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1.3 List of abbreviations

3D
AEC
BDA
BDE
BIM
BNA
CAD
CBNL

CROW

CSv
DBFMO
DM

D&E

ES

FBS

GUI

IC

ICT

IFC
INCOSE
ISO
KBS
KDD

KM

LOD

ML

NEN
NL-SfB
OBS
OTL
SBS

SE
SMART
SUHA
UACIC 2005
UAVGC2005
ul

three dimensional

Architecture, Engineering and Construction
BigData Analytics

Big Data Engineering

Building Information Modelling

Bond Nederlandse Architecten

Computer Aided Design

Nederlandse Concepten Bibliotheek voor de bouw

Centrum voor Regelgeving en Onderzoek in Grohhter, en Wegenbouw en

de Verkeerstechniek

Comma Separated Values

Design Build Finance Maintain Operate

Design Management

Designers and Engineers

Expert System

FunctionBreakdown Structure

Graphical User Interface

Integrated Contract

Information and Communication Technology

Industry Foundation Classes

International Council on Systems Engineering

International Organization fd8tandardization

Knowledge Based System

Knowledge Discovery in Database

Knowledge Management

Level of Detail

Machine Learning

Normalisatie en Normen

Elementenmethoden

Object Breakdown Structure

Object Typed.ibrary

System Breakdown Structure

Systems Engineering

Specific, Measurable, Attainable, Realizable and Time bounded
Simple Uniform Hashing Assumption

Uniformed Administrative Conditions for Integrated Contracts
Uniforme Administratieve Voorwaarden voor Geintegreerde Contracten
User Interface
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The translation of ambiguous client requirements into product specifications
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Abstract

The rising complexity of demand specificatidoemulated by unprofessional clients within the
AEGIndustry induce Designers and Engineers (Bgto adjust their strategies in regards to Design
Management (DM). Inexperienced clients are often not technically skilled. This makes it very hard

G2 OF LIidzNBE GKS NARAIKG AYOGSNIINBGFGA2Y 2 FpriorkS Of A
to the formulation of product specifications that satisthé demand. This research focusesthe

translation procedures of quantitative and qualitative client specific requirements into product
spedfications forconceptual design stages. The objective @ tlesearch initiatie is to explore the
possibilitiesto introduce automation as a technique to optimize these reoccurring translation
procedures in regards to effectiveness and efficiency.

Within this research, a literature study was conducted on th@ds ofthe design process, Systems
engineering, Knowledge Management aNatural Language ConstraintShe findings from the

review of literature were merged with the observations obtained from interviews held with
specialists from the field of Systemsdireering. Based on the findings from thasethods a
methodology has been developed. This method has been accommodated by means of an
SP2tdziA2y I NB LINRPOG20@LIAYy3 LINRPOS&a gAGKAY | &a27F40
This program, on the oneaind, accommodates a method that can translate both quantitative and
gualitative client requirements into product specifications by means of automation. On the other

hand, this program provides a digital environment in which words that are extracted fient cl
requirements can be stored in a structured way within databases for future use.

This research concludes that the eventual way of designing a more advanced and intelligent
automated translation system is heavily depending on iqugh asthe formallanguage in which
requirements are specified, the standardization of concapta domain specificanguage,and
databases in whichnformation and datain regards toclient specific requirementhas been
captured. This research also contributed by concluding a set of preconditiotisefautomation

of a moreadvanced and intelligerstystem the operational functions such as Create, Read, Update
and Delete (CRUDEed to be accommodatedhe sysem needsto automatically store enriched
words by means of a formalotation and standardized conceptghe system is required to
automatically equate and allocate the enriched words on a system léwelsystem need to
automatically capture and istingush definitions of the dtained words in relation taacting
disciplinesn orderto formulate a product specificatiothe system needs toun on databases that

contain valicknowledge obtained from a variety of projects as delivered in the past.
13
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Summary

The increasing complexity of the demand placed by clients in the construction industry nowadays, requires
a different approach for contracting parties for the right translation froiient specific requirements ia
product specifications. The increasing complexity of projects within the constructiostny is also partly
related tothe amendments in obligations of contracting parties. These changes stem from the variety of
integrated contract forms, in which contting parties not only sign for manufacturing of design, but also

for design and design management. Inexperienced clients are often not technically skilled. This makes it very
difficult for this party to communicate the right performances of their desipedduct. There has been
found in practice that this is mainly occurring in case of softer product requirements which are often
gualitative from nature. This in contrast to the class of physical and functional requirements that are more
guanttative.

AcByiQa oNARST (KIFG O2yaraida 2F | YOATdz2dza RSYI YR &L
contracting parties. As a result, large deviations can arise in what clients expect, compared to what
contracting parties think they have to deliver. Teés have catastrophic consequences, assuming that clear
agreements are missing during the early design stages about what is desired and what can be delivered.
These consequences express their self in ambiguities during the design process that maw risult i

delivery of a defective product. These tyad problems can often arise within processes in which product
requirements are specified, translated and configurétere are various methods and techniques in use

within the AE&@lomainto capture clientspecific requirementsystematically, efficiently and effectively as

possible at an early stagehdse strategies and tactics are introduced within these stagegduce the

changes ofthe revisionson the demand specification during later design stages.

This research focuses on the translation of client specific requirements into product specifications before
and during the conceptual design phase. The objective of this resesrichéxplore the possibility of
introducing and implementing automation a&stechnique to optimize these processes with respect to
efficiency. One of the main goals of this research is to optimize these translation procaddresdeclare
the level of ambiguity within client specific requirementBhisespeciallyin the case ofsoft product
requirements the nonfunctional requirementswhich are often more qualitative from naturélhese
gualitative requirements ard&nown to be difficult to interpretand to specify, contrary to quantitative
requirements. This can partly be exjpled by the fact that there are no standarith whatconcepts within
demand specificationactually imply, and how thiglates in detail to design decisions atsystem level.
Ambiguity may esult from thiswhich might reflect itself n an end producthat deviates from the clients
initial requirements.

FASR 2y GKAA& LINRPOtSY RSTAYAGAZ2YIT GKS YFAY NB&SIE N
process of nofunctional requirements be structured and automated to formulate product specifinatio
Ay GKS RS&aA3Iy LINRPOSaa¢K ¢2 F2NNdzZ +FGS @GFfAR |yagsS!
conducted on the design process, Systems engineering, Knowledge Managemeddatanal Language
Constraints The findings from the literature researctere combined with the knowledge obtained from
interviews that were held with specialists from the field of Systems Engineering. This with the aim to analyze
how professionals deal with this problem in a practical environment. Based on the findings free the
approaches, a prototypical program has been developed to test the knowledge.

The result of this research relates to a prototypical program. This program, on the one hand, accommodates
a method that can translate both quantitative and qualitative clieneiquirements into product
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specifications. On the other hand, this program provides a digital environment in which words that are
extracted from client requirements can be stored in a structured way for future use. The translation
program, called 'The Bard€ Knowledge', is intended to be used by designers and engineers as a decision
support tool, to optimize the translation procedure of customer requirements into product specifications in
terms of efficiency and effectiveness. TH@atabase Manager Bank ¢&fhowledge (BOKhas been
developed as a technique for specialized companies for the translation, structuring and storage of building
information and data according to domain related terminology. This information and data can be integrated
into a structued database that can be ingested by the "'The Bank of Knowledge' application.

This research has found that requirement translations into product specifications could be automated if the
following input can be provided to feed computer based systems:

1) Valdated interpretations of requirement with clients and users as obtained from previous projects;

2) Availability of a set of dissected requirements, as programmed in previous projects, that are
represented in a measurable state;

3) The dlocation of requirements&nd objects, as done in previous projects;

The eventual way of designing a more advanced and intelligent automated translation system is found as a
byproduct of this research initiative. This, especially with the findings during the evolutionary promtypi
process. These fundamental system requirements for such systems are summarized as follows:

1) Fundamental operational functions such as Create, Read, Update and Delete (CRUD), need to be
accommodated within such systems;

2) Such systems need to be capablado automated lexical analysis to dissect the linguistic chunks
2F GSEG 20GFAYSR FNRY | OtASyidiQa oNRSTFT

3) Such systems need to be able to automatically store enriched words by means of a formal notation,
as obtained from the dissected text, by means of dindized concepts to formulate the possible
meaning(s) of the word within a sentence;

4) Such systems need to be able to automatically equate and allocate the enriched words in relation
to the subsystems by means of a standard system distributions, suchedsLitsfB that is used
within this prototyping attempt;

5) Such systems need to automatically capture and distinguish the translation of the definitions of the
obtained words in relation to other acting disciplines, assuming that these definitions can vary;

6) Swch systems need to automatically capture the final specification of the word(s) to formulate a
product specification that satisfies the initial requirement;

7) Such systems need to run on databases that are filled with valid and state of the art knowledge
obtained from a variety of projects as delivered in the past.
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Samenvatting

De toenemende complexiteit van de vraag die door opdrachtgevede bouwindustrie wordt geplaats

vergt hedendaags een andere benadering van opdrachtnemende partijen om de \jaiséalslag van
klantwensen naar productspecificaties te kunnen maken. De toenemende complexiteit van projecten
binnen de bouwnijverheid hangt ook deels samen met de hervormingen in verplichtingen van opdracht
nemende partijen. Deze wijzigingen komen wtagdt de verscheidenheid aan geintegreerde contractvormen
waarbij opdrachtnemende partijen niet alleen tekenen voor het ontwesrdf, maar ook voor het
ontwerpprocesen de procesbeheersingaarvan Doordat onervaren opdrachtgevende partijeaakniet
technisch onderlegd zijrkunnen er problemen ontstaan tijdens de communicatie van de jgiséeificaties

van het door hengewenste product. Dit is een fenomeen dat zich vooral voordoet in de groep van de
zachtere producteisen, in tegenstelling tot de klasae gle eisen die numeriek uit te drukken zijn.

Een onvolledig gespecificeerde vraag kaakieiden tot misinterpretaties bij de opdrachtnemende partijen.
Hierdoor kunnen grote afwijkingen ontstaan in wat opdrachtgevers willeergeleken met wat
opdrachtnemende partijen denken te moeten leveren. Als er niet gedurende de initiéle ontwerpstadia
duidelijke overeenstemmingen geformuleerd worden over wat gewenst is en wat geleverd kan worden dan
kan dit catastrofale gevolgen hebben. Deze gevolgennuitieh in onduidelijkheden gedurende het
ontwerpproces die mogelijleidenin een gebrekkig opgeleverd product. Problemen kunnen hierglaak
ontstaan binnen processen waarin product eisen gespecificeerd, vertaald en geconfigureerd worden. Er
worden binna de bouwindustrie vele methoden en technieken toegepast om de wensen van de klant
vroegtijdig zasystematischefficiént en effectief mogelijk vast te leggen. Dit wordt gedaan zodat er later
geen revisies doorgevoerd hoeven te worden in de programmerngde daadwerkelijke vraag tijdens de
verschillende ontwerpfasen.

Dit onderzoek richt zich op de vertaalslag van klantwensen naar productspecificaties voorgaand en tijdens
de schets ontwerpfase. Dit met als doel automatisering te introduceren als techmaleze processen te
optimaliseren ten aanzien van efficiency. Eén van de voornaamste doelen van dit onderzoek is om deze
vertaalslag te optimaliseren ten aanzien van eenduidigheid. Dit voornamelijk voor de zachtere eisen die niet
direct numeriek uit te dukken zijn. Deze kwalitatieve eisen zijn in tegenstelling tot kwantitatieve eisen
lastiger te interpreteren en te specificeren. Dit kan deels verklaaorden doordat er geen
gestandaardiseerde opvattingen zijn over wat voorkomende concepten binnen vexEfsies
daadwerkelijk impliceren, en hoe dit zich gedetailleerd kan verhouden tot ontwerpbesluiten op systeem
niveau. Hieruit kan ambiguiteit vomoeien waardoor de wens van de opdrachtgever (wellicht) niet
gerealiseerd zal worden.

Opbasisvand& LINPoOof SSyYyaidStftAy3d Aa RS K22FR2yRSNI2S81agdNy
functionele eisen zo worden gestructureerd en geautomatiseéad er productspecificaties geformuleerd
1dzyySy 62NRSY o0AYyYySYy Kddige agtwoardeS NideddlBroSzoekd(raah €

formuleren is er een literatuurstudie uitgevoexler het ontwerpproces, Systems engineering, Kennis
Management erRandvoorwaarden uit natuurlijke ta&be bevindingen vanuit het literatuur onderzoek zijn
gecombineerd met de kennidie isgevonden vanuit interviews die zijn gehouden met specialisten vanuit

het domein van Systems Engineering. Dit met als doel om meetbaar te maken hoe professionals omgaan

met deze problematiek in een praktische omgeving.b@gisvan de bevindingem deze benaderingen is

er een prototypisch programma ontwikkeld om de kennis te testen.
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Het resultaat van dit onderzoek verhoudt zich tot eenototypisch programma. Dit programma
accommodeert enerzijds een methodiek die de vertaalslag van zowel kwantéaie kwalitatieve klant
eisen kan vertalen in productspecificaties. Anderzijds levert dit programma eerigaytgeving waarmee
woorden die onttrokken zijn vanuit klanteisen gestructureerd vastgelegd en opgeslagen kunnen worden

voor toekomstig gebruikHet vertaatle LIN2 I NJ YYI X 3SyF I YR W¢KS .yl 27
Kennis), is bedoeld om ingezet te worden door ontwerpers als ondersteunende techniek om de vertaalslag

van klanteisen in product specificaties zo efficiént en effectief mogelijkaend 5+ | NbA2 Aa RS
alyFr3asSNI . Iyl 2F Yy2¢6ftSR3IAS 6. hYOé¢ 2yigA]11SER &

vertaling, structurering en opslag van informatie en dater domein gerelateerde terminologie. Deze
informatie en data kan geintgeerd worden in een gestructureerde database die gekoppeld kan worden
FFy WeKS . Fyl 2F Yy2¢6tSR3ISQ LXK AOFGASD

Dit onderzoek heeft bevonden dat de vertaalslag van specifieke klant eisen in product specificaties
gestructureerd en geautomatiseerd kan wordedien een programma beschikt over de volgende input:

1) Gevalideerde interpretaties van klanten en gebruikers met betrekking tot concepten
2) De beschikbaarheid van een ontlede set aan eisen die zijn vertaald in meetbare gegevens
3) De toekenning van eisen aan ebjen binnen een gebouw ontwerp (BIM model)

Dit onderzoek toont ook aan dat de ontwikkeling van een intelligent geavanceerd geautomatiseerd vertaling
system gerealiseerd kan worden indien aan de volgende eisen voldaan kan worden:

1) Fundamentele operationelduncties zoals de Creatie, Inlezen, Wijzigen en Verwijderen van
informatie en data geaccommodeerd zijn in het programma

2) Tekst geautomatiseerd ingelezen en ontleed kan worden

3) Woorden vanuit de zinnen herkent en verrijkt worden door middel van gestandaardis
concepten die geautomatiseerd vast gelegd kunnen worden met behulp van een formele notatie in
een database

4) Verrijkte woorden vanuit een specifieke eis geautomatiseerd toegekend kunnen worden aan een
gebouwonderdeel door middel van een specifieke gebalassificatie methode

5) De (meervoudige) betekenis van woorden vanuit een specifieke eis ondefenheertaald en
toegekend kan worden aan actoren

6) De daadwerkelijke definitie van de woorden vastgelegd kan worden om zodoende een product
specificatie te knnen formuleren die de initiéle eis bevredigd

7) Een database geintegreerd is die bestaabeirouwbareinformatie waarop het systeem rust
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2 Introduction

The complexity of the projects within the architecture, engineering, and construction industry
(AE@ndustry) is increasing rapidly in this modern era. This increased technological degree where
the contractors,Designersand Egineers (D&E) are faced witban (partly) be explained by the
variety of predefined building requirement as a function of the demand specification. The difficulty
of the project within the AE@dustry has also increased over the years due to changes in the
responsibilities and lialiiies of the parties involved (Chdauivis, 2017). Their participation within

the projects commands a methodidaistification of the demand specification as specified by the
clients (Lenferink, Tillema, & Arts 2013). Translating the variety of requirsmeto product
specifications is a complex task, especially if little information is available and numerous aspects
need to be reconsidered during the eadesign staged he impact of design decisions taken within

the earliest design stagedfectthe product its final configuration the most (Aliakseyeu, 2003). This
complexily induces the AE{Ddustry of an integralvay of working, more than ever, to adapt and
react to the market demand as early as possible. This approach must lead on one hand tbla possi
reduction of time during design processeand an increase of quality by product design on the
other hand (Abanda, Zhou, Tah, &Cheung, 2013). Coping with such market conditions is from great
importance, especially when the contractor is responsible latule for both product design and

its manufacturing. This form of contracting yields from test projects that are initiated and executed
under the UAGC 2005 by the realization of Civil works within the Dutch construction industry
(ChaeDuivis, 2017).

To attain this higher quality in both product and process design, processual strategies and
techniques might need to be adjusted to harmonize and safeguard process and product
performances. The information in requirements interacts greatly within the vatifio processes.
Within the verification processes, the design is tested on the compliance with the initial
requirements as stated within the initial demand specification. These processes are very time
consuming and failure sensitive. This failure sengjtigets emphasized especially if humerous
ambiguous requirements have been specified by the client. The employee needs to be able to
justify the processual steps that are taken during the translation procedure of linguistic chunks of
text (the requiremen} into product design (specifications). This might be an achievable task in
scenarios where unambiguous requirements have been contracted. However, this translation
procedure can get very critical when nfumctional requirements are contracted. This, esjadly

when the contractor has little or few experience with aspects such as the type of product, design,
design managemerand systems engineering. Withthis research, there will be studieghon the
characteristics of client specifiequirementsin order to relate the knowledge that is requirefibr

the translations into product specifications.

