated requirements on the design phase.............ccccccoeen. 51
Figure 18. Difficulties relating to abstract formidd requirements.........cccccccvveveiiiiiene, 52
Figure 19. Characteristics of the abstract formulated requirements in building projects......... 54
Figure 20. Currently ntaapproach in specifying abstract formulated requirements................. 55
Figure 21. Problem discovery based on the method of double diamonds, own drawing......... 56
Figure 22. The different components of comfort mentioned during the interviews.................. 58
Figure 23. Mentioned factors regarding the added value of ES within the construction indus&g.
Figure 24. Example of useased working of ES, own drawing................cccoeeeieei e ieeccccccinninnnns 62
Figure 25. Example of ownkased working of ES, own drawing..........cccceeeeeviiiinmieeeenniniinen 63
Figure 26. Example of working of ES regarding the subjective character, own drawing......... 64
Figure 27. Structure of rules (Negnevitsky, 2002).........ccccceevieeiiiiii el 2
Figure 28. Basic structure of a rldased expert system. Based on (Negnevitsky, 2002)........... 72
Figure 29. The opening screen of CLIPS IDE @iedyevelopment Environment).....................73
Figure 30. General format for DefrUlES.........cco oo 75
Figure 31. Example of CLIPS expert System OpPeration..............ccoooviiierieeeeiiiiiiiiieee e 78
Figure 32. Questions and one possibility of answers of the developed expert system in. CLIB3.
Figure 33. Possible outcomes and percerdagianatches in CLIPS..........cccccoiiiiiiieiinieieeeeeeeeen. 84
Figure 34. Diagram for typical application implementation of class 1 rules (Solihin & Eastman, 2015).
................................................................................................................................................. 87
Figue 35. Cohesion of relevant concepts in the Proof of Concept, own drawing.................... 38
Figure 36. Use case of developed EXpert SYSIem.........uuuiiiiiiiiiiiiiee et 89
Figure 3. Use case of verification t0QL...........ccooiiiiiiiiiiir e e a0

Page |xvi



Figure 38. Improved approach, OWN draWing-...........ooiiiiiiiiieee et e e e e e e e e e e e e e e aaaaens 91
CAIdzNE odpd ¢ SOKYA O f tcadadfTéchrisah@rogrameny vaR Hiserld 2 dzy RQ A Y

Onderwijshuisvesting De Basis Fluvius, 2017) in DULCh.............oovviiiiiiieee e 93
Figure 40. Floor plan of the first floor of the pilot case regarding the workplace..................... 93
Figure 41. Created space in the BIM model and corresponding statement in IEC.file............ 94
Figure 42. Added property of sound insulation in the BIM ireotte corresponding statement in IFC
111U PPPPR 95
Figure 43. 3D model viewer shows the added property of sound insulation to the door......... 95
Foure 44. The different Building Elements that surround the space of a workplace in the case, own
(o [ 11T Vo PRI 96
Figure 45. Visual representation of verification between ES result and BIM in Ifc&@penSh.....97
Figure 46. Textual representation of verification between ES result and BIM in IfcOpenShell, in Dutch.
................................................................................................................................................. a8
Figure 47. Balance beeen scope and idepth knowledge during the progress of the research, own
(o[22 011/ o o TR PP PP PP RPPPPPP 101

1.2 List of tables
¢CFrotS m® azad YSyidAiAzySR I G0 Nidgoaed)Jefinged NiiRiy,y 3 G 2
1999); (Mannion & Keepence, 1995); (van Lamsweerde, 2000)..............oeeeeeeeeeeieecccccnnnnennnns 21
Table 2. Overview Of held INtErVIEWS.........coo i e e e e e e e e e e e e 49
Table 3. Used input results for developing an expert system (NVBV,IB@8ich....................... 65
Table 4. Performance artificial light according to (NVBV, 2018). In Dutch...........cccvvvvveeeeeenen. 76
Table 5. Speech privacy between rooms according to the official source (NVBYV, 2018) in.Datxh.
Table 6. Formatted information about the stated requirement............cccoccvviieeeeeiiiiiiiieeeeeenns 85

1.3 List of listings
Listing 1. Deffunction iN CLIPS... ... e e e e e e e e e e e e e e e e e e e e s e e 74
Listing 2. Deftemplate and Defrule in CLIPS.............cooiiiiiiiiiiriierreresreeeeeeeeeeeeeeeeeeeeaaeeee d D
Listing 3. Deffacts scheme and filled in form in CLIPS..........ccoiiiiiiiiii e 76
Listing 4. Deffacts rules in CLIRS..........ooo o e a e e e e e e e e e e 77
Listing 5. Deffacts component list in CLIRS..........oooiiiiiiiiiiie s 17
Listing 6. Structure Of the USEU NUIES..........coi it 82
Listing 7. Component liSt in CLIPS.........uuiiiiiiiiieiiieeeiee e 83
Listing 8. Verification query used in TUEVIEWE ...ttt 97

Page |xvii



1.4

3D
AEC
Al

BIM
BMC
BNA
CAD
CE
CLIPS
CRS
DNRSTB
ES
FAQ
GUID
ICT
IEC
IEEE
IFC
INCOSE
ISO
KBS
KM
KR
LHS
LOD
NEN
NFR
NL
PoC
QAS
RBS
RE
RES
RHS
RM
ROI
SE
SMART
SOR

List of Abbreviations

Three Dimensional

Architecture, Engineering and Construction
Artificial Intelligence

Building Information Modeling

BIM-based Model Becking

Branclevereniging voor Nederlandse Architectenbureaus
Computer Aided Design

Conditional Element

C Language Integrated Production System
CustomeiReldionship System

De Nieuwe RegelingStandaardTaakBeschrijving
Expert System

Frequently Asked Questions

Global Unique IBEntifier

Information and Communication Technology
International Electro technical Commission
Inditute for Electrical and Electronics Engineers
Industry Foundation Classes
InternationalCouncil @ Systems Engineering
International Organization for Standardization
KnowledgeBased System

Knowledge Management

Knowledge Resentation

LeftHand Side

Level Of Deil

Normalisatie B Normen

Non-Functional Rquirement

Natural Language

Proof of Concept

Question Answer System

RuleBased Systems

Requiremens Engineering

Rulebased Exgrt Systems

RightHand Side

Requirement Management

Return On Investment

Systems Engineering

Specific, Measurable, Attainable, Realizable and Traceable
Statement of Requirements

Page |xviii



Page |xix



2.0 Introduction

In the past, diierent approaches have been implemented to involve the user in the design process.
Approaches such adultiple Choice Housingnd UserDriven DesigriNiemeijer, 2011 are just two
approaches that become impractical due to the variants that have to be designed. Another variant
that has been used is the traditional on@-one meeting with the architect to design a house. This
resulted in timeconsuming meetings within large and complex projects with many stakeholders and
even more wishes and different visions.

To allow clients in nowadays design processes, aserparts in most cases, to design a building
introduces a new problemy SAy 3 dzy gl NS 2F |tf (GKS NBIdAIIGA2ya
are not well suited to this task, as they are very laimensive to check for erroffNiemeijer, 2011)

These errors consist among other things of undesirable results. Ideally, a large part of the design
verification could be done by computers. A computer can check many of the building regulations
becaug these prescribe criteria that can be easily and objectively measured, such as the maximum
height of a building element. A computer cannot asses the (e.g. aesthetical) quality or practicality of

a design. The process of validatiand verificationn theRSa A 3y LIKIF &S | NB I LINR 2
Failing to adequately plan famalidation and verificatiofirom the beginning of the project places the

project at high risk for cost overruns and schedule gMgbeatcraft, 2012) The verification process

proves that the designed and built system meets its requirements. These requirements that are
written can be translated into rule sets for checking if the system meets its requirements. The
process of verification early on in thiesign phase can contribute significantly in reducing the risks
concerning costs and schedules.

New criteria continuously emerge in the Architecture, Engineering and Construction (AEC) industry,
ranging from building codes to all different kinds of athequirements(Eastman, Lee, Jeong, & Lee,

2009) These requirements of cotmgction projects are derived from institutions, users and other
stakeholders. Some are imposed and others based on preferences and wishes. The interpretation

and dealing with these requirements is (partly) a process of cognitivism, and is therefonaltdiffic
RSAONAGS | GFfAR YSGUK2R 2NJ 0SOKYyAljdzS F2NX» /fASy
abstract, undefined and neoomputable statements that must be interpreted and translated by

experts to make these usable for verification.

Currently, checking whether all of these rules have been satisfied is, in most cases, still done
manually. Due to the large amount of rules in most projects this is very-latensive. A lot of
research has been done to automate this checking process via fomgalibese rules into
constraints, and would greatly benefit this phase. Although a large class of rules can be formalized,
there are exceptions. Most of these exceptions are having no single accepted definition and resulting
in a lack of formalization.

Conpared to other industries, the building industry has seen little adoption of constraints, at least

not in the sense that they are automatically check@temeijer, 2011) Building designs have to

comply with a multitude of constraints, such as building codes and functional and technical
NBIljdANBYSyiGa GGKIFIG F2tt26 FNRY | Of ASyi@&osdH NASTFX
cases. According teome efforts in checking requirements automatically, little efforts have been
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initiated in associate abstract, undefined and rmymputable statements, and automated
verification.

2.1 Motivation

The building industry is not entirgldevoid of examples of constraint usage, but the adoption of
constraints lags significantly behind that of other industries. This can be attributed to different
reasons(Niemeijer, 2011)first is the slow adoption of Computer Aided Design (CAD) in architectural
design in general. BIMised exclusively in the design and construction of commercial buildiags
make automated costraint checking a lot simpler due to its information processing capabilities.
Seconds the fact that in architecture, more than in other domains, the design is treated holistically
rather than as distinct components that are designed by separate teamd.tie third issue is
described as the existence of relative prevalence of-fumctional rules in architecture due to the
stronger focus on for example aesthetics and other qualitative attributes.

Regarding the first reason it is difficult to accelerdie adoption process of CAD. The second reason

is the reason that makes the building industry projects very complex. However, the third reason is
specific to the building industry and underexposed in scientific literature. And that while automated
verificaion relating to BIM can really be improved by extending the rules that can be verified
automatically. Which results in a more effective, Kigse consuming process that also decrease the
amount of errors, and in that way also can tackle the first andiseédssue partly. This makes it
worth doing research into this topic.

The management of thabstractrequirements during design processes of building projects are still
very difficult. This is because of the fact that a client doatscompletely know whahe or she wants

in the beginning of a project. Next to this, these requirements have an extra difficulty, which lies in
the fact that everyone has his or hers own thoughts, visions and values regarding these
requirements. And on the other side there arket experts that have to deal with these kind of
requirements and also justify, verify and irapient these in the designlgb these experts have their

own thoughts, visions and values regarding these requirements as result of their experience and
expertise This difference in cognitivisabout these requirements caughe difficulty of managing
theseabstract formulatedequirements.

Thee is supposed to usa KhowledgeBased System (KBSyvhich probablymakes it possible to
gather all this experience andkpertise of experts and connect this knowledge base to a client for
specifying his or her individual meaning regarding such abstragtirements. Also current
automated checkers are focusing mainly on specific domains and elements and not on the total
dedgn procesgMoonen, 2016) This approach that will be presented marks the start of automated
verifying abstract requiremest

In this thesis an approach is presented to cope with these abstract requirements. In order to this
approach a stepwise method is described that can sas/support in specifyingbstractformulated
clientrequirements and make these usable for autontateerification. Investigated is how a KBS can
be deployed and used in order to improve the design process and expand the development of
automated verification.
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2.2 Problem Statement

One of theproblems that existsin the construction industry ishow to copewith the abstract,
undefined and norcomputable rules in architectural designs. The requirements that follow from a

Ot ASyiQa oNRST O2yairaid 2F YlIyeé RATTSNBaelal F2 N dz

formulated differently, even when holdingn to predetermined attributes of a requirement, and can

be interpreted in various ways by several experts. Some of these are objectively and easily
interpreted as a measurable armmputable rule, while others are not. A major problem is that of
dealing wth the lack of weldefined requirements, a topic whergist a few studies has been
conducted. Among these predetermined attributes the ambiguity of a requirement can be
diminished when searching for objectively formulated components of the overarchingufated
requirement. In addition to thisverifyingthese not welldefined requirementscalled asabstract
requirements in this research, is a domain where research is needed.