Therefore, the research of user and client interaction, requirement management and (automated)
constraint checking of building information has come forward. Tikids of research mostly aims
for a reduction of project variance on one hand, and to increase a higher product quality at the
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other hand. The process of user client interaction, requirement management and rule checking is
researched upon greatly givendlturent market conditions. Clierdemands are nowadays often
knownto be complex from nature due to the high product performances that these parties aim
for. This might lead to problems during design and manufacturing given the fact that not all
designers and manufacturers aegperienced withcertain demandsThe profits that contractors

are gaining from moderate projects is not that high. This forces caatrsto pay attention to the
development of these aspects given the risks that they are taking by contracting complex demand
specifications where they are unfamiliar with. There is a clear borderline between taking risks as a
contractor or a gamble. Withithis research, there shall be researched upon the possibility to
introduce a certain Design and Decision Support SystPibSS) for the translation processes for
client specificdequirements as provided by unprofessional cliemtdemand specifications.

2.1 Motivation

Managing the compliancand performance®f client specificequirements has grown with the
introduction of integrated contracts (UAIC) within the building industry. This form of contracting

is known to beused for contracting Civil works withthe Dutch construction industry since 2000
(ChaeDuivis, 2017). There have been numerous (test) projects, mostly Civil works, that are
contracted according to this contract from between the year 2000 and 2017. These type of
contracts have resulted in aateration of responsibilities and liabilities within design processes
(Lenferink et al., 2013). This shift has contributed to a higher responsibility of the contractor
(employee) during the overall construction process. Despite the traditiovay of workg of
contractor (built as designedjhis type of contracts force the contractor for transparency of the
performance of a design both during the design stages as in the usage phase. There might be
assume that having a design that fully complies with tequirements before a building is
manufactured, might yield in a decrease of the failure costs and improvement of the quality for
both the client and the end user (Moonen, 2016).

The management of the client specific requirements remains very diffiotdingihe fact that a

client might not know exactly what he wants at the very beginning of a prglobnen, 2016)

This might yield in ambiguous defined product requirements that are hard to translate into product
specificatiors on a system level (the building). Defining a valid model before it is realized might
therefor be a very difficult task since clients are known to define their need iteratively by evaluating
and updating their requirements rather than narrowing them dowaitially (Kim, Kim, Cha, &
Fischer 2015). Therefore, contractors should be adaptable to this iterative character and manage
the requirements in a vergophisticated way (Moonen, 201L6A contractor should be able to
determine the ranges in which designailgons should be taken. These ranges state the bandwidth

of decisions that other designing parties that are involved should be taken. These ranges reflect
the specific goals that contribute to the performance of their products in compliance with the initi
requirements. Currently, the management of requirements remains a manual process. This process
requires a lot of investigation on the information about requiremseand the design (Moonen,
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2016). These are very critical and laborious processes. Thedjaiformation from the projects as
executed in the past might be stored in databases. However, the usability of this type of
information relies on the data structure, the technique in which the data is stored and how users
can possibly consult the specifilata. The information from these databaseguirea lot of effort

by converting them to useable input on their own. Investigating this area is there for a sport in its
own. Researching how this information should be documented, enriched and storeerésfur

from great importance in both its practical as scientific contribution. The usage of this information
and data for the translation of requirements into product specification will improve the efficiency
and quality during successive design and maatufring stages.

Predictions on the configuration of subsystems within the earliest design stages, as derived from
the demand specification, seems to be a very complex task. This complexity increases especially by
scarce ambiguous information and data goroduct requirements as provided by the
unprofessional o&nt. The constraints that resuftom these linguistic chunks of text affect the
product configuration. It is a complex task to derive the right information from requirements,
especially if they aréormulated in an ambiguous state. A designing party has a lot to do with
constraints. Within all these constraints there will be approximately 15% of freedom, the other
ypor akKz2dzZ R 0NI yaft [Géesy, 201K)The AECA0B3NIiS kagging Dénikd of
implementing methodologies that promote logging and storage building information according to
unambiguous standards as a function of time {@B 2015). These methodologies might be
introduced and dictated by clients, buteanot safeguarded on a practical level by the contractors.
This eventsnight provoke complex court cases.

Using building information and data as generated from previous projects might promote the

dzy FI @2NIl 0t S O2yRAGAZ2Yy A AY dedifohsKtakenSwvthindhg ABCY R Y |
domain. Dutch organizations, such as the Instituut van Bouwrecht (IBR) or the Centrum voor
Regelgeving en Onderzoek in de GroMdater en wegenbouw en verkeersvoorzieningen (CROW)

that are concerned with the problems ah correspond with the translation procedures of ron
Fdzy QOlA2ylf NBIdZANBYSyida KIFIZSyQild F2dzyR || F2NXNI €
However, there needs to be mentioned that these institutions are providing guidelines as a support

tool. Stil, these are not mandatory to use in practice. Whenever these defaults within the
translation processes are analyzed in both a practical as scientific way; then statements about
automation can be formulated in regards to developments of (semi) automaiteithyg.

Thus, the complex set of requirements that are included in the demand specification as presented
by the unprofessional clients might be causing the urged need for expert systems. These systems
could possibly affect the design stages positively. The warldits an almost infinite amount of

real estate wherefrom its information is lost. This is a pity since this type of building information
can be reused for numerous applications within the field of design and decision making. These
systems could be fillesvith these type of building information and data. These tools can be
introduced as design and decision support tool by product design within the early design stages
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where little information and data is available. Within these early design stages, cexpante
systems (ES) dmowledge basedystem (KBS) can be consulted for queries on the translation
processes as logged from the past. The introduction of such tools could clarify and discard design
contradictions to reduce the risks and defaults in sustesprocesses. The current techniques that

are used within the AEC domain during the translation of product requirements into product
specifications are executed manually rather than automated (Niemeijer, 2011).

2.2 Problem definition

Theinterpretation and tanslation of client specific requirements into product specificatipnsr

and during early design stagecomplex building projects is a very critical pha&®gramming a
designwith the initial requirements, as stated from the demand specificatzan be a laborious
task. Theeventual conformity towards client specific requirements is of great importance to
safeguardhe functionality and the performance of a product. If a contractor remains in default by
non-compliancy towards these requirements heght be held liable and fined. These costs mostly
correspond with extensive additional project costs and extended project durations. Both of these
negative events might harm the integrity of a contractor within his field of business. There are
numerous ourt cases held on these issues where the client has not got delivered, in his or her
experiene, of what he or she asked for.

The fact that there are no standards, only guidelines, in which requirements have to be specified

by unprofessional clients migimake the journey to unambiguity in demand specifications even
tougher. This affects the complexity by managing toenpliancytowards requirements in the

design process, especially by afmctional requirements. Here, within this research, we assume

the following definition of an unprofessional client: a client that is untrained, unfamiliar, and
unqualified for programming and governance of the design and manufacturing processes that
O2yiNROGdzGS (2 LINPRdAzOG RSt ADSNBEOPALBEABARETAYROR
2yfte@ NR2UGSR Ay GKS RS@St2LISyld 2F GKS Ot ASyiQa
There is no formal method in which ndanctional requirements can be interpreted, translated

and specifiedThisoffers the gportunity to improve this process within the design phase. This can

be promoted by means of an exploration towards a methodology and technique that can
accommodate this need. There are currently no databases which can be consulted for queries on

the trandation of nonfunctional requirements. These are not available in companies, nor in
literature nor on the World Wide Web. These techniques might be beneficial for the design process

by defining this information only once, capturing its enriched form, amehdlating thisin to

reusable information. These systems could create managerial edges since knowledge gets
produced, captured and evaluated.

The main problem that is investigated this research can be found in Building Information

Management. More specifi@uilding Information Managemeruring early design stages where

translations are executed frordlient specificrequirements obtained from clients briefs into

product specifications. These procedures are currently known tokxbelged manually, to be time
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consuming, and error prone. These processes are assumed to be very profitable on the long run if
executed accurately, given the simple fact that tenders can be won if products are configured
within the holistic ranges asclie@ta RSaANB® | f 20 2F 1y2¢6f SRIS Aa
making by uncertainty and a scarcity of accurate information. Capturing the specific knowledge in

I 1y26ft SRIS o6lFaSR aeadsSvya AayQi KI LIWSgdaydd Ay
a unique design task each time.

2.3 Research scope

The research scope will be demarcated within this section to clarify the specific intention of this
research initiative in regards to both its practical and scientific contribution. THiisrnsgreat
importance to prove the effectiveness and efficiency of automation by both electronic requirement
management and translation procedures. This, especially for the purpose of knowledge capturing
as a function of time.

This research focuses on the trangdatdf non-functional requirement®btained fromi KS Of A Sy (i ¢
brief. The class of physical and functional requirements will be introduced to demonstrate how this
translation procedure differs from the class of nfamctional requirementsHere, a case studyill

be introduced wherefrom a case model will be derived. This scope has been chosen for evaluation

as there is a vast amount of these types of requirements that are contracted which are not
integrated or even treated by building design. This might madetracting an even risk fuller

business than it currently is.

Nonfunctional requirements are also the type of product requirements that might require a
holistic approach by programming their specifications. A room, for instance, can be configured by
requirements that need to be specified from the disciplines such as architecture, structural
electricat, mechanical engineering and building physics. More specific, requirements from all
parties involved within a designing lkup might contribute to the atisfaction ofa certainnon-
functionalrequirementsat once.

If we take a closer lodlo the following nonfunctional requirementti ¢ KS NRB2Y ySSRa (2
021 & I {itvraghkt béKti® Mg toderive which partiesieedsto take which actions. Thi

process could be a very complex and laboriou&.t&githin this research projeatve analyze the

impact of the architecturahnd building physicalequirementsin regards to the configuration of

the product specification. Here, there is assumed thatsihgle requirement can be distilled from

a nonfunctional requirement; the rest will follow as it is a matter of time. Distilling all product
specifications froma non-functional requirementsin regards to all disciplines involved, in an
unambiguous formis what there will be aimed for in the ideal situation.

This approach gives a good opportunity to evaluate the possibilities of using automation by

requirement translation processes. Within thegecesseghere will be checked and tested how

automation @n be introduced to promote efficiency and effectiveness to achieve greater and

unambiguous product specifications. This prototype is evaluated with a use case to define the
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usability, efficiency,effectivenessand limitations of using automation for newnctional
requirements translation processes.

2.4 Importance

Research upon the possibility of seauitomated requirement translation is from great importance

as this can improve the early design process and the overall quality of a final product. This process
can discard ambiguity by the interpretation, translation, and specification of client specific
requirements which might prevent costly mistakes. Specifications are supposed to formulate a final
performance of a certain object within the building informatianodel, yet, there is known that

not all specifications are deduced from requirements during early stages. This is often affecting the
performance of a certain element within a building. This implies that the desired product
performances are not covered/ldesign. Clients want to invest in products in which performances
can be justified according to their initial demand. Things can go (badly) wrong for D&E, in terms of
finances and integrity, when decisions cannot be clarified during design stages anactprod
delivery.

Besides from building information management, the possibilities for automation of certain design
and manufacturing processes are of great importance to research upon as this might improve the
design process. The introduction of automatican discard a lot of repetitive administrative work
which will be minimized. Then, the focus can be brought upon other business process from a more
profitable nature. The investigation on automation for requirement translation procedures seems
a useful topc where business and quality improvement, assurance, and building information
management fuse. Especially, given the fact that there are no such systems in practice within the
AECGdomain, or offered by market, that accommodate these functions.

2.5 Relatedwork

This research initiative is driven by the intention to contribute to the required knowledge for the
development of a prototypical (serautomated) information system in which requirements can

be interpreted, translated, allocated, and specified dgriearly design stages. This, with the
assumption of uncertainty by decision making due to the scarcity of building information in early
design stages. With this as given, there has been reviewed by means of a literature review and in
house practices, on vt previous researchers and practitioners have contributed to this domain.
The review of literature revealed the current status on which such techniques are introduced in
both the AEC domain and other industries. Thénanise practices where used as a mdan
investigate, on a more practical level, to which extend experts from the field are familiar with such
techniques and information systems. The merged outcome of these to processes provided the
fundamental insight in the state of the art methods and teitjues regarding this research
problem. There has been found that such information systems are not existing, both for the-in AEC
domain and other industries, in which requirements can be interpreted, translated, allocated and
specified. However, various rids and techniques as used in other industries could contribute
to the fundamental knowledge that is required for the development of such an information system.
To be more specific, several interesting methods and techniques in regards to the desigssproc
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legal and governance, requirement management and engineering, linguistics, and data & text
mining have contributed to the required knowledge for the development of the prototype. This
implies the possibility to develop such a specific system by meamerging the knowledge due

to the findings as obtained from those processes.

Niemeijer (2011) contributed by his work on constraint specification in architecture. He identified
the variety of methods and techniques by the application of constraints rasew in natural
language within the AE@main. He also revealed how both humans and computers could cope
with chunks of text as written in natural language. Niemeijer (2011) treated the relation between
client requirements and constraint specificatiar fnformation systems within the AEC, which was
from great importancdor this research This due to the fact that a requirement can be assumed
to be compelled in constraints; and that a constraint is formulating a certain decision bandwidth.
However, hisvork emphasized constraint checking rather than constraint solving. In this research
we are fundamentally trying to solve a constraint which a requirement dictates, rather than
checking it afterwards. One can state that we are basically doing both, apgdhe constraints
after translation in specification(s); and checking constraints during verification. One way or
another, Niemeijer (2011) contributed a lot by providing the state of the art knowledge in regards
to constraint specification in naturathguage for information systems within the AEC industry.

The fact is that there is aimed to shell a methodology in which requirements can be interpreted,
translated, allocated, specified, and stored as a function of a client demand to improve client /
designer interaction in early design stages. Therefore, a variety of traditional requirement
management methods as used in various (designing) industries, which are often not mentioned
within this report, have been reviewed upon in a practical setting tedatne how the best of all

these approaches could be merged for use in such a faatbmated) information systenihere

has been reviewed on how the generic theorems are treating these translation procedures. Jallow

et. al (2017) published a paperinwiic § KS& LINBaSyGdSR | FANBRG FdGSY!
SYGSNILINAREAS | NOKAGSOGdzZNE FNIFYSg2N] F2N St SO0NR)
within the construction industry. Tir work covered the fundamentals of the concept of
requirements maagement, traditional conventional requirement management models, and how

these both can be linked to Enterprise architecture (EA). Jallow et. al (2017) confirms the urged
need of such an information system, as aimed for in this research, by the follotaitegnent:

G AGGE S NBaSI| Nequirekenis manRg@rheyitQrS ¢dnstiugfion, and no known
development has been reported in the use of specialized software for requirements in construction.
Even where a system exists, an underlying framework mustditable to specify how that system

should be used, factoring in the lifecycle phases & processes, information structure, information
flow within the organization, and the process for managing chatiges WI f f 26 Sio® |
contributed a lot by their workn terms of knowledge and development to this domain, however,

even the eRIM system is not accommodating the functionality in which client specific requirements

can be interpreted, translated, allocated, specified, and stored.
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2.6 Primary hypothesis &bjective

In regards to the problems that occur for the translation of client specific requirements into product
specification, a prototypical information system will be developed which is user friendly to the
layman. The hypothesis of this research stdleg an automatedranslation toolwill improve the
earlydesign processThis with the assumption that the systenpreviding valid knowledge for the
translation of requirements into product specifications. The objective for the development of the
tool is to researchwhether valid knowledge from the past can contribute to the accuracy of
decision making for desiguch tool could support the determination process of rangeshich
design decisionshouldbe taken. This development is initiated to ovemee the time consuming,
failure sensitive manual process during early design to solve problems that are occurring during
current procedures. This could deliver a prototype which is based upon automated (web based)
lexical analysis of client specific regurrents, (web based) word enrichment by state of the art
knowledge, word to (sub)system allocation, and product specification. This tool could capture and
store the obtained knowledge in its database, and be able to automatically expand as a function of
time. The captured knowledge within the system its database will grow, which implies that it shall
provide more and more knowledge during its reference period. This implies the usage of such
information system for other use cases as well, these will be disculsiter this report.

2.7 Research questions
This section treats the research questions. These research questions are derived from the problem
definition and research scope. Within this research project, the main research question is:

oHow can thetranslation process of notfiunctional requirements be structured and automated
to formulate product specifications ithe design process?

The main resarch question is divided into $ib questiongo gain specific knowledgdhesesub
guestionsare closegy relatedto parts of the research design. These parts are the design process,
knowledge management and natural language constraint in Architecture, Engineering and
Construction (AEC).

The design process is evaluated with the aim to gain knowledge omnSydEngineering,
verification of requirements and the information exchange whishappening in the process.
Knowledge management is studied uptinmeasure the current state in which procedures are
standardized and formalizefdr capturing and storing da, information, and knowledgeNatural
language constraints in AEe treated with a view to gain insighn the current state of the
methods and techniques in use for translating and processing chunks of fuzagteektomain
Specific Language (DSOhis is done to evaluate the possibilities to create an automated
knowledge basedystem that can be consulted by the translation of #anctionalclient specific
requirements.These three subjects lead to the followiGgub questions

1) What client specifcation procedures are there in use withthe design processnd how
does Systems Engineeriagpporttheseprocedure®
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2) Whatvariety ofclientrequirement typesare known within the design procesand which
of thesecarry riskin terms of norconformity?