In the Requirementsrgineering(RE)rocess, the processes of elicitatiomadysis, specification and
validation of requirements takes place. In here all the requirements are gathered and formulated

I O02NRAYI (2 G(GKS O02yiNI OG2NRA AYAAIKGESD { dzo &Sl dzf

techniques, often manually (with pport of different softwae). During the building projestifecycle

these are continuously changed and updated, which makes keeping it clear and structured a hard
task to manage. Different approaches, such as SE found guidelines to deal with thesegsrocess
However, this does not provide an approach to specifically deal with the abstract requirements.

Thecoreproblem in tere is the specification afbstract requirements. This comes from the fact that
these kind of requirements are not welkfined and annot easily and objectively be measured. Here

lies an opportunity to improve the specification of these requirements in the design process by using
experts input to support specification. When knowledge of the experts is gathered and abstract
requirementsare computed based on this knowledge, clients answers regarding these requirements
can be translated into specific values. These specific values make abstract requirements also more
consistent andbjectively measured by combiningkdsSin the form of anExpert System (ESyhich

is knowledge based, and clients answering the questions that are generated by the system. This
thesis will present how to deal with abstract requirements and how these can be translated in such a
way that these also can be usalbte automated verification.

2.3 Research Scope

The problemcan be divided in several stages according to the depigcess. bferent processes

can be distinguishedetrieving abstract requirements from the client, reformulate the requirements
to computablestatements or verifying abstract requirements with BIM. None of these stages is a
standalone topic and can be approached without taking into account the other ones.

This research is handling the reformulation alfstract NB Ij dzZA NEYSy &4 ¥ MRiMo (KS
computable rules that are usable to verify with a corresponding BIM model. This research starts with
evaluating the problem in a broad way by reviewing corresponding and related topics regarding
abstract requirements. Within this broad overviewetihesearch focuses on the design process and
more specifically on th&Eprocess within this phase. During the interviews is focuseknmwledge
aboutabstract requirements which wille the basdor the model development of an EA test case
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as Roof of Concept (PoChas to show the validity, viability and usability of the developed ES and
corresponding method and in here also the reusability and expandability mustvhkiated
Therefore one example of an abstract requirement will be used for a cdrtaiding space¢o show

the use of an ES in combination with automated verification.

Building Projects
Design Process

Requirements Engineering Process

Abstract formulated requirements

Knowledge-Based System

Proof of Concept

Chapter 3 | Chapter 3 | Chapter 3&4 | Chapter 3&4 |Chapter 5 |Chapter 6

Figurel. Research Scope.
2.4 Related Work

Automated verification of designs has been used already for many years eraemdustries to
automate the design verification. For example in tivedustry of Electrical Engineering, Mechanical
Engineering and Software Engineer{(hgemeijer, 2011)

In the building industry several graduate reports, professionals and others have put effort into this

same topic. The translation of ambiguous client requirements into product specifiq@®ghandi,

2018)is focusing on the same ndRSTAY SR NBIdzZANBYSyida 2F | Of ASyi:
written down according to very specific product specifications, but differs in the connection to
automated verification. Also Rliemeijer(Niemeijer, 2011has elaborated on these requirements in

a broader perspective during his 4 year PhD. research girojehe implications of automated

verification of already defined client specific requirements is reviewed byldanen (Moonen,

2016) Also surveying different rule checking systems that assess building designs is examined by C.
EastmanEastman et al., 200@olihin & Eastman,0d5)and describes different systems.

This thesis is focusing on the demarcated concept of specifying abstract requirements by setting up a
KBS and connect the result with automated verificati@egardinghis topic it differs in the way the
specificatim process is approached and fills the gap of handling abstract requirements for
automated verification.
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2.5 Objective

The research objective is not to shdmw abstract requirements must be defined, this will always be
subject to discussion, but to shoiff it is possible to translate also abstract requirements in an
objectively measured way. To prove if this is possible, also on a reocchasegn building projects,

a KBS is developed and the result is used in a test case. The objective of this Po€haw tib it

works and what the implications can be. Researched is the use of KBS in the requirements
specification process of abstract requirements and the possibility to use the result for verification
automatically via BIM.

2.5.1 Scientific and Societal Relevaa

The relevance of this topic regarding how it will benefit science and society of today and tomorrow
can be described according to two main subjects that are linked to each other. Relating to the
sciencerelevance the lack of researdmows the importane of conducting research and contribute

to the expanding need of coping with information in BIM of building projects, especially for abstract
requirements. The society relevance of coping with axgtrrequirements is that cliestwill be
better understandand a more efficient design and verification process will arise which benefits all
future building projects and there related stakeholders, such as all involved parties during the
realization and use of a building and its environmertie possibilities o€ollecting knowledge of
experts and use it on a sharing base and implementation will benefit definitely the construction
sector, but also the entire society.
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2.5.2 Conceptual Framework
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Figure2. Conceptual Framework.

During this research different methods are used to connect the different concepts relating to this
research topic In Figure2 the total cohesion is visualized in what can be called the conceptual
framework of this tlesis(Maxwell, 2013)

Regarding to the research process different methods can be distinguishexdrioecting different
concepts. Starting at a broad base of knowledge and information about several concepts that
connecting the requirements environment and construction environmditte literature study will
discuss the main concepts. Relating the reskgnoblem with the literature the qualitative research

will ensure an explorative and -tepth next step focus on thdRE process and the abstract
requirements. Which will be the ka for the development and the corresponding PoC

2.6 Research Questions

Out ofthe problem definition and thescope the research questions aderived. The main research
guestion is:

Is it possible to translate abstract formulated requirements into specific defined and computable
requirements that are usable for automated verificatioin building design processes via Building
Information Modelling using KnowledgBased Systems?

This main research questi is divided in seven stquestions. In this research there are two main
parts. These parts are the requirements definition stage #reduse ofExpert System<EG. In the
part of requirements definition the questions will be evaluated and answered according to the
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background informatiorirom the literature review, the interviews, thdevelopedmodel and a pilot

case. The first four sub-questions are evaluating the design procesdstract requirements
specificationprocessesand current approactn relation to requirements definition. Eother sub-

guestiors arebeside these methodsvaluated by the developed toolnd pilot caseln chapter 7

the answers on these questions can be found.

Requirements definition (literature study)

1. Which different requirements describe a building prajecits design phase and which
are not usable for direct automated verification yet?

(literature study + interview)

2. How are the abstract requirements influencing the dealing with requirements in the
design phase?

(literature study + interview)

3. What are the characteristics and difficulties of abstract requirements concerning the
specification process of these requirements

(Interview)

4. What is the current process of dealing with abstract requirements during the design
processes?

Expert Systems and automatedrification (literature study + interview + tool )

5. How can KnowledgBased Systems, in the form of Expert Systems, be a support to the
requirement definition process?

(literature study + tool)

6. What is needed to translate abstract requirementsoispecific defined and computable
requirements?

(pilot case)

7. How can automated verification be improved using the translation of abstract
requirements and with that optimizinthe design process?
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This research consgbf three main parts; theoretical research, qualitative research and a proof of
concept.The concepts mentioned in the conceptual framework and related research questions will
be discussed during the research stepsaddition to this research model the connection between
the different steps of which this research consists can be separated in four different blocks.

Interviews: Tool: Automated Verification:

Resulting in background Showing how certain knowledge How results of the defining of
know!

can be support in defining ab- requirements can be used in

re translated and stract requirements into verification purposes. And in
possi Knowledge- computable values which perspective this research
Based Systems can be placed regarding im-
provement in requirement engi-
neering processes

I 1 I

ABSTRACT FORMULATED DEVELOPMENT KNOWLEDGE-

REQUIREMENTS ENGINEERING
REQUIREMENTS BASED SYSTEM PILOT CASE

METHOD OF
SYSTEMS ENGINEERING CURRENT APPROACH USABILITY

USE OF KNOWLEDGE-BASED
FUNCTIONAL SPECIFICATION ResuLT
SYSTEMS

CoNCLUSION

RESEARCH PERSPECTIVE QUALITATIVE RESEARCH MODEL DEVELOPMENT PROOF OF CONCEPT

Figured. Research steps.

As can be seen iRigure4 the directive of this research is to conduct interviews to gather enough
knowledge about which particular function the developed tool must fulfill. On the one hand it is
needed to investigate how mental processes of defining abstract requirements worlqrbthe

other hand it is also needed to show how to deal with certain knowledge in order to translate these
requirements and make these usable for verification later on. Based on the interviews the precise
directive of the tool will be determined. In anysmathe tool will be used to show how captured
knowledge can be used in the definition process. Following on the result the tool produces, the
possibilities of verification will be investigated. The use of KnowlBiged Systems (KBS) is derived
out of theliterature review and the idea and belief in capturing knowledge from experts in order to
develop an efficient definition process of abstract requirementke different used methods for
conductingthis research are described by the research approach.

2.8 Re®arch approach
2.8.1 Literature study

The literature study is conducted to get a deeper understanding about the different subjects and
processesThe sources for this literature study consist of books, scientific articles, conference papers
and a selection of &fierent master and PhD theses. To frame this literature spudgelection of
subjects has been made to impose the focus. This selection is based on the reason to frame the
context and concepts to the earlier mentioned research scope and correspondingres@arch
guestion.

A Design process
A Requirements Engineering (RE)
A (Automated) verification

Page |9



A Automated rulechecking
A Expert Systems (ES)

Not every answer will be supported by scientific evidence and current scientific literature, which
results in an own reseeah regarding the possibilities of ES and automated verification of abstract
requirements that have a lack of a measurable component.

2.8.2 Interviews

Because th&kEprocess of abstract requirements is a relative new field in the building design process
field, qualitative research will be conducted. It aims to get aépth description of the current
situation and related processes and possibilities to optimize Interviews are useful for
implementation, evaluation and problem investigation because theypramide information about
realworld phenomengWieringa, 2014)

For this research it is important to use a more open interview structure. Therefore assertiured
interview will be used as a method of research for conducting theserviews. This form of
interviewing allows new ideas to be brought upon during the interview and starts from a framework
of themes that needs to be explored. It gives the interviewee more space to give extra explanation or
details about the questions, lich can be used in this thesis.

The focus group of the interviews will be experts in the domain of desigquirements defirtion

and verification processe3o frame the abstract requirements into a pilot case for the Ro@fort

will be used asan exampleduring this interview and subsequent cagdisbecause specification of
FoaGNY OGO NBIdZANBYSyida LI NIfte KFLILISya Ay az2vySsSzys
shown with the use of a concrete example.

2.8.3 Expert system tool development

Theinterviews will gather knowledge, experiences and expertise of several experts who are dealing
with these abstract formulated requirements during design processes. The information and results of
the interview can be used to answer some research questionsaarighse for the development of

the ES toolThis ES is a specialization of a KBS where the experts input is one of the major factors to
support decisioamaking processed. &t Aa 2F (GKAA&A NBlIazy GKS F2O0dza
{ & & ( Bheérad e kowledge representation of experts is the leading businésgilot case can

prove if the result of an ES based on an abstract formulated requirement can be used for automated
verification. In this research the development of the ES tool is described>qldired regarding to

its use for translating abstract requirements into specific defined and computable requirements.