3) Whatis the current practicén the AEC industryfor translatingclient specificrequirements
into product specification, and how deerificationprocedures safeguard the8e

4) What can automation, fortranslating client requirements into product specificatis,
contribute to the design process?

5) What are the current techniques within the AGmain, by means of automation, to
translate product requirements ia product specifications?

6) Is it possible to develop a method that translates and stqi@gsical, fustional, andnon-
functional requirements into product specifications by means of automation?

2.8 Research design

This research is structured by 3 parts that are closely related to the research quebigunzl
visualizes the path that this research project shall follow. All of the research question as mentioned
in the previous section are researched upon in two ways. Firstly by means of existing literature and
secondly with an evaluation of the current practiog interviewing experts from the industry. The

first part requires a theoretical research that will be executed. Here, a literature review will be
conducted on the main themes known as the design prodessyledge management and natural
language constrat in Architecture, Engineering and Construction (AEC).

The focus will rely on thase of Systems Engineeririge verification processandrequirement
management within the literature review of the design process. After the theoretical research, a
gualitative research upon the current practice will be executed. Interviews with experts that are
coping with the defined problems will be held to evaluate the design process and evaluate the
processes where (major) errors are occurring from. These findingbewvilsed to evaluate how
automation can possibly counteract and support these processes. The same procedure will be used
for the second and third part of this research project. Within these parts, the current practices on
knowledge management within the hdustry along with natural language constraint in the
AECdomainwill be investigated. The conclusions of the interviews, along with the evaluation of
the literature, will be translated into the scope for the development of the prototypical
‘equiremens translato |y R WRF Lol aS Yl yl 3SND

To evaluate the possibilities for the development of a prototypical system in which requirements
can be translated, specified and stored, a selection in requirements will need to be made to define
the scope of this reearch. This will need to be done according to the various types of requirements.
These types are identified with an analysis of requirements databases as gained from existing
research projects. The applicability of the prototype will focus on the traieslatndcapturingof
physical, functional, andhon-functional requirements.The translation of (ambiguous) non
functional requirements has received little attgon in researchThe following figure illustrates

the research model:
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2.9 Expected results

The results as expected frothis research shall be treated within this chapter. The expected results
of this research project will come in threefold. The first part consists of a literature review upon
the design processknowledge management and natural language constraint in Architecture,
Engineering and Construction (AEBgreafter, a clear descriptive evaluation on the current
findings will be given to demark the scope and the necessity for a methodology or system that
treats the translation of nofiunctional requirements. Here, the applicability and opportunities will

be analyzed and captured. This literature review can be fouctiapter3.

In the second part of this research project, interviews will be held wélld #xperts. The outcome

of these interviews will be used to evaluate on problems by translation and verification ef non
functional requirements, and where these are occurring within the design process. The evaluation
of these interviews will be put in aport outside of this thesis report due to confidentiality
obligations. The main findings will be summarizecthapter 4. The outline for automation by
translation procedures for ncefunctional requirements will be given with the purpose to
prototype a certain system. In th&th chapter this outline and scope will be used for the
development of the prototypical requirementandator. This program is assumed to be fed with
the use of validnformation and datagained from both literature and the World Wide Web. This is
used to ground the systesteasoning. Sources thatightbe consulted within these processes are
norms, standard, dictionaries and linguistic methods and techniques. The purpose of the system
is to executea (&mi) automated activity in which nefunctional requirements can be checked by
means of automation on their lexical composition, enriched with useful inftionaand data,
assigned to subsystems within the system and be converted into specific disciplinary product
specifications. The system is fundamentally breaking downfaoationalrequirementsinto raw
SYIAYSSNAYy3IQa RI G ¢ KS NSBisioRsSankelyyipoh.y R Y I y dzF I O dzN

The system needs to provide the possibility in which knowledge can be created, captured,
evaluated and reused. The system is@d to be able to create, readipdate and delete (CRUD)
information and data as a function of time. Heetype of systems might get smarter and more
convenient to use as a function of its usage period since it can be thought to think and learn on its
own also. Within this research initiative, we aim to place the first building block of such a
prototypical ystem. Numerous use cases can be stated by use of these type of system besides this
research project its initial intention. This will be discussethe recommendations section of this
report. The system relies upon the definition of concepts which awgegierom literature and upon

the knowledge which is built up in the requirement translator its database by usage. The fusion of
all subsystems within such a translation system will form the final prototypical expert system where
future IT-developments camossibly rely on. The development of this prototypical system can be
found inchapter5 and beyond

29



This page is intentionally left blank

30



3 Literature review

3.1 Motivation

This literature review is held to explore and evaluate the actual knowledge that recent research
contributed to this research project its problem definition. This method provides a systematical
approach that will be used to review actual research and dgrakntsin relationto this research
initiative. In the literature review an overview is givenvarioustopics that areassumed to be
closely related to the origin of this research project its problem definition.

Thefirst topic is thedesignprocess with isevaluated to define the scenarios and process where
client specific requirements are used in. This procedize be defined as the processere the
actual client specific requirements are functioning as the information and datantitidie usedas
the input of product or processdesign The focus willrely on product requirements in this
investigation. Analyzing this process required in order to evaluate the possibility of using
automated requirement translators within the design stageswifding design.

The secongbart of this review on literature covers the domain of knowledge management. Here,
knowledge management will be reviedon its relation to the AEC industry. This chapter will treat
the fundamental exfanation of knowledge managemeritow this carbe managed, its goals, and
applications. This is knowledge is from great importance for software prototyping.

The meaning and application dfatural languageonstraintswithin the Architecture, Engineering
and Construction industry is the thitdpic that shall be treatedHere,constraintsas products
obtained from natural language will banalyzed in relationto their application for both
architectural design and asput for informationsystems Theevaluationof this literature review
revealsthe possibilities for the design and developmentanf information systemthat can be
consultedfor the translation of fuzzy requirenmés into product specifications during eadgsign
stages.
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3.2 Design process

Within this section, the development of a design during a construction project is evaluated to
define the information and data development needed for verification procedures. This is a very
critical process, especially ftre verification of (ambiguous) fuzzy requirements since these group

of client specific requirements are not directly measureable (Moonen, 2016). The design process is
defined in different phases of a project life cycle in a building project within thed&BEfin.
According to BIMforum, there are various definitions of standards for the processual structure of
design phases. Given this assumptions, there needs to be mentioned that this research will focus
on the Dutch construction industry.

The design of ta system, the building model, can be a complex task due to the collaborative
environment of the AEC domain. This collaborative environment expresses itself in to the multi
disciplinary lineup that is collaborating as a function of an end product; thedwg. Since its
AYGNRRAzOGAZ2Y 2@0SNJ Fo2dzi pn &SEFENRBR |32 RdAdzZNAYy3 K
of Architectural Management remains open to interpretation in the literature. This despite
numerous studies that have articulated the importanof adopting such concept, especially by the

CIB Working Group w096 Architectural Management (Emmitt et al., 2009). CIB W096 is the only
international network dedicated to examine and promoting AM (Alharbi, Emmitt, Domain., 2015).
This group has yet todapt a final definition of this concept which is a criticism that can be made

of their only book named as Architectural Management: International Research & Practice (Emmitt

et al., 2009). With this as a given, this research adopts the following origidakaent definition

of AM, which is grounded by empirical researgh: NOKA 1 SOGdzNI € al yI 3SYSyi
management of the architectural firm that assures the effective integration between managing the
business aspects of the office withiitdividual projects in order to design and deliver the best value

to all stakeholders (Alharbi, 205¢Aceording to Alharbi et al. (2015), Architectural Management
dissected into two distinct parts, given: office or practice management and project mamagem

The former provides an overall framework within which many individual projects will be
recommenced, managed and completééliharbi, Emmitt, Demain., 2015). Both parts have the
same objectives, but the techniques vary and mesh only at certain pointst(® et al., 1964).

The poor management of early design phases has proven to be the cause for document defaults
and rework (El. Reifi & Emmitt, 2013; Tilley, 2005). It is in the early stages of the design phases
where the influences of stakeholdersasdest and the costs of changes are lowest, making this the
best stage for value realization (Samset, 2008). The definition of phases within the Dutch
construction industry is defined by the Dutch standardization institute in the Dutch standards (NEN,
deND RSN FYARS b2NXO YR GKS RSTAYAGAZ2Y 2F G¢KS
standards and definitions are created by Dutch institutional organs such as the NLIngenieurs and
BNA. The DNBTB & NEN2574 define then phases of a construction pr@é, NLingenieurs, &
ONRI, 2009; Nederlands Normalisahstituut, 1993). The DNRTB and NEN2574 are defined for

the use of traditional contracts. In this traditional form of contracting, a tender shall be put in the
market whenever a design is finigheThe manner of the timing of pricing and tenders vary greatly
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amongst the different types of contract forms that are in use within the DutchiA#igtry (Chae

Duivis, Koning, & Ubing, 2013). This section of the literature review is mainly focusiregdesitn
process rather than the pricing phase. Therefore, the pricing phase is not evaluated within this
overview. The schematic representation of the design phases has been merged and represented in
Figure2.

Initiative Project i imi Detailed Technical Execution Pre- - Operation&
and L . . . . ready . Execution
L definition design design . execution Managemen
Feasibility design

Initiatief en Initiatief en Definitief Technisch Uitvoering-

project project ST VR ontwerp ontwerp gereed ontwerp| | Werkvoor

Pl Uitvoering Beheer
bereid
definitie definite | | °"WerP(S9 v9 (09 T Lo SEETE

Project Life cycle

Design Process

Engineering process

Pre construction
process

QGonstruction
process

Operation&
Management

Figure2: Project life cycle of a construction project with the project phases based upon BNA et al., 2009;
Browne, Odeyinka, Mckeown, & McNiff, 201&dérlands Normalisatinstituut, 1993.

According to Mooner2016, he development of information and data within these phases can be
dissected in two differengroups The first group can be classified as the raw information of
requirements which is provided by the clients in chaflgle®onen, 2016) The second group can be
classified as the information which is created in the design which reacts to the requirements
(Moonen, 20160 ¢ KS RS&aA3dIy aKz2dZ R 0S 3ISYSNI SR I O02NF
environment the project is programmed in. Here, we find that the client specific requirements and

the environmental conditions are formulating the fundamental constraints. These constraints will

be specified as the ranges in which design decisions neleel taken. The interaction between the

different sources of information can be found within these processes. The early stages within a
design process have a more conceptual and iterative character. This can partly be explained by the
scarcity of both desigh Y R Sy IAYSSNAYy3IQa AYyTF2NXIGA2Y YR RI
phase can be characterized by a top down appro@tbonen, 2016) Here, design decisions are

made about the key elements of design in the earlier pka3dis approach can partly lead to a

more linear process eventually where decisions are developed in a technical way in subsequent
phases. The development of a design in relation to its iterative character is visualzgdre3.

33



Amounts of variants

Project Life cycle

Pre construction

Design process Engineering process
anp 9 gp process

Schematic Preliminary Technical Execution Execution

Detailed desig design

design design ready design design

Figure3: Iterative character during the design phase (Moonen, 2016

According to Moonen 2016hé biggest decisions are made within the early design phases. Here,
decision upon theare concepts of a design will be captured. Numerous amounts of variants are
LINP RdzZOSR gAUGKAY (GKSasS adl3Sa aayoS GKS dzf GAYI
There is an inversely proportional relationship between the amount of varianigedisas the

impact of decisions in regards to the final project definition. The further the design process
proceeds, the fewer the variants and the impact of the decisions will be and the more specific the
project definition shall get. This phenomenon damexplained by the fact that the cost of changes

will increase when changes are made in later phases (Lu, Fung, Peng, Liang, & Rowlinson, 2014).
This principle its effect has been included in the Macleamy Curve and visualigepliie4. The
elaborationof a design will be of a higher level at later phases, this is one of the main reasons why
the costs will rise for revisions in the design. Possible reconsiderations instigate numerous extra
process costs that shall manifest their self in subsequent phafsdése project. This is one of the
biggest reasons why the amount of variants should be declining as a function of time in the design
process(Moonen, 2016) With this as a given, the differentiation between the design and the

Sy 3AYySSNdsy eh@ be grdtiEed. According to Moonen 2016 tlesign process is
configured to assess variants and to select the most suitable design solutions as a function of the
design constraints. The engineering process functions as a methoekate a clearer design by

giving the design a meaning by assigning rough elements (with properties and attributes) and a
higher level of detail (LOD). This clear difference between the function of these two phases
implicate the change of character; fromore conceptual to a design with a high level of detail.
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Figure4: Macleamy Curve (Lu, Fung, Liang & Rowlinson, 2015).

According to Moonen 2016he difference in the level of detail and level of development run
parallel with the elaboration during the design phases. More specific, the level of detail is the
definition of how detailed an element is captured within a desifa building model. The level of
development is the degree of information and consideration which is put into a geometrical
element in a 3d model (BIMForum, 2015). This difference is from great importance given the fact
that level of development has adtor of reliability in itself due to the consideration which is put
into an element (Moonen, 2016). The amount of variants should be reduced as the level of
development will be more sophisticated. This implies that a definition of an element will be more
specific and clearer. The level of development varies among the various elements as there are
dependencies in importance of development (BIMForum, 2015; Solihin & Eastman, 2015).

3.2.1 Information exchange in the design process
During both the design as the mamwturing stages, a lot of information exchanges will occur. The
interaction of information and data is crucial for the quality of a construction project, as there is a
clear interaction between information in requirements and design solutions during theusa
phases of a construction project (Chen & Luo, 2014). The documentation of the interaction
between requirements and design solutions is gaining importance as the necessity of proving
performance towards clients is growing with the introduction of graed contracts within the
construction industry (Chao Duijvis, 2017; Kim et al., 2015; Pels et al., 2013). The interaction
between requirements and design solutions is showhRigure5.
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It is from great importance to make the right comparison duringsthéteractions, as otherwise

the information which is created will not be usef@Moonen, 2016) The management of
information, and specifically the exchange of information in a construction project, is an important
factor that can influence the quality of a construction project (Eastman, Teicholz, Sacks, & Liston,
2011).

Verification

s Design solution

Level of detail

Verification
A4 L A4
Derived N lterated design
requirement solution

Time
Figure 5interaction between requirements and design solutighoonen, 2016)

According to Moonen 2016, ith the introduction of Building Information Modelling (BIM) the
opportunities of managing the information in a construction project have grown. BIM is defined by
Eastmanadg I Y2 RSt Ay3 (GSOKy2f23& |yR aa20AF0iSR asSi
'yl f&l S . dzi ThBsk Wullding raoReBsfare $isbalized in three dimensions by means of
graphical computer aided design (CAD) models that are structured from objects which contain both
graphical and computable information and data. This implicdtegpleasant usage of a BIM during

the total lifecycle of a system since these models are enriched with the right building information
and data. Within a BIM, information can be captured for numerous purposes as a function of a total
process. The principla which the building information is captured and the interoperability of such

a model defines how eligible a BIM will {&oonen, 2016) Still, the way in which the
interoperability of information within such a BIM model ch@ managed has been addressed as
one of the major challenges with the use of BIM (Dimyadi & Amor, 2013; Eastman etug; ¥g
Jones.

The complexity by managing the interoperability of such models is due to the various types of data
used in the indusy, the unstandardized processes, varying classifications methodologies and the
great variety in stakeholders involved (National Institute of Building Science, 2011). The
BuildingSmart Alliance has introduced the Industry Foundation Classes (IFC) tweintipeo
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interoperability of the BIM models within the Al@lustry. This IFC standard is an international
standard that promotes the possibility of describing buildings throughout their lifecycle by means
of neutral file exchange (BuildingSmart, 2013). €testes a big managerial edge whenever various
type of project participants are collaborating during design, construction and maintenance
processes. The IFC standard reaches the opportunity to improve the collaboration between
different domains involved Yo reducing or discarding the amount of errors that occur during
information exchange.

The principle data standard of the IFC is object oriented (Moonen, 2016). The IFC standard is
specified by its data schema. The architecture of the data schema isw&ddby means four
conceptual layers. These layers are classified as follows; the domain layer, the interoperability
layer, the core layer and the resource layer (Leibich et al., 2@t8prding to Moonen 2016hé
resource layer is the lowest layer wheieK S NB 42 dzZNDS RSFAYAGA2ya | NB
unique identifiers as they are defined at a higher level layer. The entities which built up the building
are defined in the core layer. More specific, here is where walls or windows (ifcWallndfowji

are defined. The more specialized objects and relationships can be defined by means of the
interoperability layer. Here for example, a relationship between a wall and a space can be defined
here (ifcRelBoundary). Within the domain layer, the spedéocepts towards a domain are
defined. For example, information and data regarding construction management are defined here.
Here for example, the domain layer can include information and data about values like the cost of
an element. A total building mad is described in an open data schema by means of these layers.