2.8.4 Proof of Concept

During the ES development a tool is developed and a pilot case will be performed to show the
usability of it regardingautomated verification. This PoC must result in a conclusion which handling
the usability, viability and reusability of the described method and development in this refiud.
corresponds to an observational case study, where the research tries torinéube case as little as
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possible. Measurement may influence the measured phenomena, but as in all forms of research, the
researcher tries to restrict this to a minimuim strengthen the PoC

2.9 Expected Results

The expectation ian elaborationon the topt of abstract requirements and on related concepts to
define these often and differently used terminologyn conjunction with the defining also
characteristics and difficulties are evaluatedut of this elaboration the qualitative research and
developmen of an ES tool, will be used to work towards answering the main research question. In
addition to this the PoC will be presented to use the verification query to show the possible
implementation of this research concerning automated verification.

The inerviews will be held to evaluate what the current approach is and possible added value when
using an ES tool for the requirement definition process.

Eventually this research must result in an evaluation of the possibilities for translating abstract
requirements into specific defined and computable requirements u¥ing { \@hich, when a positive
answers is given, can be rolled ootMards more abstractequirementsspecification processesnd

larger building spaces or total buildingsd improving this proess Which gives rise to more
research and extensive development.
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3.0 Literature review
3.1 Motivation

This traditional literature review narrows down the current knowledge on the field of building design
requirements ancespecially on abstract requirements, automated verification through BIM via rule
based checking and the possibilities of KnowleBgsed Systems within the requiremefits
specification process. The goal of this literatuewiew is to summarize¢he literature about the
topics mentioned in the conceptual framewarkThe literature is researched fronhd relevant
databases and has thpurpose to give a comprehensive overview of the topics and to highlight
significant areas ofesearch and at the same tim@nd gaps in the research area to fit in this
research.

The first part of this literature review is about the design process. Next the requirement specification
process at the design stage of buildings is evaluated, which is the core of this literature.review
Within this part a lot of attention will be given tabstract requirements and the related
characteristics and verification possibilities. The topic about Knowl8dged Systems and several
variants, especially BSis evaluated after it. The last part this literature review is focusing on the
current knowledge and practice of (automated) verification through BIM viabraged checking
techniques.

3.2 Design Process

Desigmphases 3

In the Dutch construction industry the Dutch standardization institutR and ¢ KS b $réatesv dzf S & ¢ =
by NLIngeniews and theBranchevereniging voor Nederlandse Architectenburg®MA) has defined

the design phases in their Dutch Standards (NEN2574) and DiaeNieuwe Regelingg
StandaardTaakBeschrijvitONRSTB. They define dotal of ten phases of a construction project,

which are presented in a clear overviewHigure5.

Predesign Design Development Construction

Amount of variants / Cost - Effort

\\_)
Pre Construction Construction Operation &
Design Process Engineering Process
Process Process Management

Project Life Cycle

Initiative and ion read Operation &
Ay Product definition | Schematic design | Preliminary design | Detailed design Technical design 8 L Pre-| {l Execution P
Feasibility design Management

Initiatief en project definitie Structuurontwerp | Voorlopig ontwerp | Definitief ontwerp | Technisch Ontwerp | Uitvoeringsgereed Werk- Uitvoering Beheer
(s0) (Vo) (DO) (T0) ontwerp (UO) voorbereiding

Figureb. Design phases according to the Dutch construction sector (Moonen, 2@h&jrawing.
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Most of the poblems in buildings carelatedto the requirements processing indéhdesign phases.
Most of the problems are recurrent becausethe complex and iterative nature and to the great
number of stakeholders involved in this type ebjects(Pegoraro & Paula, 2017)

Duringthe Project Life Cycle the development of information can be seen @asnf@rmation flows.
Onthe one handthere is input informatiorof requirements whichs provided by clients and on the
other hand there is information which is created during the design phases (design development).
Between these flows there is a continuously exchange of information, which remarks the iterative
character. At the start ofhe predesign the amourdf variants is high, anthis should decrease over

time as well as the ability to impact cost and performance. During the progress of a project the cost
of changes will increase when changes of the design are made in a later phéseffect is called

the MacLeany Curve and is representeéigure5 by the red crossing lines.

This informatiorrich process defines the system and building elements, which is a crucial interaction
for relating information to each othe(Moonen, 2016) The right comparison betves the definition

and theperformance is essential. Bhinteraction between the whole set of information is a process
between function, building element, performance and requireméithaap, Bouwman, & Willems,
2008) In thefigure below this is visualized in a scheme.

Is fulfilled by
FUNCTION BUILDING ELEMENT

Is satisfied by
REQUIREMENT PERFORMANCE

Figure6. Interaction of information in design processes (Schaap et al., 2008), own drawing.

The progress of the design process and development of the design happens iterativejn Des
decisims contribute to thedevelopment of the design. A system will be described by the demand
specification of that system where after variants are made to evaluate which design is satisfying the
best solution for the corresponding requirements. This is itgedyi done and ensures the evolving
from conceptual design to a more detailed design and corresponding Level of Detail (LOD). This LOD
must comply with the LOD ofi¢ corresponding requirements. The corresponding k€Mes to the
developed method of SE dnthe top-down reasoning for specifying requirements which is
elaborated on in the phrases about the translation procedures of requirements. According to the SE
approach, a functional specification is developed as part of the demand specification tha¢$omm
functional thinking in contrast to the traditional process where the market had less freedom for
interpretation.
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Information exchange
The continuously exclmge of informationdelivers an interaction in requirements on the one hand

and design solutias on the other hand. The related processe®R&hnd creating design solutions is

an important interaction to make a right comparison, because otherwise there is an increasing risk
the information is not right and will not be useful. The possibilities iamgbrtance of managing this
information have grown with the use of BINBIM models represent objects in three dimensional
ways and include graphical and computable data. Something which makes a BIM very useful for
usage during the totdProject Life Cycle

BIM

BIM, as defined by Eastm&8olihin &Eastman, 2015)s a modelling technologynd associatedset

of processes to produce, communicate and analgsédding models. Thesbuilding models are
visualized in three dimensions by means of graphical CAD models that are structured from objects
which contain both graphical and computable information and data. The models are enriched with
information and data during the total lifgcle of a system. WithiBIM, information can be captured

for numerous purposes as a function of a total proddésonen, 2016YDelghandi, 2018)

BIM stores building designs ascallection of objects with associated propertidduilding projects
become larger and more complex whicksults inmore data and information This increasing
complexity(Wood & Gidado, 20085 mainly due to its fragmented character, with projects divided
into parts that are subcontracted to individual companies. The construction industry itseff is
interwoven network of high complexity and a great dynamic. Next to that is it also a working place
for humans and a place for cooperation and social interaction which, because of the temporary
character, forms a highly transient human system.

The use ofBIM is a very promising development within the AEC industry where numerous
researchers are currently investigating upon. Campl€hmpbell, 2006)efines a BIM as an
intelligent simulation of architecture that exhibisix key characteristics; (1) Digital, (2) Spatial/3D, (3)
measurable in the meaning of quantifiable, dimensaiie, and quenable, (4) comprehensive, (5)

I O0S&aaAoftST 6clO RdAzNI 6t S F2N) dzaAy3d GKNRdAAd | f
requirements that are not defined as quantifiable and thus not complatatet are in this context

not ready to use for BIM. The building model itself exist of building components that are enriched
with information and data that describe how they beleaand are consistent and naadundant

data. These components are modeled as objects that have a digital representatiatatndbout

what they are. Recisely this digital representation is the fact that it is not yet possible to verify
abstract requirenents via BIM. Simply because these requirements are not defined by enough
informationand including measurable, in other words computable, components. Which is because of
the relating design stage, but also due to a lack of information about this absteement.

Shift towards a more integrated design process
Due to he development of BIMvhich entailsmore data, an international shift from the traditional

building process to a more integrated way of working takes place. The traditional construction
process resulted in many ambiguities and inconsistent information traasifére traditional process

is characterized by a succession of different involved parties. In later phases than desired, errors and
modifications emerge which at an earlier stage couttvér been determined and solvedle shift
towards a more integrated wanesults in a more explicit way of working, where market participants
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give further consideration to the produced requirement specification of the clihis requirement
specificationresults in the eventually created demand specification for the market. The requirement
specification is described in a certain wawhich is called the functional specificatiofule Haan,
Degenkamp, Schotanu&,Mulder, 2017)

Using e&plicit information, defined as clearly stated and thus no room for confusion or qusstie

of course important. Before introducing it to the market participants, thalidation process must
ensure that ignentionedwhat the dient means This is importanto reduceany discussion about it

in a later stage(Hoeber, 2012)In the traditional construction process these requirements are
included in the Statement of Requirements (SOR) whichised as input to the design. These
requirements are often jusivritten down and notformulatedin a consistent and unambiguous way

but more often as inference requirements. The interpretation and implementation of these
requirements is based on the cotnlation of the available information and reasoning. In the
traditional construction process this SOR must be finished before starting developing the design. This
process is largely changed by introducing a more integrated desigihuiltihg process withSE as
support for among otherfunctionalrequiremens specificationat the construction sector. The focus

is lying much more on a good representation of the requirements that describe a building. This is
emphasized by the believe that requirements procegsis both critical to the success of a
construction project and problematical in its effectiveness according to §een, Li, Chung, & Hui,
2004)
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3.3 Requirements Engineering

Requirement specification process

A definition for the requirement spécation process, also called RequirementgiBeering, is given

by lan K. BRI @ | yR A& iR&tgaiNg an& Besclibiag tlie problem domain and
requirements, and designing and documenting the characteristics for a solution system that will meet
those requirements(Bray, 2002) The industry average investment in the requirement process for a
typical systems 23% of the total project costéroung, 2004)This amounts inadequée and in fact

the root cause of the failure of many projects. Data has shown that projects that expended the
industry average of -3% of total project costs on the requirement process experienced-208006

cost overrun, while when investing®1% of totalproject costs in the requirement process this has
been reduced to 0% cost overrun.

A orrect system developments therefore important anddepends on a precise, correct, and
complete system description or specifiim. RE focusses on the task of obiag the requirement
statements and produce a correct and complete specification of a system. According to (dhi,Jin
2018) the requirement statements can come from stakeholders, the domain knowledge and
regulations. The process of obtaining these requirements of a system is intertwined with the design
phases of a constation project.

Before any system can be developed it is essential to establish the need for the system. The need
may initially be expressed in fairly vague terms. In a generic development process, accorlihglto
Jackson, & Dick, 2011the development of a system follows the next stepgy@re?7) and can be
related to the Dutch construction sector design phasegyre5). Where the problem domain
represents the pradesign phase and solution domain the design development.

™
Statement of Needs
Develop
Stakeholder Use Problem
Maodel Domain
Stakeholder Requiraments .

Abstract
Model

System Requirements

Develop
System
Design

System Design
Architectura

Solution
Domain

Systern Component Requirements
(Subsystem Requirements)

Develop
Subsystermn «+—»
Design

Subsystem Design
Architecture

Subsystem Component Requirements /

(lower level subsystem requirements) /,

Figure7. System development process (Hull et al., 2011).
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The process of RE is divided into defining, documenting and maintaining requirement statements.
There is a major importance of R early lifecycle phases of development of ateys(Daclin,
Daclin, Chapurlat, & Vallespir, 201@equirements must be checked throughout the systems
lifecycle from design phase to exeartiphase. In order to proyexpectations have been satisfied

and avoid problems such as drifting from expected objectives or cancellation. Some requirements
only can be verified during operations phase, but still the majority must be verifieshgltine
lifecycle of a design,na therefore plays an important role in the success or failure of a project, yet it
is often neglected. The process of RE continues to be considered asaticheesourceconsuming

and without clear added value. However, one shouldags keep in mind that as more errors are
carried to the upstream engineering phases, the remedial costs in downstream phases will increase.
RE belongs to the field of the definition of the problem which makes it beneficial to spend time
defining clearlywhat is expected in order to avoid, as much as possible, problems in the later phases
of the development and construction phases.