The applied CAD software which is used by the designing parties involved within a design process
can translate their models into an IFC format to ensure interoperal{itgonen, 2016) The
building information can then be used for numerous purposes within a construction project. IFC
promotes the possibility to use this data among various projects in a same way. This due to the fact
that the data can be stored instandardized way. This opens up the opportunity to use this data

for automation of the processes thin design phasegMoonen, 2016)

3.2.2 Systems engineering
The implementation of the generic theorem of Systems Engineering is looked upon as this is
becoming a more standardized method of working in the construction industry (BNA et al., 2009).
This method therefor offers a way to evaluate on the current desigiegss. Systems engineering
is introduced within the construction industry to structure and manage the complexity of
construction projects. Literature defines various definitions of this generic theorem. The definition
of systems engineering, as widely dseithin the Dutch construction industry, is defined by the
International Council on Systems Engineering (INCOSE). This organ assigns the following definition
to Systems Engineering:
G{eadsSya SyaArAySSNAyYy3a Aad Iy Ay (i S&IR raalzhtiol of y || NB
successful systems. It focuses on defining customer needs and required functionality early in the
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development cycle, documenting requirements, and the proceeding with design synthesis and
system validation while considering the compleproblem: operations, cost and schedule,
performance, training and support, test, manufacturing and disposal. Systems engineering
integrates all the disciplines and specialty groups into a team effort forming a structured
development process that proceddsm concept to production to operation. Systems engineering
consider both the business and the technical needs of all customers with the goal of providing a
jdz £t AG& LINPRdzOU ( K{UNCOYES2D1ibr (KS dzaSNR ySSRat¢
According to Moonen 2016, a few kegwls canbe identified for proper implementation of
systems engineerinig, given: Systems thinking, Interdisciplinary, Completeness and Quality. These
keywords are essential by implementing systems engineering given their explanation ohdow t
goals of & can be achievedhe characteristics of systems engineering must be elaborated upon
in more depthsince thiscould improve the insight and the understanding of the use of systems
engineering within the AE@dustry in practice. Identifying these stepdlwgive sketch a clear
overview that communicates on how the information on the requirements interacts with a certain
design.

Systems thinking

A system can be described as a holistic whole consisting of interacting parts that work together for
a stated mrpose (INCOSE, 2007; ISO/IEC/IEEE 15288, 2015). A system is created by people to
provide for a certain need within a certainly dedoh environment (INCOSE, 2015). According to
Moonen 2016, he parts of a system can be described by means of objects, pesgieices or

other entities. The parts of a system are mostly defined as objects by implementation of systems
engineering within the AEC domain. The used of systems thinking is introduced for a better
understanding of the total project or process. Systehisking is the fundamental basis of systems
engineering. The total system is structured by means of layers of subsystems. These subsystems
are dissected out of the system, and are used for dealing with complexity in hierarchical matter
(Moonen, 2016)

Functional thinking

According to Moonen 2016hée aim of the product development by means of systems engineering
is to fulfill a purpose. The functionality of this system can be seen as the fulfillment of the purpose.
A systems an answer to a certain group of functions that the product shall accommodate. This is
one of the fundamental reasoning why the need of thinking in functionality is important to create
a system. Thinking in functions therefor also demands to executesisdlgm a larger to a smaller
scale which synchs with the top down method of systems engineering (Ministry of Infrastructure
and the Environment, 2005).

| tASYG0Q&a ySSR OSYyiNIrt Ay (GKS LINROSaa

The need of the client is monitored continuously during the eystievelopment. The demand of

the client, which represents its need, is the main guidance by the creation of a suitable (product)
design. These needs are there for translated in requirements to verify the design. Complying client
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specific requirements andesign is very critical proce@gloonen, 2016) Verification takes place

during the whole iterative process by the development of the design to optimize the integration of

the client needs in the best way (ProRail, 2015). ThiSLINR  OK &l FS3dzZ- NRa GKS
central point within the configuration of the design.

Transparency
According to Moonen 2016rdnsparency is required within work processes to achieve a higher

design quality. Reasoning behind decision makiegwore likely to be agreed upon if transparency

is taking into account during design process. Clear interpretations of reasoning by decision making
will be shifted to successive procedures if these are not captured by means of transparency. It
leaves bothpartners and the client in doubts when decision making is not clarified in a rational
sense. The justification of design decisions made, whether right or wrong, make processes
traceable. Traceability can be very useful by tracing good and bad decisiors)eiiihe open and
transparent process are most likely to result in less time loss and a higher quality (Werkgroep
Leidraad Systems engineering, 2007).

Decomposition

Systems engineering makes use of a top down apprflaclse, 2015)Therefore, decomposition

is needed to create an overview of a total system and to get more insight in the complex
information and data (BAMinfra, 2008; ProRail, 2015). The eventual tree structure of a system can
be created and more insight on a highevéépart can be provided by subtracting lower level parts

by decomposing the total system (Werkgroep Leidraad Systems engineering, 2007).

Interfaces

There can be assumed that there where different systems or parts of the environment come
together, and dect each other through their connection, interfaces can be found (BAMinfra,
2008). The complexity of a project can become clear as the boundaries of different systems can
interact by means of interfaces between elemerffdoonen, 2A6). This interaction can be
observed as physical forces, streams and information (ProRail, 2015). The interaction can affect the
mutual influence on the total system whenever these interactions are not researched and
monitored criticallyMoonen, 2016)Manufacturing defaults are often occurring due to this event,

this is why monitoring interfaces properly is a critical part of Systems Engineering (Visser, 2011).

Requirements
According to Moonen 2016he emphasis on ragrements management and engineering during

the whole lifecycle of a system is essential for the implementation of systems engineering. Only
from clear (unambiguous) requirements a solution can be derived which suits all the needs of the
client. Unambiguos is the manner in which it is completely clear what is meant by means of one
commoninterpretation (Grant, Kline, & Quiggin, 2009jhe exploration of these requirements is
there for an essential part of the systenemgineering process (Werkgroep Leidd Systems
Engineering, 2007).
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Verification & validation.

Moonen 2016 introduces on the topic of Verification & Validations according to the following
adFaGSYSyid 200 Ay S Re sydebdendineering habdok as devetoped By the
INCOSE association defines verification and verification as the following two quéstiors ! NS 4 S
0dzA f RAy3a (GKS NARIKIG GKAY3I O0GFEtARFGA2Y0OKE 9 da! NI
The phenomenon of verificationnd validation are essential parts of the systems engineering
process. These processes occur multiple times during the process to regulate the developed
elements of the total system. Verification is needed to rest assure that the quality of the created
product, whereas validation is required to ensure if the correct product is created. Goals in terms

of time, costs and technical specifications can be in danger when the verification and validation
processes are not executed by a sophisticated and disciplpguioach (ISO/IEC/IEEE 15288,
2015). By this approach the needs that stakeholders require are interpreted better and the process
stages are defined more clearly (INCOSE, 2007).

Life cycle approach

According to Moonen 2016yStems engineering approachdee development of a system with an
approach of the total life cycle. Here the total life cycle can be defined as the process from initiation
until retirement of the process (Moonen, 2017). A better understanding of the project can be
achieved by evaluatgthe total life cycle of the product (ISO/IEC/IEEE 15288, 2015). In this way
the needs stakeholders require are interpreted better and the process stages are defined more
clearly (INCOSE, 2007).

Systems engineering process

Numerous field experts, resedrdnstitutes and scientists have contributed to the theorem of
Systems Engineeringhe representation of the systems engineering process in its fundamentals
has been adopted widely in the research upon systems engine¢htapnen, 2016) The
fundamentalsteps ofsystemcreationhas been illustrated and can be foundrigure6. The major
elements in this schematic representation can be derived from the interaction between
requirements, functions and design elemeiiioonen, 2016) The relation between these three
elements determine the functionality of the eventual system (US Department of Defense Systems
Management College, 2001).

40



Process Input

+ Customer Needs/Objectives/

Requirements
- Missions

- Measures of Effectiveness

~ Environments
- Constraints
+ Technology Base

» Output Requirements from Prior

Development Effort

» Program Decision Requirements
+ Requirements Applied Through

System Analysis
and Control
(Balance)

Requirements Analysis

» Analyze Missions and Environments

= Identify Functional Requirements

+ Define/Refine Performance and Design
Constraint Requirements

» Trade-Off Studies

Specifications and Standards

Related Terms:

AL

Requirements Loop *

+ Decompose o Lower-Level Functions
« Allocate Performance and Other Limiting Requirements

+ Define/Refine Functional Interfaces (Internal/External)
» Define/Refine/integrate Functional Architecture

Functional Analysis/Allocation

to All Functional Levels

Verification

Design Loop

« Effectiveness Analyses

+ Risk Management

« Configuration Management
+ Interface Management

« Data Management

+ Perfromance Measurement

Synthesis

« Transform Architectures (Functional to Physical)

« Define Alternative System Concepts, Configuration
ftems and System Elemants

« Select Preferred Product and Process Solutions
« Define/Refine Physical Interfaces (Internal/External)

- SEMS
- TPM
— Technical Reviews

Customer =
Primary Functions =

Systems Elements =

Process Output

« Development Level Dependent
- Decision Database
— System/Configuration ltem
Architecture
— Specifications and Baselines

Organizations responsible for Primary Functions
Development, Production/Construction, Verification
Deployment, Cperations, Support, Training, Disposa.
Hardware, Software, Personnel, Facilities, Data, Material,
Services, Techniques

Figure6: Systems engineering process (US departnoériefense 2001).

The WModel has been used greatly within the systems engineering literature to provide a more
detailed representation of the process of systems engiiteg. The Mnodel is developed to
visualize the top down process within the design loop. Within thmsddel, the decomposition of

the initial system is realized to give more insight in the total system (Scheithauer, Esep, & Forsberg,
2013). The \/odel des not implies that it alwaygisualizeghe total life cycle of a project with

the use of systems engineering. A more proper overview is achievable by combining
representations of the ¥hodel with the total design. This total process can be sedfigne 7.

Within this schematic process representation the phases of the development of a system can be
seen as a function of the whole lifecycle. The upcomirgises will elaborate upon the main
phases which are relevant for this research. Thegdanatiors are basedn the work ofMoonen

2016
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Figure7: V-Model Systems engineering procesdended, based on (Moonen, 201BAMinfra, 2008; INCOSE, 201
WerkgroepLeidaad Systems Engineering, 2007).

Stakeholder analysis

According to Moonen 2016he key players in a project are identified by means of a stakeholder
analysis. These analysis is required to identify how they are affecting the configuration of the
system and what their main necessities are in a system. The understanding of the stakehold
needs is from great importance for identifying what their goals are with a system, therefor proper
requirements analysis is crucial (Glinz & Wieringa, 2007). This creates the opportunity to
understand, in an unambiguous way, what functionality whickeholders require for a proper
working system. Weak related requirements to stakeholders are main reason to project failure
(Hull, Jackson, & Dick, 2006).

Requirement analysis

According to Moonen 2016he requirement analysis is defined as one of thest crucial and
essential parts of the systems engineering process. This due to the fact that the understanding of
the requirements is defining dictating design constraints (BAMinfra, 2008; Douglass, 2013; ProRail,
2015). Requirements as provided by tHesiot are mostly described in an ambiguous and multi
interpretable manner (Marchant, 2010). The problem related to the ambiguity of requirements can
partly be grounded by the fact that requirements are likely to be stated in natural language. This
requiresextensive linguistic analysis to understand the meaning and the goal that a client had by
formulating his need by means of a requiremé¢htoonen, 2016) These linguistic analysis aim for

a better and unambiguous interpretatiaf the need. A proper validation with the client is needed

to ensure that the interpretation is done correctly to reduce uncertainties that mostly reflect in
discussions about the interpretation of the need in further stages (Rijkswaterstaat, 2015).
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3.2.3 Design phases
The system is realized within the design phases assuming a systems engineering approach. The
aeaitsSy Aa NBFITATSR gAGK | a2 OlFfftSR We¢2L) R24YQ
be described by the fact that the system will be deposed in to smaller elements. This approach
will lead to the configuration of the total system. It is crucial to realize a system that is performing
according to the required needs of a client that reflects in the interaction between requirements
and deggn elements of the system (Schaap et al., 2008). This interaction is sh&iguie8. At all
levels of decomposition, an interaction between the requirements and the design is given.
Verification of the design complies with the requirements needs and needs to be done at every
level of decomposition. This stimulates the possibility to defiriee design has the performance
4 NBIldzZANBR o6& (GKS OtASydGdod ! O2yiGAydza GAz2y 2y
executed at all levels of decomposition (Rijkswaterstaat, 2015). For this reasoning baselines are
defined after all phasewithin a project. This baseline needs to be verified according to the initial
requirements to ensure the quality in a project, and to prevent continuing on biased and defective
information and data as a function of the design process.

The definition ofa system and building elements is a crucial interaction where information gets
related to each other (Moonen, 2017). The definition of the right comparison is essential for a
proper working system to ensure the right performance (Moonen, 2017). This ati@nebetween
requirements and the eventual performance is visualizeBligureS.

Fullfilled by R Building
element

Function

Satisfied by

Requirement § Performance

Figure8: Interaction in design process, based upon Schaa|
al., 2008.

Every successive step within the design phase of the systems engineering process ensures the
harmonized development of the system and increases therefore the level of detail (US Depiartm

of Defense Systems Management College, 2001). This balanced development and increased level
of detail during the design phases are visualized by means of-Medél.

The decomposition of a system reflects in a detailed development and increased. detalil
Decomposition in the AEC domain is done by means of various methods that mostly rely on the
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type, the functionalities and the users of a building. This grounds the reasoning behind the fact that

a system can be broken down in various ways in terms ofsee® Breakdown Structure (SBS).
Besides the SBS within a systems engineering process, also other breakdown structures are made
according to the same principle. Therefore, the following breakdown structures are used to
decompose a project, given: Requiremi® Breakdown Structure (RBS), System Breakdown
Structure (SBS), Work Breakdown Structure (WBS), Organizational Breakdown Structure (OBS) and
the Functional Breakdown Structure (BAMinfra, 2008). These breakdown structures are correlated
to each other on vaous levels and define the total scope of a certain project. Within these steps

a link towards the system elements are described which should be elaborated on. These objects
are linked to a function, certain requirements and to responsible persons.

The aesign process happens iteratively as explained previously. The use of a certain expert system,
in which design decisions as taken in previous projects, could contribute significantly for time
management during early design stages. What has been learned the past could then be
consulted by means of an open a smart system that supports reasoning by decision making. When
a system is described by a demand specification, variants are made to evaluate which design is
satisfying the best solution for the regqaments. This is currently done by means of a traffe

matrix to evaluate all the aspects of the variants proposed (Jahan & Edwards 2013). After a decision
is made, the reasoning behind a certain choice should be documented and then requirements
should ewaluated for a higher level of detail to derive the implications of iteration (Moonen, 2016).
This would ensure that applicable requirements are taken into account by evaluating the variants
among each other (Moonen, 2016). The steps which are taken idebgn process are evolving

from conceptual decisions to more detail. This will happen during the subsequent phases of the
project. A good example of this procedure is given according to Moonen (2016), where for example
the system design of a HVAC concejit be evaluated and a definition will be made about its
functionality. In the subsystem design, this system will be iterated into a concept of distribution. In
the component design this distribution concept will be drawn in a more specific way and in an
element desigrihe products will be selected.

Realization

The manufacturing process can start after the design is defined, verified and validated by the client.
This implicates the realization of a system. This realization process is executed on an &eeient
and will result in a bottom up realization of the total system (Moonen, 2016). This realization needs
to be tested trough verification. Various tests can be applied by verification techniques such as
construction test, inspections and measurementfiese techniques will ensure that a building
functions according to the initial requirements (BAMinfra, 2008). Throughout the realization
process, the connectivity of the various elements between the various breakdown structures
ensure that the realizatioms done according to the realization plan. This also ensures that the
system is verified according to all relevant and applicable requirements. The WBS is the most
important breakdown structure within this phase since the execution of the realizatiesiithed

within this breakdown structure (Moonen, 2016).
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Operation and maintenance

The systems engineering approach can be very useful during the operation and maintenance stage
of a system. This due to the fact that the realization of the system is dected. Therefore, a
description of the functionalities and the elements is available. This could improve the execution
of operation and maintenance processes more easy (BAMinfra, 2008).

3.2.4 Requirements

Requirements as provided by clients function as the ingiuboth process and product design
(Moonen, 2016) The goal of defining a requirement is to translate and capture the need of the
stakeholders involved to define what functionality the new system must accommodate (Hull et al.
2006). The definition of a requirement by means of the ISO standard of Systems engineering
defines that a requirements is a statement that defines a need with associated constraints and
conditions (ISO/IEC/IEEE 15288, 2015). A requirement originates ftentain intention and goal,
which can be translated into needs (Walraven & de Vries, 2009). If the needs are defined in a clear
way, then translations into requirements with a specific product performance can be formulated.
This fundamental hierarchydnslates the origins of a requirement. This approach should always
be taken into account when considering requirements and the performance. This hierarchy is
visualized irFigure9.

Product
Goal Value dimension Client need performance

High product value Emotional value Audiologic comfort

Figure9: Hierarchy of client needfased upon (Walraven & de Vries, 2009).

The conditions for a requirement to be used adequately has been researched upon greatly by
numerous researchers fromarious fields of engineeringMoonen, 2016) Fundamentally, a
requirement should be unambiguous, measureable, traceable, verifiable and concise (Sparrius,
2014). Various types of requirements have been identified aladsified in the research on
requirement management and engineering (Moonen, 2016). Three types of requirements can be
identified according to Schneider & Berenback, given: Physical, functional amflinaiional
requirements (Schneider & Berenback, 2DRIhese types of requirements are illustrated in Table

1.

Type of requirement Explanation Example

Physical requirements Describes for examples sizes, property Windows must have a Rc of at least 3,0
Functional requirements Describes a desired function A door must have the possibility to be opened
Non-Functional requirements Qualitative requirement A room needs to be cozy

Table 1 Type of requirements based upon (Schneider & Berenbach, 2013).
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According to Moonen 2016he manners in which requirements are characterized in this table
show the difference in the interpretation. On one hand, the physical requirement has a clear
required value for a property which is verifiable while on the othemdahe functional
requirements must have certain abilifvloonen, 2016) The last type of requirement is more
difficult to see if it complies according to the requiremgMoonen, 2016) For the clas of the
Nonfunctional requirements, (ambiguous) fuzzy requirements, it is more difficult to measure
whether it complies according to the requirement. To verify these type of requirements in a
building model, the requirements need to be suitable for measy the compliance of the model
(Moonen, 2016). This compliancy is defined by the performance of the design relation to the
required format. Moonen 2016 states, when requirements are not measurable and therefore not
verifiable, problems can emerge asanpretation can play a bigger role due to ambiguity. To make
these requirements verifiable, the requirements need to be SMART. The abbreviation SMART
stands for: Specific, Measurable, Attainable, Realizable and Time bounded. This means that
requirements ned to be understandable and prevent ambiguity (Moonen, 2016).

When a requirement is not quantifiable, it is easily affected by the interpretation which can cause
major errors during the communication process (Glinz, 2005). Therefore, requirements in the
construction sector can also be classified as numerical, relational and qualitative (Moonen, 2016).
According to Moonen (2016), numerical requirements are easily reproduced and would cause few
problems as the numbers can be made clear. Furthermore, this noat&ind of requirement can

be translated into a mathematical equation which can be checked by a computer. This promotes
the possibility to automate this process. The second kind of requirement is relational and is a
Boolean checking of the requiremersghneider & Berenbach, 2013). This basically means that
whenever the relation is there it is correct and if not, then it is false. The last type of requirement
about quality can be arguable which makes it very complex to measure and therefore not
guantifiable or possible to check without a lot of interpretation (Moonen, 2016). From these types
of requirements a lot of problems can occur due to their ambiguous description and their multi
interpretability character. A risk in working with requirements canréfere be found in the
interpretation of requirements (Moonen, 2016). Communication with the client and verification of
the performance is therefore a crucial part of the whole project (Kiviniemi, 2005).

A good understanding of these requirement is needgden the fact that the meaning of
requirements can make a major impact on the design. Requirement analysis is there for an
important part of the design process (BAMinfra, 2008). The validation of this interpretation with
the client defines if the need @f client is satisfied (Moonen, 2016). Management of requirements
can often have little to no attention in a project while iterating the design (Moonen, 2016). As
requirements evolve due to iteration and decomposition, the design solution in the end oasult

shift away from the original goal (Kiviniemi, 2005). According to Kiviniemi, four reasons for the
problems related to the management of requirements can be stated. These can be described by
the missing connection between requirements and designs, gbsin personal during a project,
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not directly involved endisers and direct and indirect requirements (Kiviniemi, 2005). Kim et al.,
2015 have defined two additional reasons why requirements management and engineering in
construction can be difficult. Thérst reason can be explained by the reasoning and the
interpretation behind a requirement that is not documented properly. The second explanation is
due to the complexity in requirements that arise from the many types of requirement, spaces and
functionswhich are interrelated with each other (Kim et al., 2015). Malsane et al. have defined the
following three characteristics which cause complexity by the interpretation of requirements;
subjectivity, inconsistency in terminology and complexity in struntyriinterrelationships
(Malasane et al., 2015). This implies that requirements are prone to the experience of the
interpreter, often inconsistent in the terminology and are complex to structure and in the way they
relate to other requirements and element§ioonen, 2016).

According to Moonen (2016), these problems mostly occur by the fact that the requirements are
2Ly (2 2ySQa AYUSNIINBOGFIGA2Y D ¢KS YSI adzNFoAf A
linguistic descriptions in text. The lack of documeéiata of the reasoning increases the complexity

and the subjectivity of requirements. Another increasing aspect is the fact that the direct relation
with the design is often missing. The development of a knowledge based system that describes the
relation baween the requirements and the design should therefore be very useful to overcome
the difficulties existing from the missing relations between the requirements and the applying
elements. Also the understanding and the reasoning should be captured irysigsrsto maintain

the knowledge which is created during previous projects. A clear overview in the information
stream from goal to product performance needs to be synched as this process has many steps of
iteration and interpretation. Due to the amount efeps made from need to product performance,

this design process remains difficult to manage and to keep close to the desires of a client and the
end-user (Moonen, 2016).

Requirement types

Requirements are known to state and manifest various needs. Tlar&den found that a variety

of requirements exists. To be more specific on requirement types and their properties, there has

been chosen to introduce an overview of the variety of requirements that exist within construction
projects. To define a validtisf the requirements types, the structure of developing a requirement

must be followed. As previously mentioned within this report, a requirement is created to define a
certain need of a certain client. A requirement can therefore be assumed to be datiiansof a

need that corresponds to a certain value on its own. This is a very crucial, somehow forgotten
LINA Yy OA LX S o CNRY | OSNIIAY ySSRT F¥2NJ SEIFYLX S
a requirement will be made.

Initially, requiements are known to be applicable for spaces. Spaces are -#angible objects,

this space requirement needs to be satisfied by the elements which can define a certain (cozy)

space. We can assume that we can express a (cozy) space by certain objeltisdhant as the

space its boarders. The interaction between a certain space and certain objects; and together with

that the iteration from a space requirement towards an object requirement is essential for defining
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a performance (Moonen, 2016). This totalomposition of interactions between space
requirements, spaces, object requirements are visualized wkignrelO.

Object
requirement

Space

requirement

Defining
performance

Requirements information

Model information

Alligning information
Alligning information

Walll objectl
Value=Z

Contains

|
|
|
|

Defined by

Figure 10Interaction between information in requirements and objects (Moonen, 201

For the creation of a complete list of requirements types, existing projects need to be investigated.
This is a tough job, especially when decisions in regards requirement management and engineering
have never been loggedhd captured. Here, the findings as stated within the work of Moonen
(2016), have been used for the sake of brevity. Moonen (2016), has investigated five existing
projects upon the various client requirements. The requirements within these projects are
mangged with the use of a relational database (Relatics). In these environments, the requirements
of the clients have been translated into manageable interfacéldble 2 a description is given
about the projects which are used for the definition of the requirement types.
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Project 1 Project 2 Project 3 Project 4 Project 5
Type of building Government building |Government building |Office building Education building  |Government building
Client type Government Government Developer Educational institute |Government
Size 13000m2 6700m2 32000m2 40000m2 80000m2
Total requirements 4000 1533 3580 1812 13830

Table 2:Description of analyzed projects (Moonen, 2016).
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Figurell: Requirement type classification (Moonen, 2016).
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Finishing requirements Finishing levels
. Material requirements Material
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Visibility Line of sight

Various requirements are coming forwards given this data set. The aim of a requirement is always
to define a certain need that a client desires. A requirement starts from a certain function and value

which is required to be present in the building. The§&e®A Y S OSNIi I Ay ySSRa
0 dzA f R JanaBisi on the yarieequirementsof requirements, executed by Moonen 201&n

be seenTable 3

Project 1 Project 2 Project 3 Project 4 Project 5 Average
Project Year 2016 2015 2015 2014 2014 2014,8
Total amount of Requirements 3982 1533 3530 4742 12984 5354,2
Square meters 13.000 6.700 32.000 40.000 80.000 34,34
Requirements per m2 0.306 0.229 0.110 0.119 0.162 0,19
Value requirements 9.8% 10.4% 11.6% 12.5% 6.2% 10.10%
Object requirements 22,00% 19.9% 41.80% 37.8% 14.5% 27,20%
Space requirements 57.7% 31.4% 23.6% 64.1% 58.3% 46.6%
SMART requirements 17.7% 73.8% x 8.8% X 33.4%
Requirements usable in BIM 17.3% 13.7% 7.2% 15.1% 7.9% 12.2%

Table 3:Data analysis outcome (Moonen, 2016).
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3.2.5 Verification
Both literature as the AE@dustry assume several definitions in regards to verification. The
RSTAYAGAZ2Y 2F GSNAFTFAOFGAZ2Y I FOO2NRAY3A G2 GKS L
is a confirmation through the provision of objective eviderthat specified requirements have
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the design proces@Moonen, 2016). The essence of a generic verification process is visualized in
Figure 12. This representation visualizes the fundamental procedures within the verification
process. The definition of a verification process should there for be done addguastetherwise
an evaluation will not have any value (Marchant, 2010). Validation of a requirements should be
done to enrich the validation process with value. This approach ensures that the verification can
be executed correctly. The validity of a reguirent remains a difficult endeavor (Moonen, 2017).

Performance

Evaluates
Demands Provides

Verification

Requirement

Design solution

Figurel2: Essence of the verification process (Moonen, 2016).

Shishko & Astdnave defined procedures to ensure that requirements are unambiguous, traceable,
correct and well defined. Whenever his definition is adequately defined and given before a design
is made, then the design will improve and the verification process will inecbme easier (Shishko

& Aster, 2007). Haskins has defined the steps to undertake to ensure proper verification to ensure
the completeness of the verification process. This process consist of three steps; Preparing,
Performing and manage the result of feration (INCOSE, 2015). These steps will be elaborated
upon within de following paragraph.

The first step is structured by means of a definition of the strategy and corresponding tactics for
verification in a project in relation to costs and risk. Witthirs step, the definition of what should

be verified (requirements, characteristics etc.) is firstly defined. After this is done, the procedures
will be assigned which ground with what they will be verified. The constraints that flow from this
procedure wil then be defined towards the execution. Lastly, during the preparation of the
verification, the availability of information should be taken care of to ensure that the execution can
be done smoothly. This whole procedure should be documented withinificagion plan. In this
verification plan the definition of verification, the success criteria, the used verification method,

50



the required information and data and the enablers is captured (INCOSE, 2015). Secondly, the
verification should be executed acding to the plan and the results should be analyze. These
results should be communicated. This communication process functions as an evaluation on which
actions should be taken to cope with neomplying elements.

If we take a closer look to the root ¢dilures and defaults within the verification process, the
following reasons can be found according to Marchant, 2010; inaccurate or defective
requirements, ambiguous, incorrect allocation of requirements and even missing elements. These
reasoning causeMNBE N&E AT (GKS GSNAFTFAOIFIGAZ2Y LINRPOSaa AayQ
reasons can result in a positive outcome of verification, but are actually failing due to the
incompleteness or incorrectness (Moonen, 2016). This presence can be inaanudatan lead to
extensive rework and costs if discovered in later stages of the project. Underestimating this
procedure can therefor provoke higher project variance. This phenomenon is quite often the case
within the AEG@ndustry. The traditional method ofiorking within the AE@hdustry heavily relies

on the workmanship of constructors to deliver a product (building) that is suitable for usage
(Moonen, 2016). Verification of requirements has become an important process within the design
process of buildingrojects due to the increasing complexity and the introduction of integrated
contracts (Bouwend Nederland, 2014). Underestimating the importance of verification within a
design process can results in major mistakes. A big opportunity lies here to impewdesign
process to ensure that designs are complying with the requirements and improve the quality
(Moonen, 2017).

3.2.6 Conclusion

This part of the literature review has been conducted to allocate the research problem and
objective as a function of theverall design proces3he traditional design process has been set
against the systems engineering process. The systems engineering approach is more sophisticated,
if executed correctly, relative to the traditional design processes. This sophistidatieffom the
structured approach towards the specification and traceability of linguistic chunks qf asxt
obtained fromOf A $nef) ikdé requirements that reflect in structured design decisions. This
makes design decisions traceable and justifi&sea function of both product design and during
operation and maintenance. This could possibly imply why clients are stating the SE approach as
one of their process requirements, especially in case of congdexandswhere market parties

are somehow unfamfiar with.

It seems to be crucial to express the design task in terms of a problem context, the project itself,
FYR GKS RSAANBR ad2aidSyed ¢KSasS GKNBS | aLésediia aK
aspectscould contribute tothe definiion of boundary conditions and assumptions that dictate

how the requirements can be formulated to achieve a certain sysparformance However, the

SE approach is relatively new within the Agdiistry. This could make it hard to convert the design
decisions as taken from the past into a set of standadlkr®wledge that can be usddr decision

making It is crucial to have a set of boundary conditions and assumpti@fsre translating

' YOATdz2dza Of ASy(iQa gAaKSa sgki liskeasyntiain thasecass®Y o6& O
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find dependencies in words within treentences othe Of A Jvighe<xdwards elements of the
system prior the SE process.

There has been observed that the effectiveness of knowledge systems could be positiored afte
GKS Of ASyi(iQa o NS T dysteins éngirtectiSpocessydRsultidyAsystédn in 2 (1 K S
whichknowledge has been capturgth terms of boundary conditions and assumptiamsegards

to the translation of client specific requirements in prodwgecificationscould contribute to
YFEYATFSAad GKS Of ASy i Qa .#heaskd acerayi knbiNeRige dy€ieém couly T A 3
possibly contribute to a head start ftine participation of tender. This is the moment where such
systems can prove thefunctionality as a support tool for specifying requirements prior to tenders

to gain a head start within a competitive environmemrogramming asystem according to
experienceand knowledge from the pasby means of a knowledge systecan be very udel in

processes where a little actuigformation is available.
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3.3 Knowledge Management

The AEC industry is induced to work more effective and efficient due to the complex demands that
FNARAS FTNRBY GKS OtASyidiQa ySSR 6A0GKAY GKS | NOK
Traditional managerial approaches lack in their synchronicity toctimeent demand from the
market. A potential solution to counteract these possible processual deficiencies is by the
introduction of Knowledge Management. This approach can be implemented on an organizational
level within firms to optimize their governingpfluences. The AEC industry has introduced
numerous (static) techniques in the past, based on traditional KM techniques, but these systems
require a lot of maintenance. These systems are also lacking in their capabilities to actively share
knowledge due a their static nature. With the fast development of research on the domain of
Building Information Domain, new opportunities raised to create knowledge management
systems.These systems can be consulted during decision making procedures as a fundtiein of t
application within the variety of both design and manufacturing processes. The development of
Building Information Modelling (BIM) contributed a lot ltecrative application of KM within the

AEC domain. This due to the fact that a BIM is basicailyffarmational database in which design
decisions have been stored as a function of a certain demand specification. This development might
reach the opportunity to extract crucial information frgomnevious projects, or shared projects on

the World Wide Webthat can be used by decision making according the a knowledge system. A
BIM can provide a very specific and unique source of information and data as it generates, manages
and captures the data created during the life cycle of a building. This principtthes the
possibilities to gather data by data mining approaches to promote KM.

The changes from an industrial driven society to a knowledge based driven society has let the
aspect of knowledge to be the foremost important resource of a company. Therefbeging
knowledge within a certain company has become more important than ever (Johannessen, Olaisen
& Olsen, 2001). This due to the assumption that a lot of administrative benefits might be achievable
on an organizational level by the right interpretati of the available information and data. The
reuse of existing organizational knowledge attained by previous experiences can reduce a lot of
time spent on problem solving, and can therefor increase the quality of work which results in a
competitive advarage on the long run (Rekveld, 2017). Therefore, managing the knowledge that
is spread around the organization is from great importance. The management of knowledge is
especially important for the companies within the AiBQustry. This due to the high amouof
engineering tasks, as these are highly knowledge and experience driven (Deveraja, 2015).
Companies should be able to leverage their knowledge in order to maintain their sustainable
competitive advantage over the competition to make their businessenpoofitable.

The fundamental definition of Knowledge management (KM) is difficult to articulate and to
guantify because due to the fact that it withholds elements of disciplines of batld and soft
siencegAbaljaber et al., 1998). It seems that théseno consensus on what KM is (Rekveld, 2017).
Research initiatd by MIT (Abaljaber et al., 1988) reveal that different articles are defining different
solutions in terms of KM. The same research, a small alteration of the definitions of Frappaolao and
Tomes (1997) is proposed, givea:Ya Aa | (22t aSad F2N) GKS [dzi2Y
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speaking, it is from great importance there is a common understandimghat knowledge is and

how this can be obtained. The upcoming sections will fundamentally demarcate where knowledge
originates from, how that it can be defined and which types of knowledge exist.

BIM data as knowledge source

Building Information Modelhg is a very promising development within the architecture,
engineering and construction (AEC) industries where numerous researchers are currently
investigating upon. With BIM technology, it becomes possible to generate a digital and accurate
virtual 3 dmensional model of a building with enriched information and data. Whenever BIM is
implemented correctly within the whole construction process, then the compgemerated

model contains precise geometry and relevant data needed to support the construction,
fabrication and procurement activities needed to realize the building (Eastman et al., 2011). The
realization phase is not the only phase where BIM technologies can be useful. BIM technologies
can also be very beneficial during the operation and mainteegrhase of the building (Davtalab

& Delgado, 2014). A useful definition of BIM was described by Campbell (2006). He defines a BIM
as an intelligent simulation of architecture that exhibits the following six key characteristics, given:
(1) Digital; (2) Sggial (3D); (3) Measurable (quantifiable, dimensairie, and quenable); (4)
Comprehensive (encapsulating and communicating design intent, building performance,
constructability, and include sequential and financial aspects of means and methods); (5)
Acessible (to the entire AEC/ owner team through an interoperable and intuitive interface); (6)
5dzNl 0f S 6dzal 0t S GKNRdIZAK Fff LKIFasSa 2F | FFOAfA

A BIM model manifests itself by building components that are enriched with information and data
that describe how they behave and are consistent and -nesiundant data (Rekveld, 2017).
Building components are modeled as objects that have a digital representations and data about
what they are. These can be related with computable graphics, data attribuéeametric rules

and descriptions on how they behave. This makes it possible to create analyses of the building and
its usage in work processes. This BIM model also contains coordinated data. Besides the BIM model,
another very important part of BIM is thiateroperability between parties of a certain project
team. This safeguards the fact that every team member is assured to have access to the latest
project data. It makes it possible to allow evengmber to have access to all the data. A cloud
based serve such as a BIMserver, is the most used technique to ensure that project data is both
shared in real time as it is accessible from different locations.