The tasks that are related to RE can be divided into two sub{disks2018)requirements modeling

and analysis and requirements evolvent and management. Requirementodeling and analysis
refers to eliciting and determining needs or conditions to meet for a new or altered product including
gathering requirements by requirements models so that the correctness of the requirements can be
guaranteed. The other subtask is referred to managingfathe artifacts that have been pduced

during requiremenmodeling and analysis and managing the changes to these artifacts. This research
mainly focusses on the part of requirement modeling and analysis and can be subdivided into four
activities that ae in an interleaved, incremental and iterative process.

A Requirements elicitatioridentifying and collecting requirements¢lated) statements from
stakeholder or other sources.

A Requirements analysigrocessing the information to understand it, classtfynto various
categories, and relating the stakeholder needs to possible system requirements

A Requirements specificatiostructuring this information and derived requirements as written
documents and model diagrams

A Requirements validationvalidating the documents and/or models to confirm that the
specified requirements are accurate, complete and correct

Requirements Management (RM) includes the documentation, storage, communication, tracking and
traceability in such a way to allow an easy and reliabtpiirements change manageme(Regoraro

& Paula, 2017)During the lifecycle of a requirement, tracking the status of the requirements and
change activity and tracing requirements to the various pbaaed product of the development
effort can be seen as the core @M (Yaung, 2004)

In this researchREand RM are not dissociated and we will therefore call this whole process as
NBIljdZANBYSy(ia LINROSaaAyad Ly GKS 19/ aSoOhe NI | f &2
techniques of enabling the project team to idégtthe best values and derive suitaldelutions to

fulfill the cliens requirements are used for considering requirements in construction projects
(Pegoraro & Paula, 2017)his has all to do withrocessing practices to help stakeholders to form

adequate relations and make valuable decisions for good requirements.
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Among the problem to perform requirements processing activities there are several often cited
difficulties (Pegoraro & Paula, 2017Pne of the difficulties is accommodating requirements of all

involved stakeholders and the lack of open, effective and formal communication. Due to the high
number of stakeholders and the poor defigity 2F GKS LINR2SO0iQa 2062S0O0A
communication is often hindered by the lack of channels and common language between
stakeholders.Another one is theunclear information and the lack of inclusion of end users
throughout the design develapent. This last one makes it difficult to evaluate to what extent the

design solutions represent their needs and wishdensen, 2011)This has all to do with

interpretation and perception of their importang&oetanto, Dainty, Glass,R¥kice, 2006)

Requirements
According toAd SparriugSparrius, 20143 requirement can be fully defined by two definitions. One

from the International Organization of Standardization (ISO) that hefind a requirement as a
statement that expresses a need and its associated constraints and conditions. And another institute,
the Institute of Electrical and Electronics Engineers (IEEE) défiaes statement that identifies a
product or process opetmnal, functional or design characteristic or constraint, which is
unambiguous, testable or measurable and necessary for product or process acceptability
(ISO/IEC/IEEE 15288, 2015). A set of requirements is contained in a specifitagdast definitn
defines more precise the conditions of a requirement.

A requirement that has not been elicited (seequirements elicitation is not a requirement. A
GK2dza3KG Ay &a2vYS8S2ySQa YAYR YlIe& 06S Ay GAYS 02y @S
requirement. If these mere thoughts were requirements, it would make the concept of a
requirement meaninglessA requirement does have als@quirements but no literature describe

these attributes as an exhaustible list taking into account the different requirentypeis. In general

a requirement must bg according to the aforementioned definition of théEEE at least
unambiguous, testable or measurable.

Requirements are necessary attributes in a system, a statement that identifies a capability,
characteristic or gality factor of a system in order to have value and utility to a customer or user
(Young, 2004)Requirements are important because they provide the basis for all the development
g2N] OGKIG F2tft26ad ¢22 2F0Sysx LIS2LXS slyd G2 ai
the industry confirms that a better approach tis invest more time in requirements gathering,

analysis and management activities. The reason for this is that additional time is needed to identify
0KS WNBIf Q NBI dzA NB §euwig) 2004)heédedi? aNdryhifigri différénce, betdegrd

the YSYGA2YSR WNBIfQ NBIAdZANBYSYd | yR | areYtliosel 4§ SRQ
provided by a customer at the beginning of a system development effort. Real requirements are
those that reflect the verified needs of users for a particular system. These real requirements are the
ones that reflect right what the customer wantnd isdefined and interpreted by others in one way.
¢tKSaS WNBFIfQ NBIAdANBYSyGa | NB adzomeaeSoid (2 GKAAZ
NEBIljdZA NSYSyida YIFEN] GKS o60S3aAyyAiya 2F | LINRPOSaa 27
According to dferent literature about the attributes andharacteristics of & 32 2 RQ> | Yy R { K dz
requirement, Tablel on page 19summarizes the most usestatements of these attributeOnlya

small number of relevant articles are discedsn here, buthey show correspondingl@aracteristics
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a requirementneedsto have. fie concepts that are mentioned more than once are presented and
RSTAYSR NBtFGSR G2 GKS RAFFSNBY (G | dziK2NRa®
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Attributes Defined by Mentioned
Young, 2004 Leffingwell & Mannion & Van Lamsweerde,
Widrig, 1999 Keepence, 1995 2000
Correct Fact related to requirement are accurate Correct Only if every requirement stated therein represents Correct not defined 67%
and it is technically and legally possible something required of the system to built
Unambiguous |Can be interpreted in only one way Unambiguous If and only if it can be subject to only one interpretation Unambiguous May not have multiple interpretations 67%
of interest making it true
Complete All conditions under which the requirement [Complete if and only if it describes all significant requirements of Complete not defined Complete collection of properties specified must 100%
applies are stated incuding expressing a concern to the user, including requirements associated with be sufficient to establish the latter
whole idea or comment functionality, performance, design constraints, attributes, or
external interfaces
Consistent Not in conflict with other requirements Consistent if and only if no subset of individual requirements described  |Consistent not defined Consistent must have a meaningful semantic 100%
within it are in conflict with one another interpretation that makes true all
specified properties taken together
Verifiable Implementation of the requirement in the  |Verifiable if and only if each of the component requirements contained |Verifiable not defined 67%
system can be proved within it is verifiable. And the requirements can be deemed
verifiable if and only if there exists a finite, cost-effective
process with which a person or a machine can determine that
the developed software system does indeed meet the
requirement
Modifiable if and only if its structure and style are such that any changes |Modifiable not defined 50%
to the requirements can be made easily, completely, and
consistently, while retaining the existing structure and style of
the set
Traceable Source of the requirement can be traced,  |Traceable if and only if the origin of each of its component requirements |Traceable not defined 67%

Tablel. Most mentioned attributes OO 2 NRA y 3

and can be tracked throughout the system

Lamsweerde, 2000)

is clear, and if there is a mechanism that makes it feasible to
refer to that requirement in future development efforts

02

WNBIj dANBYSYyiaQ o

2dzy 33
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Taxonomy of requirements
Requirements can be of different levels and the relationships between them can be explained by

severalperspectives. On the orleandrequirements must specify what should be developed and the
system designs specify how the system should be developecdften made distinction ibetween
problem definition and solution definitiorfJin, 2018) On the other handthere is a dighction
between functional and Nofrunctional Bquirementsd b C wwieee baccording tqGlinz, 2005)the

first one describes again what the systehosld do, while all other requirements are considered to
benonFdzy OtliA2ylfd | OO2NRAYy3I (G2 DfAyi Qa | NHBEORS (KS
The difference between them is related to the way it is interpreted and written down, but also the
fuzziness tht arises from the mix ofconcepts of the traditional classification. In here the
classification is made according to kind, satisfaction, role and representation. Kind refers to whether
a requirement concerns a function, performance need orst@int. Satisfaction to a scale from
weakly satisfied to fully satisfied, where role refers to the role the requirement can play and
representation whether a requirement is represented operationally, quantitatively or qualitatively.

This representation dcet, according to(Glinz, 2005) goes hand in hand with the way how a
requirement can be veli#d and is divided in quantitatively and qualitatively. Performance
requirements must be specified in a quantitative form if it is needed that these are precise,
unambiguous and verifiable. Quantitatively specified requirements are verified by measuring. In
more abstract levels it is also desirable to state requirements in a qualitative form, whiobtdae
verified directly. These can only be verified after deployment of the system and subjectively judge
whether or not a qualitative requirement is satisfieadéhich corresponds the thoughts of functional
thinking concerning functional specifications.

(Schneider &Berenbach, 2013describe a distinction between product requirements or non
technical requirements. Where product requirements are subdivided into physical, functional or
b C w.Qréiese product requirements can have only a true or false value, accodliBpdlean
attributes. InFigure8 these different perspectives are visualized in one schema.
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i _ rights, delivery dates, etc.)
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Subtype
About properties About the desired function
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About how a require-
ment can be verified '<
st she s Form
Quantitative Qualitative
No direct verification—
subjectively o

Figure8. Simplified requirements taxonomy according to different literature (Glinz, 286meider
& Berenbach, 2013), own drawing.

Referring toFigure8 the grey blocks represent the framework of the requirements that are not
directly verifiable. In this sense also the nAmchnical requirements can cqguty with this, but
relating to building projein this research the focus is on design requirements which is consistent
with product requirements. It can be described as an interwoven patchwork of different labeled
requirements without a distinction betaen verifiable and nowerifiable requirements.

The differentmentioned concepts relating to theequirementsof requirements will be discussed
below according to the different definitions out of the literatugg Young(Young, 2004 ) effingwell
and Widrig(Leffingwell & Widrig, 1999Mannion and Keepenc@Mannion & Keepence, 1998nd
van Lamsweerdévan Lamsweerde, 2000)

Correct: Correctness of a requirement describes the correspondence of that requirement with a real
need d the intended user¢Zowghi & Gervasi, 20Q3)

UnambiguousUUnambiguous means that it does not have multiple interpretatiddse of the major
requirements according to validationgbause the client and contractor hawe tinderstand one and
the same froma requirement. This ensures that eventually the rigistemis created.

Complete:Completeness can be seen as important component of correctness.According to
Boehm (Boehm, 1984)completeness mustexhibit three fundamental characteristics. First, no
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any undefined objects or entities and thirdly no information is missing from the requirements.

ConsistentConsistency requires that no two or more requirements contradict each other. And also
regarded as the case where words a&edns have the same meaning in all thegjuirements stated.

This impliesthat exclusive statements and clashes in terminology should be avdidedghi &
Gervasi, 2003)

Modifiable: Modification of requirements must be possible in such a way that it can be done easily,
completely, andwith consistency, while retaining the existing requiremetitat are not changed.
Otherwise this modification may cause inconsiste@@atsumoto, Shirai, & Ohnishi, 2017)

Traceable:The concept of tracing a requirement is specifiesl @) the origin of each of the
requirements are clear and (2) it facilitates the referencing of each requirement in future
development or enhanced documentatigRinheiro, 2004)

Verifiable:A requirement must be verifiable. The process of verification is prdhiaigthe designed

and built system meets its requirements, it addresses theesjon 6 AR ¢S o6dzZAf R A {
Requirements a not verified, but the system is verified that it meets its requirements. To describe
verifiability as a requirement of requirements it must be seen as an overall requirement of the above
mentioned concepts. Before verifying a requirement it mustdogrect, unambiguous,complete,
consistent,modifiable and traceable.