According to Rekveld (2017), it is possible to allow every member to have access to all the data,
these data need to be: real time data exchange and share in a predefined format. There are two
primary approaches for the predefined format, given: (1) use a proprietary file format and
GKSNBEF2NBE aidl e gAOGKAY 2yS a27Fi atthdfs aldsed By2zhi a  LIN.
vendor, or (2) use different vendors that can exchange data using nonproprietary file format that

is a universal supported standard. The advantage of the predefined format is that it allows for
tighter integration among productsiimultiple directions. For example, a change in one model
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results in a change in all other linked models. The recognizable disadvantage is that every team
member of the project team is forced to use the programs of the specific vendor. This could
potentially affect the investments a lot considering both licensing and training of the members.
The second approach would solve the disadvantage of the first approach but the disadvantage of
this approach is that the current universal standard, Industry foundaGesses (IFC), is not
designed to carry all relevant data.

Still, the implementation of Building Information Models (BIM) has proved to be in use by the
enhancement of the performance of AEC projects (Rekveld, 2017). Rekveld (2017) states that the
BMBad a Kl NBR (1y26¢6f SRIS NB&A2dzNOS F2NJ AVF2NXYIGAZ2Y
decisions during its lifeycle; defined as existing from earliest conception to demdditon L i KI a
contributed to the improvement by the communication of the dgs between various
stakeholders, by enabling the identification of clashes ahead of time, by enabling the simulation of

the construction sequence, and by the improvemen of the communication between various craft
subcontractors and the general contract@dgshpande, Azhar & Amireddy, 2014). According to
Rekveld (2017), building information models are inherently parametric,-detta object based
representations of the facility being designed and constructed. Thereby, building information
models can be botleonceptualized as centralized, interconnected data stores which can contain
design and fundamental construction information about the various disciplines involved within a
certain construction project. Rekveld (2017) further states that this centraliretiategrated

nature of the design information can potentially provide a very context rich platform for the
capture, storage and dissemination of the knowledge generated during the design and construction
processes.

One of the principle requirements of an effective knowledge management system is its ability in
communicating and capturing knowledge effectively across various phases of a construction
project (Dave and Koskela, 2009). BIM models are uniquely qualifeelresvliedge source due to

the fact that BIM models can be used over the whole span of the construction project and even
evolve and are able to capture the knowledge as soon as the knowledge is created (Deshpande,
Azhar & Amireddy, 2014). Although BIM retelare qualified as great knowledge sources, the
knowledge within these models is not explicit. Therefore BIM models can be seen as sources of
embedded knowledge (Rekveld, 2017). Embedded knowledge is knowledge that is locked in
processes, products or afacts according to Argote & Ingram (2000). Even though embedded
knowledge can have an explicit form, such as BIM models, the knowledge itself is not explicit, the
implications of the embedded knowledge are not immediately clear. (Gable & Blackwell, 2001).
Rekveld elaborates upon this fact by stating that the knowledge itself has to be made explicit and
usable to be able to use the embedded knowledge as a source for knowledge management. To
promote this, big data techniques will be introduced. The definitd big data and the associated
techniques will be explained in the upcoming sections.
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3.3.1 From daato knowledge

A good understanding of the concept of knowledge and knowledge taxonomies is important due
to the fact that theoretical developments in tHeeld of KM are affected by the distinction among

the different types of knowledge (Alavi & Leidnet, 2011). The fundamental concepts of data,
information and knowledge are closely related (Kock et al. 1997), and it is commonly known that
knowledge has a gher level than information, and information has a higher level than data (Tuomi
1999). According to Rekveld (2017), data can be defined as symbols that represent the properties

and attributes of objects and events without any added interpretation of aiglyData simply exist

and has no significance beyond its own existence and they can exist in any form, usable or not.
They do not have meaning thfeir selves (Ackoff, 1989; Ackoff, 1999). According to Davenport and

Prusak (2000y Rl G I | NB Sl SZS202BORAPENIFI Oda | o02dzi SOSy
2N AYGSNIINBGF GA2Yy | YR yData arezsyitdctic grititees £hd pattednd & 2 T
without meaning, and exist in usable or nagable forms without significance beyond thewn

exigence (Aadmodt and Nygard, 1995; Bellinger et al. 2004). Uriarte (2008) stakes, (i I K| @&
YSIYAYy3IFdzZ f NBfIFGA2Y G2 lyedKAy3a StaSz aiyo
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On the other hand, information is assumed to be data that have been given meaningans rof
relational connection. This enrichment can be very usefull; but it not mandatory to be so.
Information can be explained as structured data with meanings, which is generated from the
interpretation process of data (Aamond, Nygard., 1995). Ackofd@L@efined information as
GRIFEGE GKIFIG FNB LINROS&Z&SR G2 0SS dzaS¥TdzZ = LINROJAR
j dzS & (i Xh2 {Asi defimition to be given is that on knowledge. Here, knowledge can be assumed
to berefined information(Rekveld2017). Rekveld (2017) states thawdkvledge is the appropriate
collection of information, in such way that its intention is to be useful. Knowledge is a deterministic
processaccording to Rekveld (2017). When someone is memoriafiogmation, then they hae
amassed knowledge. This knowledge hasmainuseful meaning to them, but it does not provide

for, in and of itself, an integration such as when it would infer further knowledge (Ack&®;19
Aamond and Nygard, 1999)ata are a carrier and storagd imformation and knowledgelong

with a media for information exchange and knowledge transfer (Kock et ar)1R8ck et al. (1997)
statesthat information is descriptive and related to the past and the present, while knowledge can
be used to predicthe future within a certain rangeThe role of knowledge is to facilitate the
processes of transforming data into information through data interpretation, deriving new
information from existing through elaboration, and acquiring new knowledge through learning
(Aamodt and Nygard 1995)

Tacit and explicit knowledge

The knowledge as captured within organizations can be identified by means of two dimensions,
given: tacit and explicit (Nonaka, 1994). Nonaka (1994) states that tacit knowledge is rooted in
action, exerience, and involvement in a specific context. Here, the cognitive element is referring

G2 Iy AYRA@GARdzZ f Qad YSydalt Y2RSt O2yaradiay3a 27
According to Rekveld 2017, the technical component consists of corkmets-how, crafts and

skills that apply to a specific contelrozzali & Viale 2015 state thatcit knowledge consists of
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professional expertise, individual, insight, exience, and creative solutiond.nnarkar and Brown

(1998) proposghata G 1Q/A206 f SRAS Aa GKIFIG 6KAOK A& MowelL) ASR
specific,knowledge can be tacit not becausae is unable to articulate ihut because it has not
beencapturedyet. This perspective is vengeful according to Rekveld (208causat suggests

that some tacit knowledge may be more valuable when made explicit than other. The goal of
knowledge management would not be to explicate all tacit knowledge rather to assess first

the existing tacit knowledge and determine that which Has most value before trying to make it
explicit(Rekveld, 2017)

Theclass okxplicit knowledge is articulated, codified and communicated in symbolic form and/or
natural languageRekveld (2017) states thatast explicit knowledge exists in forms othmical or
academic documentssuch asmanuals, mathematical expressions, copyright and patents. This
QO I ¥EBFGIQQ 2NJ a28aidSYIFHGAO (y2¢6ftSR3IS Aa NBIFRATE®
documents, electror methods and other formal way®n the otherhand, eplicit knowledge is
technical and requires a level of academic knowledge or understanding that is gained through
formal education Explicit knowledge isodified, stored in a hierarchy of databases and is accessed
with high quality, reliable, fasinformation retrieval systemsWhenever codified, explicit
knowledge assets can be reused to solve many similar types of problems or connect people with
valuable, reusable knowledge (Smith, 2008 yeason for companies not to invest in KM is due to
the fact that $raring processes often require major monetary investments in the infrastructure
needed to support and fund information techlogy (Hansen et al., 1999).

Knowledge conversion and creation

Aside from the tacHexplicit distinction of knowledgerather distinction between dimensions of
knowledge was identified by Nonaka (1994) (Rekveld 2015). The dimensions individual and
collective (or social) knowledge, in combination with the t&oiplicit dimension, can be used to
distinguish different kindef knowledge conversion andeaion (Rekveld 2017 Nonaka (1991)
dimensioned four types of knowledge conversion on the SECI (Socialization, Externalization,
Combination and Internalization) model. These four fundamental types are socialization,
SEGSNYLFEATIGARZ2Y S O2YoAylLdAzy FYR AYyGSNYyIlL AT LG
AYRAGARdzZEE GFOAG (y26fSR3IS (G2 3IANRdzLI GFOAG (y2¢
YFRS SELX AOAGDP ¢K 028 LIS wG2phch kngwedge 2oysgsterdatic O2 y ¢
SELX AOAG (1y26ftSR3 GKSNBoe WAYOIGSNYyItATIFGAZ2YQ
knowledge.

S
S

_ To tactic knowledge | To explicit knowledge

From tacit knowledge Socialization Externalization
From explicit knowledge Internalization Combination

Table 4 SECI model of knowledge conversion (Rekveld, 2017).
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Goal of knowledge management

Within the previous sections, knowledge and knowledge management have been discussed. There
has been defined what knowledge and knowledge managementraidram what importance it

is. Stil, the actual goal of knowledge management is, has not been covered yet. The fundamental
goal of knowledge management (KM) is to connect knowledge providers and knowledge seekers
to provide value creation and create susiable competitive advantage (Abaljaber et al., 1998;
Alavi & Leidner, 2001). According to Rekveld (2017), Sustainable competitive advantages can be
achieved through resources that are valuable, rare and imperfectly imitable. Here, the resources
can be prperty-based or knowledge based. Property based resources are legally controlled by a
specific firm where knowledge based assets are protected because they are often subtle or difficult
to understand or copied by outside observers.

In a study executed Hyavenport, De Long and Beers (1997) four business objectives that fulfil the
goal of KM are identified, namely: (1) To capture knowledge; (2) To improve knowledge access; (3)
To enhance the knowledge environment; (4) To manage knowledge as an asset.

Capuring knowledge can be done by the creation of KM repositories. These archives consist of
structured documents with knowledge embedded within them, stored in a way that they may be
easily retrieved by queries. According to Rekveld (2017), much bettersattc&aowledge can be
facilitated by improving the processes of knowledge transfer between individuals and between
organizations.Transfer and use of an enhanced knowledge environment can be achigyed
proactively facilitating and rewarding knowledge diea. Knowledge should also be managed as
anasset. Thigan be achieved imarious ways. On one handyrae companiegouldinclude their
intellectual capital in the balance shesthile on the other hanather companiedeverage their
knowledge assets tgenerate new income or reduce costénowledge can be part of a certain
business means by means of various application within a certain firm.

3.3.2 Conclusion

This part of thditerature reviewhas been conductetb measure how knowledge management
can counteract to the translation and specification of ambiguous client specific requirements
Experiences from the past seem to tWegreat importance to translate data into information, and
information into knowledge. However, the difference between tacidaxplicit knowledgds
crucial within this procedureT he field experts within the AE@ustry are withholding a lot of tacit
knowledge. Their knowledge is captured within their minds and are not made explicit. Explicit
knowledge implies fundamentally &b the knowledge is captured by mesaof certain techniques
that isaccessibléy human. Explicit knowledge could bridgeethnknownto the known. Generic
theorems are known to be captured in literature and other sources. However, the specific
knowledge ofpecialists within the AEGdustry are often not captured by naas of standards and
semantics This makes it hard to use such knowledgkisimplies partlythe tradition of intuitive
decision makingClients are often unaware how decisions are made iprevand during the design
stagesWheneveiljustifications fordecisions are asked, experts tend to reconstruct their procedure
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rather than deliver the exact procedurdsowever, there must be mentioned that the introduction
of BIM and particular tools shcas relational databases and common work environments are
gradually contributing to solve this problem area.

The rise ofelectronic relational databases seesnto contribute to the storage ofdata and
information on projects as a function of timelhis promotes thdraceability and justification of
procedures due to the translation and specification of client specific requirements, especially when
a systems engineering approach is introduced to structure these proceddwesever, the content

of these databases ften static. The content can be consulted foanualqueries, but are often

not enriched with the right knowledge for decision making. The formal notations within these
databases areinsufficient. Tis impliesthe linguistic chunksof text which are not easily
transformable intodecision variabledor decision making. The approaches, such as systems
engineering, that are used within relational databases design these environments are
fundamentallystructured. However, the information wine this approach consistof does not
containsemantics. Senmdics as in standards within itsata. Thismight berequired to findlaws
during data analysis which is requirealachieve semanticAssuminga sentence to be a token,
then we would find a variety of formats on how these are formulasetitences are structured
currently. There is no structueway in which linguistic descriptions are formalized, which make it
hard to use this information for damation purposes.

Theunstructured content of such relational databases miighply the urgel need for a knowledge
system in which design decisions are captured electronibglijneans of a formal notatiorfhis
explicit knowledge cathen beconsultedfor support by a variety of processes within the dgsi
process. Thigspecially for the translation and specification of client specific requirenmeisous

to the early design stagesSuch knowledge systentan be introduced prior to the systems
engineering process. The implementation of such systems could promote user client interaction,
especially under a scarcity of information where clients are known to be unprofessional. Here,
unprofessional implies the unfamiliarity of the client to specify hisdseas specific as possible.

is ofgreat importance during these iterative processes to support clients given the fact that they
are unfamiliar with the business and design processes within theikiStry. Misinterpretations

due to ambiguous client ggific requirementgan reflecton wrong design decisions. Harmonizing
GKS Of ASyiqQa ySSRa | yR  KgcoftlitohiSatdiabsimpioysiseensd 02 NR
to becrucial during these stageSonsulting knowledggtherefore,by means of certain damated
knowledgesystems can be ofgreat importance during these stagés provide trust, exploit
business processeand safeguard product performances
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3.4 Natural language constraints

3.4.1 Constraints within engineering
According to Niemeijer (2011%he majority of constraints in the building industry are specified
using a natural language, such as Dutch or English. Exaaiplesseinclude building codes and
requirementsthat are included it KS Of A $hgré &émadyNmeS thabmust be olexyby
the design for a certain consumer product (Halman et al. 2008). According to Niemeijer 2011, on
one hand smeof these rules aréerived from human morphologya phone must be small enough
to fit in your hand However, on the other handpme of these rules will be marketingpased;a
maximum cost requirementYet another sourcevherefrom design rules originate are laws and
regulations;the safety requirements on caf®Niemeijer, 201} All these rules arexpressed by
means ofconstraints that the fial design must satisiy order to link the demand to expectations
These constraints can be formulated by means of ranges in which design decisions need to be
taken. Constraints dictate certain bandwidths in which design decisions needs to be takearin ord
G2 aldArate (cksntl]theRiggivieiher @iDBHese dules have been satisfied is, in
most casesexecutedmanually (Niemeijer, 201} This is very laboumtensive given the large
amountand varietyof existingrules Developinga way to automate this checkingrocedurewould
immensely benefit this procesklowever, hiscould possibly implyhat it is required thatouilding
regulationsneed to be formalized in an objective manner so that they can be verified by a
computer. Accordingto Niemeijer (2011)a large subclass of all building regidas can be
formalized, butthere are still some cruciaf EOSLIi A2y ad wS3IdzA | §A2ya & dzC
quality of the addition mustorrespond tol K & 2 F (0 KS & dzNNZP dzpjeckivg 3 06 dzA f
AYOSNLIINBGF GA2Yy S lisian ldefM&dl keimi dES ihdzbohdepefgr daltethhical £
guality or the aesthetics?The Dutch institute, Concepten Bibliotheek Nederland, has contributed
since early 2011 to define a lot of these cepts (CB\L, 2014). Still, #re is no single accepted
conceptand thus the rule cannot be formalizedlhe CB\L is striving for glory but still a lot of
concepts are missing which make this ontology notlesén reality. Tiere needs to be mentioned
that this will evolve as a function of timelowever, the computewill be ableto check a sizeable
amount, if not the majoritypf the regulatims, removing the need for peopte worry about the
trivially checked rules and giving them more time to focugjoestions ofaesthetics (Niemeijer,
2011). Therefor we assumed thatesign rules that can be formalized will be referred to as
constraints (de Vries et al. 2000). The word constraint has many different definitiotre in
numerous fields of engineering. In tis thesis howeverfi KS RS T A y A (iCorstyaintIA Sy
specification in architecture Niémeijer, 201)is usedoa CSP [Constraint Satisfaction Problem] is
a problem composed of a finite set of variables, each of which is associated with a finite domain,
and a set of constraints that restricts the values thelvarit Sa O y & A Y Gzinstrhinf S 2 dz& £
satisfaction is the process of arriving at a design solution that satisfies all of the constraints
(Dohmen 1995)

Designing products under a set of constraints, with the purpose to optimize the product
performance, is a challenge by engineering in general. The intention to program products by means
of automation under a set of constraints is addressed numerous relseAncording to Niemeijer

60



(2011), many industries are using several methods and techniques to automate design verification.
In electrical engineering, for instance, many steps of the design process are partly or fully
automated, including placement, rouinand power optimization. In the field of software
engineering there are several ways of applying constraints to a unit of code, among which static
typing, unit testing and code contracts. They mostly have the same botluse a different
methodologies ad techniques All three mentionedapproachesan be seen ag way to handle
constraints. They formalize the criteria that the code should satisfg aan be checked
automaticallythus preventing the programmer from makiegrtaintypes of mistakes. In lat of
respects, mechanical engineering is similar to building design. In both disciplines; three
dimensional objects are designed that have to obey a series of constraints. Despite the similarities,
there are also clear differences between the two. Medltahengineering has a much stronger
tradition of storing design semantically rather than only as the resulting geometry. There are
severaj oftencomplementaryavenues of research in this field such as parameterized solid model
ling, feature based modéhg, componentbased or modular design, and constrabaseddesign
(Niemeijer, 201} These will not be discussed in depth due to the demarcation of this research.