The list of characteristics is notomplete The most named concepts are not that difficult to
understood but their application proves difficult. This has to do with the lack of examples or
guidelines to illustrate good or bad practidannion & Keepence, 1999)\ext to that on the other

side the sheer number of characteristics can be overwhelming. It is of that reason that the acronym
SMART is developed to assist people in setting down good objectives and requirements. This
acronym is nb to prove that the requirements specification is correct, but for checking the
document if every requirement can be verified as correct in terms of expression. The acronym
therefore can help in formulating requirements but gives no guarantee. It is theremportant to

focus on a description of the requirements that represent the abstract requirements used in this
research.

Requirements classification
The following three types of requirements can be defined according to the following distribution;

first are the value (numerical) requirements, secondly the relational requirements and thirdly the
textual requirements. These textual requirements are often difficult to handle since they are
sensitive for misinterpretations or are judged differently due teithsubjective character. This kind

of requirements are often marked as complex because these are not tangible or measurable
(Delghandi, 2018nd thus too abstract to use f¢gautomated verification yet. Nevertheless, these
abstract requirements stiheedtheir ownrequirementgo which they are framed to.
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Non-functional
Recent work points out that ealyJK | &S w9 & K2 dzf R, whil& RiekEhasa focliskeS b Cw Q

completeness, congdisncy andverification of all requirement¢Pinheiro, 2004)Also several reports
showing thal y 2 G LINE LIS NI & ha¥é ledo cohdderable (ddéayshirCthelproject and
consequently to significant increase in final cost.

NFR are describing how well speciffgarts of a project functiorare just as important as other
requirements (see physical and functional requirementd=igure 8). They are ensuring that the
system operates with the qualities that are needed and stated by the client or user. In short, these
kind specifies how functions are to be performed, often referred to in SE s tii A {Ybuindy S a ¢
2004) Examples are performance, reliability, setgudr maintainability standards. Because they are
important, it does notmean it is easy to handle these kind of requiremefstsugu, 2015)Often
abstractrequirements are difficult to model because they vary so much that they lack a consistent
method or representationWithout this consistency, theequirements are modelled for each project
specific. The requirements are also casually staiaet of a nonchalant statement by a user or other
stakeholder. And at lasabstract requirements are hard to measure, having the capacity to be
indefinite which makes them difficult to evaluate.

INnaRRAGA2Y ( are ditéa astEact, u@lefifed ahnoncomputable and represent nsd of
the abstract requirement this researchwhich not says that in other structure partskigure8 no
abstract statements can arise.

Measurability
Measurability isof importance regarding the description of abstract requirements. Initald to the

described concepts many2 1§ KSNJ 02y OSLJia I NB NBf | (f@Rulatdi2z S NR
requirements, but this research focussas the way abstract requirements can be spedifie order
to use them for verification.

Assuming that a requirement is specific defined, mogasurable requirements fall into two
categories: those which cannot be instrumented or those which are specific but for which there is no
yardstick availabl¢Mannion & Keepence, 1999) the context of RE, thmeaning oimeasurablas

that it is possible to verify that the requirementsvebeen met. Regarding the two categorjdéise

first one can occur when detailed timing or performance information is required. In a general way
the test of such a requirementan influence and change the characteristics of the system and
therefore the operation of it. It is believed this same situation can occur withetpectedabstract
requirements within building designs. To test a quality on certain values within theirguithese
values need to be met within the building and therefore must be present at the building or at least at
the involved elements of the building.

The second category subtler. It is not possible to measure this kind without having a test case
(Mannion & Keepence, 1995Jo be measurable the regiament must specify a fixed performance
against a predefined set of test cases for which certain values are kiagnirements which are in

this category need to be made more specific in order to be measurable. In several case studies with
b C wtliege isshown a high degree of measurable KE&ut there are still somef themthat are not
possible to formulate in a quantifiable mann@oerr, Kerkow, Koenig, Olsson, & Suzuki, 208&)

having more than 90% of the NRRneasuable is a significant improvement over current industry
practice and previous methods, according to the several case studipsémr et al., 2005)
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Verifiabilit

The objegtive of verification is to demonstrate that a set of selected requirements is satisfied
(Mallek, Daclin, & Chaplat, 2012) A requirement can be seen as verifiable in the aggretjaad

only if each of the component requirements contained within it is verifiable. And the requirements
can be deemed verifiable if and only if there exists a finite;ef@sttiveprocess with which a person

or a machine can determine that the developed system does indeed meet the requirement
(Leffingwell & Widrig, 1999}t is of importance, as a practical matter, that it is necessary to define
requirements so that it is possible to tethem in a later phase and determine whether they were
achieved. In this matter computability of abstract requirements is necessary in order to automatically
verify these requirements ifior examplea BIM model. Of course all possible characteristics of
requirements that are mentioned in literature play an important role in defining and specifying
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requirements that are not yet specified. And therefore is choserfokmus on translating these
requirements towards statements that can be used for automated verificatiodingn with this
verification, this researchs connected to the concepts of measurability, computability and
ambiguity.

There is also a distinction tveeen nonverifiableand nonrmeasurableaequirements.In the sense of
verification of requirements, measurability istnmentioned as a conditior={gure8). But relating to

the concept of rulebased checking of lilding design, the condition of measurability must be added
to the requirements. This measurability this researchis equal to the comgtability of a
requirement. Thecomputabilityin here refers to making the requirement usable for (automated)
verification in relation to an used software tooling or prograkivhat can consist of quantifiable
components or other information which can be used for connecting a requirement to a certain
database. In this sense computability refer to a broader view of informatiorequirements than
measurability entails.

In that case nosmeasurable requirements lacks information to have a computable component, but
can still be verified usg other methods that not needomputability. Measurability can be, out of

the formulatedcontext, connected to a quantifiable requirement. If this component of computability
is missing in the requirement it is impossible to use it for automated verification. The client often
specifies their requirements in words whichaking it a task of thepgcialist to transform these into
guantifiable requirements. But this doe®hmean thatevery requirement a client mentions can be
directly transformed into a quantifiable requirementhismakesthese requirements not (yet) usable

for testing. These regirements are norverifiable due to thefact these are nosrtomputable, it
non-verifiability entails more attributethen only computability.

Computability

The translation from abstract requirements into specific defined and computable requirements is the
objective of this research andntails a process from alient descriptioninto computable values.
These computable values can help in a later stage to verify this same requirement as described by
the client. These requirements describe often subjectivater where a client also does hd&now

what to do with. During discussions betweam expertand clientabout a certain topiche expert

must try to find out what the client really means and wants. This can lead to a more specific
description or undrstandng ofwhat a client thought is perhaps not what he or she was mentioning.
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It may be clear that not all components of these abstract requirements can be translated into specific
values. But a lot of these requirements will be translated into values tleastated as computable

and useful for information management purposes a compuatan handle. And it ithis information

that is needed for verification via a BIM model because an automated constraint checking system will
only be able to check constrainteat be computed(Niemeijer, 2011) Constraints in the building
industry fall in one of two categories in terms of computapilieither they are simple guidelines or
rules of thumb that can be quickly calculated, or they require a computationally intensive numerical
simulation, as is the case in for example building physics constréingsinteresting to look how

Y. { Qa yGih s(ppardive role inthe computationally translation ohuman expertise that is
difficult to model using conventional techniques.

Natural language
Natural language (NL) is the most used representation for stating requirements on corastEt

systens in industry. Howeven\L is inherently ambiguous. In RE, iblithe most frequently used
representation in which to state requirements that must be met by information technology products
or servicegKamesties, Berry, & Paech, 200Ajnbiguity in requirements is a serious problem because
often stakeholders araot even aware that there iambiguity. So there is a major importance in
describing a requirements and the components of a requirement in an unambiguous way.

Representing requirements in NL is ideal for human communication and d®ifinibut the
correctness of it is not guaranteed due to the inherent ambiguity of NL. Despite of this, NL is still
preferred by many as a communication facilita{@jong, 2008)Based on this fact there are several
approaches for writing good requirement specifications. Avoidiraplems regarding ambiguity are
based on approaches that define linguistic rules and analytical keywords, guideline rules or language
patterns. In the study ofTjong, 2008}hese approaches are explainasd insight is given how to

deal with ambiguity. This is of imgance durirg thisresearch to translate and formulate usable
requirements.

Ambiguit

In NL%J arr)llbiguity is a major problem. People who use NL can usually discern the intended meanings of
otherwise ambiguous words and phrases by using various sources of know(Ejdgeg, 2008)
Ambiguity is nticed when a statement has more than one distinct meaning. By contrast, a vague
statement can have only one meaning, but the distinction between circumstances under which it is
true and the circumstances under which it is false is not eteafNissanke, 1999 Ambiguity arises

from anong others a conceptual problem such as conceptual vagueness or a lack of correspondence,
which is most applicable in this researsimce the communication between contractor and client
must lead to unambiguity Regarding the study of ambiguity by Tjofigong, 2008) the most
applicable form of ambiguity is that of pragmatic ambiguity. It concerns the relationship between the
meaning of a sentence and the context in which the sentence occuogcitrssometimes when
human common sense knowledge and knowledge about context istanteWhen a client indicate

what is desired it is often not immediately clear and unambiguous to understand. In what context it
occurs, what really is meant with that sentence and if the sentence really suggests what the client
wants are just a few exaphes in order to get more grip and understanding of the client specific
requirements. Through discussing and other forms the contractor tries to get the right
understanding

Page |27



Also the research of NiemeijéNiemeijer, 2011iscusses the difficulty of ambiguity in interpreting
NL The exact meaning of words can depend on the context, unlike programming languages. Several
types ofambiguity can be mentionefHutchins & Somers, 1992)

A Category ambiguityregarding the grammatical category, which can be explained by words
that can be used in multiple ways.

A Homographytwo words with the same spelling, but with different mearsng

A Transfer ambiguitysame words which having a different meaning in different languages.

A Structural ambiguityone sentence that can have multiple different interpretations.

In this research, and for most of the requirements specification in the Dutobtection industry
structural ambiguity is the most important to avoid. Category ambiguity and homography are often
subordinate to structural ambiguity. When a sentence juss tine interpretation, than other forms

of ambiguity will seldom appear.

Transl&ion procedure of requirements
The translation procedure for the translation of requirements into product specifications is not

researched upon that greatly by researchers from the AEC ind(I3&dghandi, 2018)Iin particular

not for abstract requirements. Translation procedures during design phases are often specified
through contracted meetings between client and contractor. Within integrated contracts several
meetings are planned for spiéging needs and wishes of the client. These meetings must provide
clarity in order to formulate the right requirements. Then it is important to translate this description
into defined, computable and unambiguous statements to use it for verification. @ahés research

is to investigate if there are possibilities to improve this process for abstract requirements and how
this can be established.

Systems engineering
One of the current used approachestli® approach of Swhichis interesting as this isdgoming a

more standardized way of working in the construction industry. Used to manage the complexity of
construction projects. According to the International Council on Systems Engineering (INCOSE) SE is
defined asgan interdisciplinary approach and meato enable the realization of successful systems.

It focuses on defining customer needs and required functionality early in the development cycle,
documenting requirements, then proceeding with design synthesis and system validation while
considering thecomplete probler®  &ys®ms Engineering considers both the business and the
technical needs of all customers with the goal of providing a quality product that meets the user
needs (INCOSE, 2018)

The use of SE within the AEC sector can be understoah wlaborate on the characteristics
(Moonen, 2016Delghandi2018) Identifying the steps will give an overview on how the information
of requirements interacts with the design concerning this approach.

A system can be seen as a whole of interacting parts that work together for a stated purpose. This
system is @ated by people to provide a certain need within a certain defined environment. In the
construction industry these parts are most often objects. System thinking is used to understand the
total project or process in a better way and act as the basis oAStecomposition of the total
system into sub systems is used for dealing with the complexity of certain projects. The ultimate
purpose of a system is the main functionality which is subdivided in other functions. Thinking from
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these functiors is called fuctional thinkingand ensures that people are thinking from large to small
scale, which aligns with the tegiown method ofreasoning By using this decomposition, the

eventual tree structure of a system can be created and more insight on a higher le\sd garen by
subtracting lower level parts.

Duiing the system developmenEigure?7) the need of a client is monitorecbntinuously and ishe

main directive to a proper design. The focus on requirements duringvtiae lifecycle is essential
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needs of the client in the ideal world. The exploration of these requirements is thus an essential part

of the SE process. SE apgehes the developmenin the total life cycle, from initiation until
retirement.

Process Input —_
1 ‘(ystems Analysis Functional

and Control Requirements (Performance)
Analysis

Requirements Analysis

Validation
+Analyze Missions and Environments

sldentify Functional Requirements

«Define/Refine Performance and T
Design Constraint Requirements

Functional Analysis/Allocation ‘ Systems Analysis Funcﬁgnh
*Decompose to Lower-Level Funcm‘m‘s‘ ‘ and Control (Performance)
+Allocate Performance and Other Limiting e .
Requirements to All Functional Levels ‘ / WIcatloy
+Define/Refine Functional Interfaces (Intemnal/External) * -
«Define/Refine/ntegrate Functional Architeetur l \
|

Requirements

Analysis ‘II
|
Synthesis II

+Transform Architectures (Functional to Physical)
Verification | *Define Alternative System Concepts,
Configuration ltems, and System Elements

«Define/Refine Physical Interfaces (Internal/External) Process Process Design Synthesis
«Define/Alternative Product and Process Solutions Inputs Outputs Verification Y

Process Output

Figure9. Left: Systems Engineering methd@ght: Systems Engineering process. (Kossiakoff, Sweet,
Seymour, & Biemer, 2011).

The mainelements in the representation ofigure9 can be found in the interaction between
requirements, functions and design elements. The functionality of the eventual system is determined
by the relation between thesthree elements. To illustrate the tegpown methods in the design loop
the \\model is often used. The decomposition of the initial system is realized to give more insight in
the total system. The whole lifecycle can be seerFigure 10 with the different phases. Most
important are the stakeholder analysis and requirement analysis. In the stakeholder analysis the key
players in a project are identified. To realize a proper requirements analysis in the next step it is

important to understand the stakeholders needs. Weak related requirements to stakeholders are a
major reason that inciteproject failure.
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Figurel0. One of the Systems Engineering approaches (Kossiakoff et al., 2011).

The requirements analysis is defined as one of the most essential parts of the SE process as the

understanding of the requirements defines the design constrajiteonen, 2016) In this process

the understanding of the requirements results in a better understanding of the whole problem. A

proper validation with the client is needed to ensure that the interpretation is right and toaedu
discussion about the interpretation in further stages. In particuthe reducing of discussion is

subject to this research in order to decrease tigmnsuming meetings and errors in later stages of

the design due to misunderstandings.
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3.4 Verification

In the context of human realization of any system, human thoughts are susceptible to errors. This is
also the case with engineering activities. In any activity or resulting outcome of an activity the search
for potential errors should not be mgected, regardless of whether or not one thinks they will
happen or that they should not happen. The consequences of errors can cause extremely significant
failures or threats. The meaning of verification in the context of this research is the veriificdta
system, in this case an utility building, to check it against design requirements.

Verification is in most of the cases still done through manual inspection of documents. The method
for verification of most of the design requirements by testing,a technique performed on the
submitted element by which functional, measurable characteristics, operability, supportability, or
performance capability is quantitatively verified when subjected to controlled conditions that are
real or simulated. Testingfien uses special test equipment or instrumentation to obtain accurate
guantitative data to be analyzed. Inishcontext the BIM model anacorresponding specification of
NEIljdzA NSYSyida Oly oS aSSy a (GKS ibslinggkadn)veSdone 2 F
with the methodology ofule-based checking

Current verification methods have largely concentrated on detecting structural anonaatfiesg

rules and incompletenesSeveral rulechecking techniques can be used to develop a validation and
verification system. One of the possibilities is a RB#sed System (RBS) tlwain possibly support

the specification of abstract requirements what can result in better measurable, compuéaiul
unambiguous requirement@nantaram, Nagaraja, & Nori, 1998)

Qutputs

L
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Data/ models in

System v
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y
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Figurell. Verificaton process components, own drawing.
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Verification process
The basic objectives iralidation and verificatioof requirements is to identify and resolve problems

and highrisk issues early in the life cycle. Defining these two terms can via the ifnjjayuestions
(Boehm, 1984V f ARF GA2y Aada | yaAsSNAY3I GKS | dzSabeke2y Gl Y
verification is answering the questioné 2 dzi &Y L odzZAf RAy 3 (KS LINERdzO(

Requirements are the single element that ties all the product development lifecycle processes
G623aSGKSNXY 5STSOGAGS NBIddZANBYSydGa KFEGS | RANBOI
schedule at the end dhe project.Due to thisit is important to iterate the validation and verification

process during the whole lifecycle of a project. Starting at the beginning of a pioieeequired to

reduce costo fix requirement defectsKigurel2). Requirement defects cause-work and therefore

increased cost that increases exponentially as the product lifecycle progréséesatcraft, 2012)

Validation and verificatioare major cost andchedule drivers for any project.
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Reguirements Design Coding Developrent Acceptance Operations
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Figurel2. Cost to fix requirement defects based on (Wheatcraft, 2012), own drawing.

The requirements specification can be seen as the document that specifies, in a precise, complete
and verifidble manner, the requirements of thebject together with the procedures of verifying
these.This verification process ensures that the solution is tested against the derived requirements.
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Figurel3. Essence of the verificationggess based on (Moonen, 2016), own drawing.

Theverification process is consistent with the leading developments of so daliEBased Systems
(RB% (Eastman, Lee, Jeong, & Lee, 200#)ich began exploration for building mels in the late
1980s. Rule checking, which can be seen as similitude of verification, can be structured into four
stages. The first stage consisif rule interpretation and logical structuring of these rules for their
application. Next the building motlenust be prepared including the necessary information required
for checking. The third stage is the rule execution phase, which is the actual checking. A last stage
consists of the reporting of the checking results. Some research into automated venficéttlient
specific requirements has been done by L. Moofglmonen, 2016) and focused on the physical
requirements of a building design. To actually make automated verification usable for other
requirements than physical geirements, in other words abstraatequirements as mentioned
before, it is important that this research starts with investigating how abstract requirements must be
described in order to have usable statements for automated verification. During the profess
developing a building, the requirements will be changed or new ones will be added. Verification of
the requirements can therefore best be investigated during the final design of a case. This process is
only worth as much as the data which is put in girecess(Moonen, 2016) To give a verification
value, validation of a requirement should be done to ensure that the vatific can be done
correctly. The validity of a requirement remains a difficult endeavor. To ensure thistwalid
requirement must meet thetated conditions of a requiremenfs earlier mentioned in this research

the verification procesdenefits fromautomated applications, which is not yet possible for every
building requirement. Nevertheless, a lot can be learned from the application of automated
verification for requirements that are ready to use for this purpose. Within the concept of rule
checking he use of computable requirements and conditions under which this will be possible are
discussed.
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3.5 Automated rule-checking

The benefit of automated rutehecking of construction projects is expected to reduce time, cost and
errors of the checking pross. However, statef-the-art checking systems cannot achieve fully
automation because of relying on the use of haabled, proprietary rules for representing
requirements, which requires major manual effort in extracting information from textual docusnent
and coding these information into a rule form@tan & Shih, 201@Jhang & EGohary, 2017)

Automated checking systems will only be able to chegjuirements that can be computed, which
makes it needed that abstract requirements can be compuyteegmeijer, 2011) Automated rule-
checking is already often implemented in the context of applying licenses and permits as well as to
asses compliance with building codeghich isall computable data. But also other domains are
already subject for research, such as the impact dige options on the performance of buildings
that can be assessed automatically using BIM t@dlartins, Rangel, & Abrantes, 201@) order to

use automated rulechecking routines as contribution to the development of building designs by
verifying design options, checking the impacttothe rule-checkng software can be used ask&S

that supports the decisions of clients and assessing the impact of design options.

Automated rulechecking, has been a field of research within BIM since the early years of this
technology(Martins et al., 2016)According to Eastma$olihin & Eastman, 2018 important part

of rule-checkingare the rule definitions.Today, the rules are typically written in human languages
that require significant domain knowledge in order to interpret them into a machine interpretable
YIEYYSNIYI OKA S WA y (i S NLiNBldtedotd Generdting” goSsistent, precise and
quantifiable conditions for each rule. The C w<aded in an abstract way, are most of the time not
computable yet and thus not ready to use for automated cihecking.

Rulechecking technique
Research development @f . {fd2 Building models began approxingdy three decades ag@arrett

& Fenves, 1987)During this time a lot of development has taken place, but really effective rule
checking systems are jusbw beginning to become avaible. The technology is therefore still young
and quickly evolving. Based on Eastman et(Bhstman, Lee, Jeong, & Lee, 200@ye are four
software platforms that have been developed to support implementation aspects of rule checking
systems, which all applying rules to Industry Foundation Classes (IFC) building model data.

Se\eral software tools are available to help a designer manage a building design project and the
associated requirements. BIM can be named as one of the most notable efforts in recent years
regarding information management in the construction indugiPguwels et al., 2011)

Rules and regulations are written by people and for a long time, were only read and applied by
people. As a result, they were sometimes incomplete (particular conditions were not covered) or
contradictory. Their structurevas often arbitrarily complex. Improving the logical structure of
regulatory codes wasnaarea of early research. Rules for building designs are first defined by people
and represented in human language formats, typically written in text, tables and possjbations.

The interpretation of these rules is subject to miscommunication, ambiguity and error prone.
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On the one sidethe building model must be prepared for using ralegecking automatically, and on
the other side the rules themselves must be formted in such a way these can be used for rule
checkingwhich entails a computable statement

A rule checking process is separated intorf@inasesconsidering a rule interpretation phase,
building model preparation phase, rule execution phase and a hdekcreporting phaséauwels et

al.,, 2011) last year many approaches have been researched upon for rule checking in the
construction industry. In several approaches a conversion phase is required for converting the
building modelviewedin IFC into a building model containing the information needed by the rule
checking environment.

According to EastmafEastman et al., 200%hecking of requirements is often a costly bottleneck
and automated code reviews have the potential to save significant time and cost. Eastman also
expects that the application of rule checking systems will move beyond cod&iebeaf building
codes and accessibility criteria and become a standard tool used throughout the building lifecycle. A
rule-based assessment tool can be implemented for various platforms; first it can be an application
closely tied to a design tool, su@s a plugn, allowing checking whenever the designer wishes.
Second a standalone application parallel to a design generating tool, or third a -hebed
application that can accept design from a variety of sources. In most of the cases the developed
applcations are based on the third concept.