Constraints within AE@hdustry

Given the fact that construction projects within the AEC industry are getting more complicated,
due to their technical complexity as a result of the high-gedined set of requirements, the D&E

are more apt to develop strategies which are profitable ttegrate these aims as effective and
efficient within the requested product. These requirements are basically the results of the demand
that the ordering parties have which can be formulated as the boundaries of restrictions in which
they desire their prodat to be developed in. These boundaries of restrictions form the ranges of
possibilities in which the D&E can move in order to program and design the corresponding product.

To manage design requirements, therefore, the following conditions must be fjatd@nitoring

to ensure that a design solution satisfies the requirements and (2) updating of the requirements
when project information that affects those requirements chanf@€m, Kim, Cha, & Fisher, 2015)

Within this researl project, we assume that the product requirememtgolvein a set constraints

that need to be satisfied. According to Niemeijer (201thg building industry and more
specifcally, the architecture domairhas seen little adoption of constraints, at least not in the
sense that they are (fully) automatically checked in comparison to other industries. Naturally,
building designs have to comply with a multitude of constraints, such as building codes and
functioy £ YR GSOKYAOIf NBIdZANBYSyida GKIFIG F2tt26
manual process in most cases.

Only in the past @ years have constraints started to get some traction. A few example projects in
which constraints are used&dS Y W5 A 3 {Léetwien, Seg8siiidh SENIBWit, 2004)ereas legal
O2Yy &GN Aylda IINBE dzaSR F2NJ 0KS RSaA3dy | y{\Wix, LISNI A
Nistbet, & Liebtich, 200&hat checks if the building models are in harmony with building codes
(Niemeijer, 201). Recently prototypical model view checkers, for model instance validation of
Industry Foundation Classes (IFC) mo@étang, Beetz, & Weise, 201B6ave been developed by
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use of constraintsThe architecture, engineering and construction industry are exposed to several
types of constraints. According to Niemeijer (2011), architectural constraints can be subdivided
into many different types baseadn the topic of the constraint. Some of the more common types
are (Niemeijer,2011):

Geometrical constraint€€onstraints on dimensions;g.the width of a certain door

Structural constraintsConstraints regarding the strength of elemenésg. loadbearing

capacity of a material

1 Building physics constraint€onstraints about the climate of a buildirggg.the required
humidity in a room

1 Material science constraintsConstraints in regard to the properties of materiaésg.
porosity of a material

1 Financial constraint€onstraints on the cost of parts of a design or the design as a whole;
e.g.the budget

1 Aesthetic constraintsConstraints intended to achieve a certain lpelg. the corresponding

amenity

T
)l

According toNiemeijer (2011), three types of constraints can be identified. The first type are the
guantitative constraints (e.g. the height of the wall must be less than 3 m). The second type are the
gualitative constraints (e.g. windows cannot overlap). The thip&tyybrid constraints, combines
elements of both. In this research the (fuzzy) hybrid constsagmée the main focus for study.

3.4.2 Methods of using constraints
There are several ways to interpret constraints. According to Niemeijer 2011 there are two ways
of dealing with constraints, depeliing on who creates the desigtie user or the computerBoth
approaches result in a design that satisfies the constrastiisthey have differenproperties and
attributes and havedifferent application domains. Thedt way to use constraints is by means of
constraint solvingThe brief description of an example by use of this method is taking the constraint
asan input and trying to find a design that satisfies thdkelleners 1999; Eggink et al. 2001,
Belbidia, Alg, 2003; Bohme, Cardenas, 2006; Donath and Bohme 20®i#d second wajo
practice constraints is tproducea certain design and check afterwards whetliee design meets
all the constraints, and adjust the design there where neceg®digmeijer, 2011 This particular
method is callecconstraint checkingAn automated constraint checking system will only be able
to check constraints that can be computed. This requires that constraints aredecitiableand
computable(Davis, 1985; Sipser 199®)ecidaility means that the function cabe evaluated in
finite time. The onstrants within the AE@nhdustrytypically fall in one of two categories in terms
of computability:ithey eitherare simple guidelines or rules of thurttiat can be quickly calculated:;
or they require a computationally intensive numerical simulatihiemeijer, 201}

3.4.3 Constraint entry

Within the AEC domain, designen® the ones whavill be entering the majority of atstraints on
a dayto-day basis. This group can also be classhiesheans ofgradientsto express the division
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of experience and knowledge within thgroup. However, given this assumptiadhe Graphical
User Interface (GUI) should be designed with this particular groupribgiirementsin mind. The
goalis thereforeto find a method of constraintr@ry that is easy for this group to work with. Myers

et al. 2006 states the following alternatives on this query which will further within the upcoming
sections.

Synthetic languagéased constraint entry

The first possibilitys to use a certain formal language in the form of a programming language. This
can be seen as a natural choice according to Niemeijer (2011) because the amount of expressive
power required of the constraint system is similar to that of a (simple) prograg language and
because programming languages are commonly used to express rules in many different domains.
The main advantage of this option is that the implementation is relatiealyy In addition he

states, it is likely that at least a majority df eonstraints can be formalized using a programming
language, based on the use of programming languages to encode constraints in other industries.
Niemeijer (2011) also states that the main disadvantage of this option is that programming
languages are vgrformal and require a great attention to detail in order to correctly express
oneself, which a lot of designers will likely not be used to. Besides from the precision required,
there is the additional issue that many programming languages have a syraawithnot be
familiar to nonprogrammersNiemeijer (2011klaborates upon thistatementsby the following
SEFYLX SY Ay W@l (KS GNIXyatlridAzy 2F GKS O2yail
0SUBSSY ™ Ityesultin thevf@lowlidgasd

if (wall. material == materials.Brick) {
for(window : wall.windows)
assert(window.height >= 1 &&
window.height <= 2); }

This piece of sample code reveals a few examples of syntax that differs from natural languages,
such as curly braces to define scope and the use of && instead qiNaacheijer, 201} Someof

these issues could be solved by using an Application Progragnimierface (API) or a Domain
Specific Language (DSL) targeted at defining architectural constraints (Spinellis, 1999). This could
possibly reduce the amount of unfamiliar syntax the designer has to deal with. Given the previous
example of the sample codthe constraint then might be expressed as something along the lines

of:

window.height between 1 and 2 for window in windows of wall if wall made of brick.

A decent example of a DSL that focusses on the reduction of unfamiliar syntax, to a point of
representing it like it is written in English is the Inform 7 programming language (Niemeijer, 2011).
It is a programming language specifically designed for creating textual adventure games. A short
extract of some sample code (Short 2011):
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containing every kind of contract that can be made to bind every kind of soul. A hole in the floor
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This code sample defines a room into two objects that are positioned in that room, and gives those
20280048 RSaONARLIiA2ya FyR aéyz2yeévyaszr az GKFG T2
produce the description of the books rather than providing an emessage that the meaning of

the word shelve are unknown (Niemeijer, 2011).

Natural languagebased constraint entry

Natural Language Processing (NLP) takes the concept of removing unfamiliar syntax to a new level.
This due to the fact that it allows thadesigner to enter the constraints in a natural language, such

as English. This is very different, from a technical standpoint, in comparison to programming
languages and DSLs. NLP discards the requirement for training on the part of the designer, since he
or she can use the language where he or she is familiar with. However, it increases the difficulty of
the implementation significantly, as natural languages are far harder to interpret by machines than
programming languages. This problem occurs sincerabliznguages have not been designed with
automation byinterpretation in mind.Using the previously defined constraint agawe could
express it in any of the following, and a multitude of othegys(Niemeijer, 2011)

- The height of windows in brick Ws must be between 1 and 2 m

- Windows in walls made of brick must be between 1 and 2 m high

- The height of any window irick wall must be higher than or equal to 1 m and lower than
orequalto2m

According to Niemeijer (2011), the first and foremdgficulty in interpreting natural language is
the presence of ambiguity. The exact meaning of words can depend on the context, unlike
programming languages. Thereby, there are different types of ambiguity (Hutchins 1992), given:

Category ambiguity

This pompts by ambiguity regarding the grammatical category (noun, verb, etc.) of a word. This
canbegrounded b, 2 NJ Ayaidl yOS> (GKS dzaS 2F GUKS g2NR aSsSi
2y UKS GlFrofSé¢x a¢KSe FFNBX LINL 2F F OSNIFAy asi

Homography

This type of ambiguity can be described by two words that contain the same spelling which are
having a different meaning. Interpret, for instance, the following sentenidsr ear was infected
anddShe ate an ear of com.
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Transfer ambiguiy
This case of ambiguity goes fdret same wordhat are having different meanings in different
fly3dzZZ 3Sad / 2YLI NB F2MNEAYYR WwOS OKI Kl Balki GRING f

Structural ambiguity

This type of ambiguity can be described g sentence having multiple different interpretations.

Given, br examplethe following sentencedlyinghelicopterscan be dangerogscan mean both

GLG OlyYy 0SS FRelicypB&ENEP dfafcopt@rss KA ®OK | NE FfeAy3a OFy o8

Accordingto Niemeijer (2011), ambiguities can be resolved by means of different methods and
techniques, such as context and reabrld knowledge. However, these remain hard to simulate.
Supporting natural language input can be made way more feasible by restieetitagn languag

constructs, such as metaphoidiemeijer states the following general rule;¢ KS Y2 NB T2 NX |
ALISOATFTAO (GKS fFy3da 3S dzaSRY GKS SHaASNI AG Aa 7T

Visual constraint entry

The three categories (programmitgnguage, DSL, natural language) as mentioned according to
bASYSAS2SNAR 62N] 4G/ 2yaidNIAyd aLISOATFAOFGAZ2Y Ay |
different types of textbased constraint entry. However, this is not the only possible method since

it is also possible to use a graphical interface (Niemeijer, 2011). One way of doing this by means of

this technique is to represent the constraints as trees, mirroring their internal structure (Myers

1990). Examples of this technique include ConMan (Hdeer mdy y 0 X aAONRA&2
Programming Language (a programming language for a virtual robotics environment) (Microsoft
2011) and Yahoo Pipes (Yahoo! 2011), which is a manner to customize RSS feeds.

This particular approach has the advantage over-teagted constraint entry (Niemeijer, 2011). This
due to the fact that the capability of such system is exposed to the user, given the fact that all the
blocks that are available for use are listed in front of him of her. It is way harder to predict whether
a e@rtain expression will be supported or not by use of ad4ex$ed system (Niemeijer, 2011). The
downside of this technique is the readability, especially with more complex trees available the
function of the constraint will not be immediately that natufadliemeijer, 2011). Another method

that can be used to solve this issue is a hybrid between the tree structure and natural language
solutions (Niemeijer2011). According to Niemeijer, here, the principle is to construct natural
language sentences from bk& An approach similar to this is used in Lego Mindstorms NXT
(National Instruments 2011), an environment for programming Lego robots.

Anl f SN GA2y 2y GKAa YSUK2R A& (2 dzaS | o5 @Aad
[V .9 Iy 3 delarid Kdplam1891)2However, the practical use of this seems very limited,

as it is not easy to quickly see the meaning of a rule (Niemeijer, 2011). Thereby, it complicates
interaction with the constraint since a 3D environment requires orbiting as wgetlaaning and

occlusion may prevent the entire constraint from being visible at once (Niemeijer, 2011).
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3.4.4 Conclusion
Thispart of the review of literature has been conducted to allocate the research problenal
development objectivés)as a function of automatiarClient specific requirements ataown to
be formalized and answered whenever their corresponding specifications satisfy the specific need.
This implies that specifications are constraining theecision bandwidth of the D&E.
The challengeprior to the early design stages oféquirement engineering is mostly related to
constraint solving rather than constraint checking. During these stages, solutionscaliecdto
solve and therefore satisfyhe Of A Seéd @ fater stagesiuring verification ad validation of
requirements forthe variety of object levels, requirements are rather checked than solved. This is
a \ery crucial difference in principlélsat will be accommodated within the prototypical system its
functionality.

Requirements can constraint several aspects, depending on its domain of application. Within the
AECGdomain however, constraints are most likely to be categorized in linguistics, legal,
geometrical, structural, building physical, material technical, firln@nd aesthetical aspects.
These aspects can all contain numerical and-nomerical specifications within their properties
and attributes. The process to distill a sgeation fora linguistic description seems to be very
error prone, especially inases where D&E are unfamiliar with the type of linguistic descriptions.
This due to the fact that requirements are not always stated by means of numerical expressions,
but rather as linguistic constraints where numerical specifications need to be derowadfaving

a system in which former translatiqgrocedures have been stored,iwhat can be consulted for
gueries, might be a very useful techniguwe reduce errors during thesprocesses This could
reduce or even discard the categorical, homographyndfar and structural ambiguity by
interpreting such requirements that contain linguistienstraints. Naturablnguage is not designed
with automation inmind. Thiscontributes to the 3! layer of ambiguity. This®Blayer of ambiguity
occurs by feedinthe computers with natural language constraints.

The variety of technigues to process natural language are often very complex from nature and
labor intensive. This is especially the case for domain relaeguagewvhere few or insufficient
libraries are degloped for.Machinelearning can therefore be a challenging jgiven the fact that
certain libraries need to be built up from scratdfinere were librariegexist, formats, standards,

and semanticoften need to berevised andsynchronizedThis can bdaborious and therefore
expensive in practice. For the development objectives of this research initiative, there has been
OK2aSy GAIdaXSFaWwKINGKKSNI GKIFIYy Wyl GdzNI € £ y3dz 3S
naturallanguagedue to the sake dbrevity and experimental nature of this development attempt.

In this attempt, words, definitions, classes, and specifications are tokenized. This is the
fundamental hierarchical data structure where the sentences (client speegigrementg will be
disscted with. This is also closely related to the formal notation that will be developed later on to
fill, enrich and store data and information within the prototypical system its database as a function
of knowledge gathering.
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4 In-house practices

4.1 Motivation

The goal of this research initiative is to investigate the design prodleescurrent practice of
requirement interpretation and translations into product specificatioaad the possibilities to
introduce automation for the translation of nefunctional client requirements into product
specifications. The fundamental goal bf4 initiative is to improve this specific process prior and
during theearlydesign process. To achieve thisshiles the review of literature, a review of current
practices in thedesign process is required. This approach could possibly identify automation as a
pragmatic mean within the design process. Therefore, review on the current in house practices is
initiated and executed to create a practical environment. This review dmirse practices is
initiated and executed in collaboration witeveral field expertsSeveral interviews are held with
field experts to demarcate an accurate repratdion of the current translation procedure3his

is done to link and confirm the knowdge of the design and verification process in practice. This
approach brings this research closer to the origin where problems are occuamagwhere
scenarioxan be defined to introduce automation. The interviews are short from nature, and are
structured according the demarcation of this research initiative

4.2 Interview

Within this chapter, the research questions will be included as part of this qualitative research. The
obtained knowledge from the interviews are used to address the actualtsityaalorg with the
problemsthat the experts arecoping with during the translatioof nonfunctional requirements

into product specificationsn early design stages. This research focuses on elements from the

Of ASyiQa oNARSTFAY3I &ail 3Snonfuadiional reduireRedtd ard Yeinga G | 3 S
interpreted and translated into product specifications. The goal for the interview per research
guestion, and sub questions, will now be discussed.

1) What client specification procedures are there in use withhe design processand how
does Systems Engineering support these procedtires

2) Whatvariety ofclientrequirement typesare known within the design procesand which
of thesecarry riskin terms of nonconformity?

3) Whatis the current practicén the AEC indusry for translatingclient specificrequirements
into product specification, and how deerificationprocedures safeguard the8e

4) What can automation, forttranslating client requirements into product specifications,
contribute to the design process?

5) What ae the current techniques within the AEl®main, by means of automation, to
translate product requirements ia product specifications?

6) Is it possible to develop a method that translates and st@i@gsical, functional, andon-
functional requirements int@roduct specifications by means of automation?
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1) What client specification procedures are there in use within the design process, and how does
Systems Engineering support these procedures?

There are two parts which will be reviewed upon, given: the glegrocesswhere the non
functionalrequirements will be translatednd systems engineering within tEGndudry. The
current procedures in regards the integration of client specific requirements will be analyzed as
a function of the design process. The defaults and failundsch most often occur during the
designprocess and Systems engineerprgcess, are discussed upon in the interviews to meas
what types of issue are actually occurring. The required adjustments for primepesvement are
also treated. Me fundamentalpreconditions and systemequirements are also treatedfor
(evolutionary) prototypingThe goals are:

- ldentification of theproblemsand their origins thabccur during the interpretation and
translation ofrequirements into product specifications the earlydesign phasg

- ldentification ofthe problems that are occumg prior and duringthe implementation of
systems engineang prior and duringhe designprocess

2) What variety of client requirement types are known within the design process, and which of
these carry risk in terms of nogonformity?