Rule checkers
The purpose of a rule checker is to assess designs by checking models to their configuration towards

the requested performancéEastman et al., 200@jjelseth & Nisbet, 2010The answer to this kind

of check is a yes or a no on the givelles(Pauwels et al., 2011According to Hjelseth & Nisbet,
there are fou intentions for model checkingjalidating systems, guiding systems, adaptive systems
and content based checking. This reseaf@tuseson the examining characteand therefore on
validating systems checks. According to Eastifisastman et al., 2009)he different categogs he
discusses as part of the technique of rule checking can be used for a total of seven different
categories. This research will focus on the category dfattsformulated clientrequirements. These

are the requirements which are realized by the mlieo achieve certain qualities they need for a
suitable environment according to the needs and functions of the building.

The eventual data (IFC) that will be checked can be asked of four different classes (Balilés &
Eastman, 2015)

A Class 1: Rules that require a single of small numiieexplicit data. The data which is
checked in this rule class is accessible directly in the model andndbesquire extensive
preparation. The access can be done with basic queries to evaluate availability of data or
relations.

A Class 2: Rules that regeisimple derived attribute values. Based upon single values or small
data sets. New data does not have to be generated, but multiple actions could be needed to
execute these rules. Implicit relationships within the requirements should be identified in
this class of rules.
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A Class 3: Rules require extended data structures. Data must be generated to execute the
check. The execution of these rules relies on a geometry engine that can evaluate the model
on its geometry and relations with the use of algorithmsl @alculations.
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requires describing how a model passes the rules instead of just complying with the
prescribed rules. The complexity of these rules doashave to rise in comparison with the
other rule classes formulated, but have a different focus.

In this research is being worked towards verification based on rule class 2.

BIM-based model checking
One of the available software tools is Bidsed ModelChecking (BMQHjelseth, 2015)BMC is

software which processes the content of information in Bilds according to rules specified as pre

defined procedures. There are three components a BMC condistoftware, rulesets and BIM

files. Model checking explores the content of infation in BIMfiles in a transparent way. The

software is based on the principle that a logite connected to the information from a BHie can

have the outcome of Pass, Fail or Not checked. This logic of a rule is basically a simple question
answeredvik 0 K d@Saé¢x ay2¢ 2N ayz2i OF&SOAriccRIés ofBiS arél 2 Y A 3
leading and often the components are the base for all-aliecking software.

In accordance to BMC the specified rules as result from the definition of abstractewwrits must

be translated via a certain way. The belief is that this translation process is very difficult to capture,
but KnowledgeBased Systems (KBS) can support this in the next way. Knowledge of experts provide
the base on which decisions are madetthafine a certain abstract requirement a client has. This
knowledge, including expertise, references and experience, contains what is needed for the
translation. When capturing this knowledge and then from more than just one expis,
knowledge can lehto a more consistent base on which decisions are found. At the same time an
interaction between a client and this information can improve the process of defining what an
abstract requirement means to a certain person. This interaction can deliver benediairding time,

costs and errors in the design process. This is the main idea for using KBS in the definition process.
Expert Systems (ES) are one of the possibilities that are concerned with decision making purposes.
Concerning the interaction thatissof A SOSR a4 | 3I22R Fdzy Ol Amgver2 F & dzO|
System (QAS) will be the concept on which the tool will be based.
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3.6 Expert Systers

Use of expert systems in the construction industry
As mentionedbefore the rulechecking softwarecan be used as &BS in the form of a&xpert

SystemsES that supports the decisions of the clients and assessing the impact of design options. In
this case the data about requirements can be Hase for developingn ES and can lmnnected to
the verification of abstract requirements.

ES i the area of construction management is not new. Research Q&BSbeen a topic for more

than twenty yeargYang, Li, & Skitmore, 1996joweveras with any other emerging technology, the
expectations surrounding EJave been slow to come to fruition. As a restitere has beema

considerable drop in the number of new ES applications in recent years. In the late eighties there has
0SSy | KeLlS 2F 9{ RSOSt{2LFFD LWRABRAAF2IUKSBs FRY
hype several system areas have been used for attemptonstruction management. These can be

classified into four categorieselection systems, advisory systems, monitoring and control systems,
analysis and evaluation systenidone of these categories uses tREprocess as base for their ES
development

Every ES is concerned exclusively with decision maf@aik & Golik, 200). Construction
management, which is concerned with both decision making and implementation, is a very likely
FNBF F2NJ 9{ LI AOI iA2FF0 ITBANNMNRRS Ki kA & RSOty &K
existing construction practices. The expains were slow to be realized as a result of the limited

capacity of development tools, inadequate methodologies and absence of construction knowledge in
problem domaingYang et al., 1996Yhe potential of ES lies within the ability to capture, ipooate

and automate judgementsintuition, rules of thumb and other forms of human expertise thed a

difficult to model @ Ay 3 O2y @Sy (A 2 ydari fulfili & €pécifich rhlelzB andared wherd
knowledge, experience and qualitative approaches still dominate. Something that is just the issue

with abstract requirements during the design of a constion project.

In the construction industry it is difficult to bring industrial experience and knowledge together
(Laptali & Boulaghem, 1995) Due to the characteristics of the industry it differs from other
industries by the physical nature of the product, structure of the industry and organization of the
construction process which affects thisidge between industrial experiee and knowledge. The
building, which is made specially to the requirements of each individual customer and other
regulations, determines these characteristics.

Knowledge management
Due to the changes from an industrial driven to a more and more knowléedgen society the

aspect of knowledge is the foremost important resource a company can have. This is due to the
assumption that a lot of administrative benefits might be achievable on an organizational level by the
right interpretation of the availablenformation and data. Together with this trend the AEC industry

is induced to work more effective and efficient due to the complex demands that arise from the
Oft ASy i Qa y SSR (Delghandir2g18)i KA & R2YIl Ay

Knowledge management (KM) has being recognized as a vehicle through which the industry can
address its need for innovation and improved business performéfamara et al., 2002T he failure
to capture and transfer project knowledge, especially within the context of temporary virtual
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performance. One of the topics within KM are knowledigesed EQ to codify knowledge through

the use of Information and Communication Technology (ICT) tools. The need of KM in the AEC sector

is fueled by the need for innovation, improved businessf@rmance and client satisfaction. While

the construction industry operates within a dynamic and changing environment, clients become

more sophisticated, insisting on better value for money and demanding more of construction for less
expenditure. The inteest in capturing knowledge has been expressed inidea of development of
KnowledgeBased ES.

Capturing requirements as knowledge
It has been found from past experiencéisaptali & Bouchlaghem, 199%)at the use of ES &

construction projects have several benefits which containsdi@ring of expertise within the firm,
improvement of expertise, speeding up the early decigioocess in combination with improvement

in quality, an increased consistency in decision making and a formalization of exphrtige
literature of the use of in the construction industry several limitations have been discussed
according to the aweptance of E®. The scope of ES is confined to narrow problems only for
individual activities, the systems that were build vary in form and structure which means
interchangeability and communication between systems was very limited and the users were not
incorporated into the system without reprogramming by the developer.

As stated in earlier phrases of this literature revieambiguity will play a rolaevithin capturing
requirements as knowledge and translate these into specific and computable requirgnteatt
possibly can be used within automated verification the development of an ESs therefore highly
important to take into account as much as possibfethis aspect. Excluding ambiguity out of the
development in this researctvill not be complegly possiblebut taking into account the best as
possible isieverthelessmportant.

Development of Expert Systems
Nowadays there are powerful tools for the generation9of . ®l@wever, creating an ES on the basis

of these tools becomes a very difficultsk for users without specific trainiffuizMezcua, Garcia
Crespo, LopeZuadrado, & Gonzalgzarrasco, 2011)

At this moment he construction industry has little knowledge about advanced techniques of artificial
intelligence (Al) in the modern timelue to the decreased hype &f { i the nineties(Yang et al.,

1996) 9 {,Qsia form of Knowtlge-Based Systems (KB8&an be very difficult to develop. Creating a

tool that is easy to use but still has enough power to solve problems and can be used by the domain
expert makes the technology 6f { &éessible in all types of companies and doméigzMezcua

et al., 2011)Includingready for prototyping and further developments and implementations.
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Figurel4. Framework Architecture of Expert Systior users with no experienbased on (Ruiz
Mezcua et al., 2011), own drawing.

In Al knowledge representatiofKR) is an essential area that is concerned with how knowledge is
stored and processednd that attempt to understand intelligencéTanwar, Prasad, &atta, 2014)

KR can be used for representing the knowledge required for Question Answering S{Q&&)J his
system can be grouped under Knowledugsed9 { dhd is the best to support capturing the relation
between descriptive text and computable vatu

In the eighties people assumed that computerdl waike over the role of peopleHowever, ES have

not realized the expectations. In order to tlEie ES is downgraded tcsapportivetool to the human
experts. One of the njar problems within this kindf systemsis the fact that they assume that
experts do not learn more than the knowledge they have on a certain moment in time. But in reality
experts keep learning. Thissue isnot part of this research and development. It is focused on the
employabiity and possibilities of ES in the construction industry. One of the things needed is of
course knowledge, but is it possible to use this kind of systems within the requirement specification
process? To find this out a QAS is developed and used. Thisekigews represented through rules,

for which the specific terminology of Rubased Expert Systems (RES) is (Bathn, K. Guminski, A.
Matusek, M. Zolenski, 2013)t is interesting to look how experts knowledge che used in
translating abstract requirements into specific defined and computable stated rules. To fit within
current emerging trends such as automated verificatititis research investigates where and how
the concept of ES can be deployed in the requieat specification process.
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3.7 Conclusion

This literature review has been conducted to allocate the research problem and objectives. And to
give an answer to the different research questions. It has been important to describe and evaluate
the currentissuesregardingthe design processes, especially the requirement specification process,
verification process and the current possibilities of automation. Also the connection KB®is
evaluated. As conclusion of the literature review there can be giverestirection to the answeof

the main research question

Abstract requirements are difficult to use within design processes, but will always existing in building
projects. Many properties of these requirements are discussed in the literature which makes a
defined description of the dealing with these very difficult. In this research is focused on the
computability of abstract requirements in order to verify them using BIM. Following the
developments of automated verification it is this kind of requiremethtat are still specified and
verified manually by always different experts. Paired with different clients there is plenty of room for
misunderstandings which can lead to errors and their consequences. For these kind of requirements
there is always spedaifiknowledge needed to specify. From this, the idea arises to collect this
knowledge in order to reduce errors and relating time and costs issues and to ensure more
satisfaction between client and contractor in the en@ne of the best ways to collect ceita
knowledge is by representing human experts knowledge according to certain rules in a computer
based system. This resulted in the concept of QAS as part of Knovdekige SR 9 { Qa @

Abstractrequirements can be captured in three ways;

1. Via a standard thisis just something which must be met

2. To which experts attach a valaea connection between a description and possible values

3. To which experts cannot attach any value dahe concept of KnowledgBased expert
Systems cannot help with this either

Especiallghe second way is interesting for this research to see which role and 9ajuéd perform
and add during the RE processes in the design phases.

The emerging trend of knowledge capturing in combination with BIM makes it possible to improve
several degjn processes in the construction industry. Since abstract formulated client requirements
still cause a considerably amount of errors and cost the use of Knowkasgd Systems could be
part of the solution. Now that is known what abstract requirements ab®ut and made them
difficult and different to dealing with, it is important to investigate the possibilities to improve this
and not to linger in traditional process methods. But in order to take a step towards this
improvement, more research intdealing with abstract requirements and the current practice is
neededto prove the idea.

3.8 Research Gap

In the conducted literature review the most relevant topics and concepts are discussed. These
subjects match the concepts as mentionedhe conceptual framewrk in chapter 2.Also some of
the concepts whiclare not playing a big role in thissearch are described in a lesstended way.
This review gives a comprehensive overview about current and relevant knowledge for this research.
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However, there is a lackf research into the dealing with dnspecification of the abstract
requirements that are missing a measuralaled computablecomponent. Via interviews this must
give a better view about possible improvements and shortcomings in this process. Relatedaodh
during the interviews also the&eedback andgossibilities ofy . {wil &e evaluated The expectation
exists that these kind oKBScan support and improve this process regarding these kind of
requirements. Development in the latter stage of thisearch must proof the possibilities. Even
though automated verification vidpr example BIM is already broadly discussed and researched
upon it is really relevant and interesting to research upon the connection between the specification
of abstract requiements and verification via BIM. In this sense this research is focusing partly on
subjects that are barely research on in context of already conducted and existing research articles
and results. There is a lot of knowledge and research about requirewegification, requirements

and their characteristics and . { Bu the deployment of these kind of systems within the
requirement processes to better translate the abstract requirements for, in particular the lack of
measurability and computability aspest it, is undervalued in the studies.
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4.0 Qualitative Research

4.1 Motivation

In order towork towards the objective of this researchn overview and clear understanding is
needed about the requirements specificatiphase of abstract requirements. Next to the conducted
literature review an overview of the current practice in the requirements definition phase of abstract
requirements is needed to evaluate the possibilities foxpert SystemsE§ and automated
verificdion. But also for gathering information, knowledge, experiences and expertisat dhe
abstract requirement of amfort which will serve as example for the expert system. The method to
gather indepth information about abstract requirements and the reguirent specification process

in practice is by interviewgMaxwell, 2013)with experts in the field of requirements definition
processes. The possibilities®f , @lich are based on experts in a particular field, can be best based
on interviews with these experts. The interviews are therefore used to investigate how experts think
about the concept of9 {.(A& well to get knowledge about the current dealing with abstract
requirementsto better fit the development in current issues ofesjification

The expected outcomes of the held interviews can be divided in twofold. On the one side the
interviews must result in understanding which steps are taken in the requirements definition phase
during design processes. And on the other side #wits of translating the abstragequirement of
comfort into specific values must be gathered during these interviews as base for the example for
the ES. In addition to these results the ES tool will be developed.

4.2 Interviews

The objective of the intereiws is to get knowledge about how is dealing with abstract requirements
in practice. And also to get a founded base for the inputh&f expert system to developlhe
developed method in this research is based on one requirement what should apply to other
requirements of the same definition for these abstract requirements. dbstract requirement of
comfort is therefore chosen as starting point angkrario during the interviews.omfort has been a
research subject for several researchers and often hasvafold concerning concreteness and
subjective statements.

4.2.1 Interview purpose

The aforementioned twofold as outcomes of these interviews can also be turned into the main
purpose of these interviews. For filling the expert system with knowledge, experiendesxpertise

of the experts a chosen scenario during interviews and the test case makes this research more
practical. This mor@ractical approach is in fact thesingof comfort as abstract requirement and
considering a working office as building spagbere this requirement is a constraint. This is
narrowing down the scope and use of this research, but at the same time this ensures a more usable
Proof of ConceptHoQ. Also during interviews this can ensure a moredépth content and
deployable result.

Out of theresults of the interviews one of the most interesting breakdowns of comfort will be used
as base to develop the ES on. This represents the experts knowledge gathering as input for the ES.
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Beside this goal, more information about how expergzslihg with these requirements in their daily
base is valuable for this research and the future research into this topic.

4.2.2 Interview setup

Motivation
The use of interviews as method is very useful to represent the current situation, and-dgptim

information about the process and its strength and weaknesses. And also the use for interviewing
several experts about their experience with abstract requirements is very desirable.

These interviews aim to:

A Get insight in thecurrent RE process of abstract, unfieed and norcomputable
requirements.

A And how is dealing with these requirements during the design process.

A Define the difficulty of specifying the requirements parameters and assign measurable values
to these requirements.

A How is dealt with specifyin an abstract requirement, as example in this research the
requirementcomfort for workspaces.

A Evaluate how Expert Systems can contribute to facilitate this process in an easier, more
efficient and solutiororiented way.

To perform this interview from the@erspective of qualitative research in total 11 interviews were
held. The focus group of these interviews are people who are dealing with abstract requirements in
their work. Thought is about experts who are part of requirement specification processsignde
processes or verification processes in the design phase regarding utility buildings. By focusing on the
requirement comfort and a specific space of an utility building, it is specific enough to held an
interview about ando extract specific resultof this research. On the other hand it is also possible

to use theinterview results and developed E&®jain on a broader basis for other abstract
requirements relating to utility buildings.

Interview questions
The literature review delivers the backgrouimdormation on which this research is based and from

which the research quions partly can be answere@he interviews are used to lay down more
focus on abstract requirements and the requirements definition process. For the design of the
interviews theresearch questions are broken down into sgyiestions to address the needed
information and accumulate this in order to reach tf@mmulated goals. The following research
guestiors are addressed:

1. How are the abstract requirements influencing the dealinth wequirements in the
design phase?

2. What are the characteristics and difficulties of abstract requirements concerning the
specification process of these requirements?
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3. What is the current process of dealing with abstract requirements during the design
processes?

4. How can KnowledgBased Systems, in the form of Expert Systems, be a support to the
requirement definition process?

In the nextparagraphgshe subquestions and goals per research question will be discussed.

1. How are the abstract requirements influecing the dealing with requirements in the
design phase?

This question aims to gather knowledge about tREprocess in relation to the design process.
Because there are different requirements within a building project, the influence of abstract
requirements can be different then dealing with other requirements. Dealing with these
requirements, specifies different stduestions for the interview related to thREprocess:

a. In which phase of the design process (based on the ten phase scale) was dealt
with these requirements?

b. Is the specific design phase mentioned, affecting the difficulties of dealing with
these requirements?

Goals:

A ldentifying the consequences of dealing with abstract requirements in design processes.

A Investigating how the design process skaped regarding the presence of abstract
requirements.

A Evaluate influence of the requirements definition process on design processes.

2. What are the characteristics and difficulties of abstract requirements concerning the
specification process of theseequirements?

Out of the literature review (chapter 3) many characteristics of abstract requirements are discussed.
As a consequence of these the difficulty of dealing with abstract requirements became to the utmost
extent clear. In practice expert will faanany of these difficulties too, but also others will come
across. Therefore is it interesting and clarifying to ask experts about these factors of abstract
requirements. The following sufjuestions are stated:

a. What are the differences betweenabstract am specific formulated
requirements?
And what are the characteristics of thabstract requirements?

c. How are you specific dealing with the abstract requiremetcbmfort in design
processes?

d. Which expressions and relating rules are you assign to this speatfistract
requirement?

e. What are the difficulties with these kind of requirements from your point of
view?
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Goals:

A ldentifying the process of relating expressions and rules to specific requirements.

A Investigating characteristics and difficulties of abstraetuirements in addition to the
literature review.

A Defining how experts dealing witibstract requirements

3. What is the current process of dealing with abstract requirements during the design
processes?

Something only can be clarified by interviews is tharent practice of dealing with abstract
requirements. Regarding the use ¥f. {itQsaivaluable to know what the current process is and
where a possible improvement can be made. After the discussion about the design process and
abstract requirements tlsi question must fulfill an #depth study towards the current elements of

the specification process. The next syirestions are therefore asked:

a. What is the currently used main approach when you are facing such
requirements during design processes?

b. Based o which method or technique have you specified this abstract
requirement?

c. How can you justify the choices in a design, when dealing with this abstract
requirement?

d. In which way verification of these requirements takes place towards the
client?

Goals:

A ldentifying the process of dealing with abstract requirements during design processes.

A Defining how experts dealing with the process of translating abstract requirements into
specific values and units.

A Evaluating how verification of these ngigements is curretly done.

4. How can Knowledgdased Systems, in the form of Expert Systems, be a support to the
requirement definition process?

The applicatiorof 9 { @ &Ecan gather the knowledge and related information of experts into a
system to define abstract req@iments. The process of translating an abstract requirement into a
specific requirement can be optimized according to the use of Suth@®aich defines the following
sub-questions:

a. Which method are you using to specify an abstract requirement?
b. Inwhich way can Expert Systems contribute to this process?

Page |46



Goals:

A The possible added value of usiid Q& @
A Evaluating how verification of these requirements can be optimized in an automated way.

These different sulguestionsthat resulted from the research questiohave led to a questionnaire
(Appendix 9.1) which contain afiterview questions to address all the formulated goals. In the next
part the interview results will be discussed and give an overview about tiegat information and
knowledge.

4.2.2.1 Setup per Shject

Theformulated goals can be translated back to three subthemes. These subthemes correspond to
the main themes that were discussed in the literature revighe subthemes that are discussed here
are design procesfEand9 {.Q a

Design process
In thispart the purpose is to get more insight in the current practice regar&B&during the design

process. It must give insight where the difficulties imerof dealing with the abstracequirements
are occurring and what this phase contributes to thed#fiadilties or whether it allows for better
dealing of these requirements. This is veglevant to see if the abstracequirements is influencing
the structure of the design process and vice versa, i.e. if the design process is affeetdenling
with these abstractequirements.

Requirements Engineering
The most comprehensive subtheme is the part abBE Out of the literature review this process

and relevant concepts are already discussed, but for the interviews twiepth subjects are
relevant. The process oREincludes both the specific and welefined requiements as well as the
abstractrequirements. In this research it is mostaeant to focus on the abstracequirements. For

this part the purpose is to evaluate the differences betweesstntwo kinds of requirements and the

way how is dealing with these during the design process. According to the differences it is interesting
to get insight into the characteristics of these requirements and an overview of difficulties regarding
abstract equirements. Also to see what the main approach is for dealing with the abstract
requirements now and what the possible opportunities are to improve.

For the development of an ES the nextdepth subject is abat one of the possible abstract
requirementssomeone can face during the design process of an office building. To use a clear and
specific example, comfort at work spaces is used. This example simplifies the specification and can be
used as input for an ES. This input has been defined as the krymvigaise of the system. This
abstractrequirement is chosen because of its mighiaracter. Comfort is both technical and can be
specified according different guidelines, and has elements that are for everyone different on the
psychological side. Most oféhltimes experts can enter their knowledge and suchlike about a subject
via a knowledge managemetuol. But since this research focus on a PoC for a method of specifying
abstract requirements, development of such a tool is out of scope for which theseviewes are

used as base. Regarding the example of comfort the knowledge about this requirement and their
used sources form the input of the B8velopment Its subjective character makes it interesting to

find out how is dealt with the fact thagxperts fil in these abstractequirements for their client,
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while these are different for everyone which often leads to miscommunication and other
interpretation issues.

Expert Systems
The last theme is about the use & {.MaAthe building industry its use itoh new, but for the

specification process it is not (yet) used. Therefore this research will answer in particular the
guestion if and how9 { @a& support this abstract requirements definition process related to
automated verification. During the interviesnit is also good to examine the thoughts about the
deployment and added value of the use @f{ @ &he abstract requirements definition process,
whereby the support out of the construction sector can be evaluated. A last goal is to se®iftle a
only possibly can contribute within this process or if it also can contribute in the possibilities of
automatically verifying abstract requirements.

4.2.3 Interview results

In total 11 interviews have been held among different companies and different backgrounds. A
variety of people have been interviewed, but all with expertise in the domairREfand/or
specification and dealing with abstract requirements. Often these people perform a function out of
the advising role during these processes, which is a very comnmatida for involvement in design
processes. Since this research is focusing on utility buildings all the interviews that were held have
been done with people working in the utility building sector. This is reéalfyortant since these
abstractrequirementshave a completely different meaning in sectors like infrastructure.

Figurelb. Different role types of the held interviews.
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