The goals related to this research question are to discover and capture what kind of requirements
are known, how thesean be categorizecand how a requirement is structuredo improve the
process of working with requirementshe problems with verificabn of requirements are also
treated. The goals are:

- Explorehow client specific requirements are structured;

- Explore, categorize and captutbe different kinds ofclient specificrequirements in
construction projects;

- Define which type of requirements provoking the most problemsf interpretation and
translation procedures into product specificatigns

3) What is the current practice in the AEC industry for translating client specific requirements into
product specification, and how do verification pcedures safeguard these?

The total process akequirement interpretation, translation anderification needs to be outlined
in orderto analyze where the use of automation can come in to practices@weerall processes
are therefore required to be evahted upon. Here, the essentials for a good verification process
will be discussed to identify theonditionsof good verification within a design process. The relation
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with the design process @arefully investigated. Theequirements of which theverifications that
are known to be the hardestnd most risk full will also be treate@he goals are:

- ldentification of thetypes of errorsthat are occurringand where they originate fro;
- ldentification of key elements for a proper verification;
- Relde the design process to the verification process;

4) What can automation, for translating client requirements into product specifications,
contribute to the design process?

The implicationsfor automation withininterpretation andthe translationduring early design
procesesneedsto be observed. This would make it possible to set pecby means of system
requirements, for prototypingThis development process will be treated within tiext part of the
research. These preconditions are discusseetiogr with thepros and con®f automating trese
proceduresThe goals are:

- ldentification of the improvements required within the design processrior the
introduction of automation;

- Definition of the pros and consof automated requirementtranslation into product
specifications;

- Definition ofthe preconditions for the automation of translation procedures;

5) What are the current techniques within the AEd®main, by means of automation, to translate
product requirements into producspecifications?

6) Is it possible to develop a method that translates and stores physical, functional, and-non
functional requirements into product specifications by means of automation to develop a certain
(semi) automated system?

Here, a brief explorabin towards the use of information systems in relation to natural language
processing and constraint specification is executed. The experiences from the past along with the
actual approach by processing natural language and constraints, as obtained froendiem
specifications, are addressed and treated within these questibhe.goals are:

- ldentification ofthe actual methods and techniques interpret, convert, and capture
AYVF2NXYEFGA2Y FYR RIEGEF & 20GFAYySR FNRY GKS

- ldentification ofthe trials and problems of these initiatives to explore thet K S 1j dzA O
g A yiar system development
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4.3 Definition ofsubjecs

The goals fothe previous interview questions can be classified to 3 subthemes. These subthemes
are the design procesknowledgemanagementandnatural language constraints in Architecture,
Engineering andonstruction The goal er subject will now be treated:

Design procesand Knowledge Management

The design process and knowledge management will firstly be analjmstment ofthis subject

could provide fundamental insight in the current practlmgtranslating client requirements into
product specifications. Thisould determinewhere the biggest problemare originating from
Procedures in relation to communication, file amdormation exchanges are closely observed.
How data, information and knowledge is processes and captured, by means of the variety of
techniques, is also questioned updn.this way a clear insight can beagin what sense mistakes
occur. This gives atsthe opportunity to measure the synchronicityetween the domains of
Building Information Management and Systenngjieering irregards to the design process.

Natural language constraints within the AB@Qustry

This subject positions requiremetranslaion procedures in relation to constraints specification.
This could identify the variety of methods and techniques that are used in practice for translating
non-functional requirements into desigeonstraints The current practice and use of information
systems, expert systems, and knowledge based system will be discussed. From here on, the
fundamentalsystemrequirements in relation to software development can be treated.

4.4 Interviewresults

The interviewsasheld, functioned as a research instrument additionally to tiberature review.

The literature review was introduced to measure how science is covering this research problem,
and the interviews were held to measure thensa problem(s)in practice. keld experts with
different backgrounds have been interviewethe interviewees workt certain departments of
Systems Engineering & BIM, and fulfil the roles as principle systems engineer; systerasrargy
program manager; anderification and validation manag.

The goal of this interviewwasto measure how the design process can be improved by looking into
the process of design and verification to observe how the information flows are treated within this
process.The observations obtained from this processuld address and position the use of a
(semi)automated system as a function of the translation proceddriae.combination of the types

of interviewees boadened the scope and created tpessibilities to address the research scope.
The interviews were hdlin a semi structures way. Initially, there were guidelinegugfstions that
were followed . However, the interaction during these interviews provided opportunities to deviate
from these questions to obtain more specific information and examples. Thexefab questions
were created during the interviews in regards to the main interview questions.

The interviews have been recorded and transcribed for analysis per research question, this made
it possible to draw conclusions per answer of a respondent. These conclusions hawapeead
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and have been reflected between the answers of the differespmdents. The conclusions per
guestion have been evaluatagon. Finally, the conclusions per question are merged atotal
conclusion per subject. This chapter ends by sharing the observed findings by means of answers on
the initial research questions

4.4.1 Design process
The introduction and use of integrated contradmplicatesevidence of product performance.
Proving the product performance is gfeat importance. The information which provides the
specific type of proof is required to be valid and consistent. The respondents pointed out that the
main problem in the design process can be found during the information strelamsg client
specification pocedures There are a few information streams which are identified. The first
category is thecustomer requirements informatiorihat is crucial. This is found as the stream
where the translation is made from customer requiremi® to preconditions for degn. Creating
the information on design solutions implies answering the customer requirements. The right
interpretation and understanding of the client specific requirements are essential in order to
achieve the product performance and functioning as tHeent desires. The parts where
requirements are applying to need to be clarified. This approach on regulating information streams
provides the opportunity to structure information in ordey allocatethis to a part of a designh&
definition on which péds of the product specific requirements apply dictates where the answer
should be given

Allocation of the requirements is required in order to link the specific need to a specific part of the
design. Here, a problem arises given the urged need for ammydesign before allocation can be
executed. It is very difficult to come up with a proper system design in early design stages,
especially by a lack of design competerfeer doing this, rough bandwidths in which designs can
be configured need to be forntated. The allocation should be done with precision to harmonize
the relation between client specific requirements and system configuration; this is a crucial
process. Major problems can occur from missing allocations to parts of the design when this
allocation procedure is not done adequately. There is found that a system is already configured
within this stage formconstraints as derived fronproduct requirements. In this (roughly)
configured system, the relations between elements is already made froonnmaition which is
derived from the requirement specification. There can be stated that whenever a clear definition
of the systenis missing, mistakes can ocauring the design procesghichmakes it even harder

to structure the proof process of the product performances.

However, there are conditions which need to be met before the total process can be proven to be

working. Firstly, verification due to the correct interpretation of the reguient needs to be

achieved; this is very crucid&equirements need to be defined and captured unambiguously in

accordance with the client. Then, the second step is the allocation of requirements. The system

needs to contain the right information on itsght places, it needs to communicate the same

information as captured in the first (conditional) step. Therefore, a good interpretation and
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allocation are the first measures to prevent this. There is also a variety of other infornta&ion
needs to be alloated to objects and requirements. The fundamental reason why this process needs
to be executed securely is to enrich both the model and the information, by harmoti@angwith

the same informationThe alignment in regards tdé¢ allocation of requiremats and objects,
acting disciplines, level of risk, level of detadsponsibilities, applicable design phase(s), and
verification procedures need to be treated coherently.

4.4.2 Interpretation of requirements
Field experts foud that it is common sense thatienta 2 F { Syow Rigayheyiexactly want
how it should looKike and how their producshould function.This especially during the early
design stagedHere, the experiences offesigners and engineers galld come in to practice in
order to capturethe specific demand specificatias clear as possible ¢ KS 02y GSyd 2F O
are often ambiguous and hard to process. This due to the fact that chunks of natural larsgaage
used todescribe functions and pesfmances of the desired productheinterpretation of a design
can vary greatlgmong interpretersas the requirements are often written in natural language. This
process is very critical since both interpretation and client desiresdnto be synched and
captured; this is mainly the breadnd butter within the domain of architectural design. This
procedure iespecially complex by demand for products where both designers and contractors are
unfamiiar with. The validation from thelient of the interpretation of a design tkerefore from
great importance.The possible reason wideviatiors occuris the ambiguity in the definition of
specificNB I dZA NBYSy da +ta adlidSR Ay (GKS Of ASyhéd Qa 0 NJ
interpretation need to be discussed and captured before formalization. This is very crucial, since
this could contribute¢o minimize and prevent contradictions later phases which are mogkely
very unprofitable

In cases where the demand specification is assuteede complex, especially when both the
RS&AAIAYAY3I LI NL&E& a O2yiGNFXOG2NI FNByQld FIF YAt AL N
requirement analysis should be introduced. The main findings why this extended requirements
FyFfeaAia LINE O @bz ABCaindstry canzbg Sxplained the following
fundamental reasons. The first reasons is that the AEC sector is used to start designing straight
away and adjustits design during the iterative design process. This causemsificienttime

that there is taken to correctly, fully, interpret the need of the client. The second reason can be
explained by the fact that the investment costs of extended requirement analysis are earned back
after a tender is won. Not every tender is won though, thikes it an unprofitable procedure to
introduce for each project. Therefore, it is very important to have specialists reviewing the
necessity of such extended requirement analysisesiiies can be very profitable for contracting
complex projects, espedig by collaborating with specific clients. Understanding the client needs

is a core element to win a tender since this dictates filmedamentaldesign constraints in which
design decisions need to be configured. Numerous researchers are contributingebhcesdy
investigating on strateggeto exploit this opportunityThe plurality of applicability of a certain
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requirement is also known to create difficulties by interpretation of requirements. Numerous
requirements as stated within the clients brief coule filled in by multiple elementsA
requirement can be filled in by a combination of different objects; a requirement can have
interfaces with multiple objects. Therebyan object can have multiple requirements applied.
Designing the complying object 8SNE O2 YL SE AT G(KSasS (62 GKAY
enough.

The interviewees are asked to distribute requirememisclasses They were simply asked to
distribute the requirenents according to simple, hardr complex by interpretation. It has been
found that the interpretations and the plurality in applicability of Afumctional requirements are
known as the essential factors which affect the complexity of a requireniéng.can also be found

in requirementswhich are identified as the most comgt requirements; the noifunctional
requirements. The noffunctional requirements are designated as the most complex requirements.
This due to the fact that they need stimulation to prove their performances, especially by multiple
interfaces. More specifichere has been found by the answers of the respondents, that comfort
and aesthetic related requirements are the most failure sensitive by programming.

The following schemas visualize the schematic representatidhe requirement interpretation
andtranslation procedures. The experse known to implement thee approactesasmearsto
interpret, translate, allocate and verify requirements as a function of product deStgmupcoming
schemasre practical representation of these workflows.
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4.4.3 Verification

There has been found that the quality of verification depends on the process that takes place prior
are requirement is finalized. Verificatiosm only deemed relevant the steps after the verification
procedure are defined properly. This basically ingplieat preconditions areequired to bemet

before verifcation can start. The answeobtained from the interviews, made it possible to define

the pre conditions forthe total verification process:he interpretation of the client specific
requirements mt becommunicated and validated by the clienliet allocation of requirements

to elements must have been done in a sense that all the elements which a requirement is applying
to are allocated and capturedhé definition processof whether a verificationcomplies or not

must be done in a way that an unambiguous answer can be given as a respond to the satisfaction
of the initial requirement the definition of the LOD of a design, allocated as a function of time
according to the level ofisk, must be doneadequately; equirements which are assumed to
contain a higher level of risk should be monitored very closely since this could prevent the discovery
of defaults inlater stages;tte level of detail in regards to different disciplines need to be defined
clearly tovalidate the verificatiomdue to the fact that different levels of detail come from different
disciplines which can instigate problems by revisions.

The core elements dhe verificationprocessare closely related to the definitions as laid dow
within the design process. The core elements of verification is to construct the right comparisons
between building information and building model. This implies that the comparison of a
requirement and object must be executed correctly and defined ungodoisly.This implies the
following steps that correspond with the actual procga®paration the definition of the defined
elements as used in the verification must beambiguous This is mostly realized in the design
phasewhere the allocation is definedjefining the verification plan (procedurdhe process of
structuring the right procedure and assigningthight rules of verificatiorverification during the
design procesghe verification can be executed and documexhtafter the verification procedures

is defined and the elements are designed.

4.4.4 Requirement classification
There has been noticed that classificationatient specifiaequirements has multiple definitions
A clear difference between the following thragpes of requirements is defined accordito the
following distribution: 'alue (numerical) requirements;relational requirements; textual
requirements. As described within the problem definition of this research initiative, textual
requirements often aralifficult to handlesince they are sensitive for misinterpretatior®esides
the classification in measurability, also difference by interpretation among the various disciplines
within the AEC industry has come forward. Technical requirements are knowendibferent than
architectural requirements. These requirements are known to be mostly related to different
gualities of a building. For instance, technical requirements are known to be related to comfort
requirements, whereas architectural requirementseamore often related to aesthetics. It is
generally assumed that @quirement will be marked as corgx whenever it is not tangible or
measurable.
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4.4.5 Automation of translation procedure

The initial (automated) translation procedure for the translationrefjuirements mto product
specifications isot researched upon that greatly by researchers from the AEC industry, especially
in case b non-functional requirementsThe interviewees emphasized that it is hard to translated
physical and functional requireamts by means of automation, given the fact that information on
design decisions from the past have never been captured by means of standards and semantics.
The decisions from the past are not usable given these circumstances. This makes it even more
chalkenging toinitiate a first attempt to automate this process for théassof nonfunctional
requirements. The interviewees pointed out that it is very difficult to automate the translation
procedure of norquantifiable, more qualitative requirements (look and feel requirements) given
the previous reasoning. There are rtarsgdards in what qualityequirements can be compared to
according to knowledge agained from previous projectsAmong the interviewees, having a
system that could prompt users with experiences from the past, by the dissection gtinotional
requirements, isssumed to be very useful as a support tool by decisiaking during the design
processlt is assumed that this could improve tpeocess otlient / designer interactionA very
important pre condition for using information by the design of such autitdaystem is that it
should be able to use input information of verified andidated projects from the past.

The preconditions for a system that automates the requirement translation procedure have been
interviewed upon. There have been severalsand demonstrationgn which attempts have been
AYAGAFOGSR (2 +dzi2YF0S GKAA LINPOSRAINBE® ¢KSNBE Kl
use of semautomated techniques$o enrich this information in terms of SE information and data

to support he SE process. These attempts were unsuccessful given the following reasons:

1) Specific knowledge on lexical analysis, requirement ontologies, standards and semantics
are missing on an organizational level;

2) The organization is used to build after desigrhea than design and build which results in
a lack in functional design competences;

3) Yet, there is no standard in which concepts are captured, there is no formal language in
which requirements can be defined and interpreted by both human and computers;

4) Information and data is not delivered nor captured by means sfamdardstructures or
file formats.

There is found that this process could be automated if the following input can be provided to feed
such a system:

1) Validated interpretations of requirememnwith client and users as obtained from previous
projects;

2) Availability of a set of dissected requirements, as programmed in previous projects, that are
represented in a measurable state;

3) Allocation of requirements and objects, as done in previous pragjects
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4) Availability of the total amount of information in regards to the verification procedure, as
executed within previous projects.

This implies that the total process which happens before verification, as obtained from previous
projects, is captured in dear and consistent way. If this is done, then it could be possible to consult
this information to ground reasoning by decision making during design stages. The definitions of
requirements and corresponding verification method should be clear to safeghatdhe valid

data is used as knowledge. This could also prevent a lot of rework by each project, given the fact
that reasoning by decision making is captured by means of standardization that can be reused.

The interviewees emphasized that it can be vesyd to capture each and every single decision by
the translation of noAunctional requirements by several reason. The first reason is due to the fact
that the AEC industry is working pragmatic rather than systematically. There has also been found
that the tight planning in which requirements analysis are planned is not offering the possibility to
do this in detail, especially in case of bigger complex projects with numerous amounts-of non
functional requirements. This implies the need forcertain infomation systemthat can be
consulted within the early design stages to consult for specific queries. This system could provide
knowledge on what decisions have been taken by the translation of certairfummtional
requirements from previous projects.

Theeventual wayfor designinghis automated translation system is also questioned upon within
the interviews. These fundamental system requirements are captured as follows:

1) The fundamental operational functions such as Create, Read, Update and Delete,(CRUD
need to be accommodated in the system;

2) The system needs to be capable to run automated lexical analysis to dissect the linguistic
chunks of textin which product requirements are listed A G KAy | Of ASydQa o N

3) The system needs to be able to stamerich words, as obtained from the dissected text, by
means of state of the art knowledge to formulate the possible meaning(s) of the word
within a sentence;

4) The systems needs to be able to allocate the enriched words in relation to the subsystems
by meansf a standard system distributionsuch as the NL/SfB;

5) The system needs to capture and distinguish the translation of the definitions of obtained
words in relation to other acting disciplines, assuming that these definitions can vary;

6) The system needs tcapture the final specification of the word(s) to formulate a product
specification that satisfies the initial requirement;

Chapter 5will treat the evolutionary prototyping process according to this fundamental set of
system requirements.
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