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Abstract 

Keywords: Building Information Modeling (BIM),  Requirement Processing, Experts, Validation and 

Verification process, Abstract Requirements, Knowledge-Based Systems (KBS), Expert Systems (ES), 

Proof of Concept (PoC), automated verification.  

Abstract: Enhanced by the development of Building Information Modelling (BIM) and related to 

more data that is captured, an international shift from the traditional building process to a more 

integrated way of working takes place. The traditional construction process resulted in many 

ambiguities and inconsistent information transfers. Problems in buildings can often be traced back to 

the requirements processing in the design phases. In here the requirement specification must be 

validated with the client in order to make sure the contractor and the client are on the same level to 

reduce any discussion about it in a later stage (Hoeber, 2012). These requirements are often just a 

list in a word processor program and are not explicit formulated, but having a lack of consistency and 

unambiguity and no standard procedure of dealing is formulated. The interpretation and 

implementation of these abstract requirements is based on the combination of the available 

information and reasoning of experts. This results in a continue iterative process of defining, 

validating and verifying requirements. This process with human experts has several difficulties in 

which knowledge-Based Systems (KBS) could possibly play an important role. It is worth investigating 

if these systems indeed can improve the specification process of abstract requirements, by 

developing an Expert System (ES) as Proof of Concept (PoC). A model will be developed to show a 

new procedure and implementation via a pilot case. The development is based on the objective in 

this research to investigate if it is possible and if this way can improve the requirement specification 

in the design process. Implementation extends the research into automated verification to further 

improve the quality of building designs and innovation without sacrificing these qualities (Solihin & 

Eastman, 2015). 
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Summary 

Since the introduction of integrated contracts in the construction sector a shift of responsibilities has 

occurred. Leading factors in this are reducing (failure) costs and provide a higher quality in the 

designs. The different forms these integrated contracts know can provide, via functional 

specification, parallel activities. This can result in parallel execution of the activities. Functional 

specification finds its origin in the method of Systems Engineering (SE) at which a functional analysis 

has to lead to functional requirements. The drawing and using of a functional specification is 

complicated. Important is mapping out the problem and the need of end users, stakeholders and 

own organization. Often is worked with interdisciplinary design teams who need to keep in mind the 

final result. Without thinking in concrete solutions and the corresponding technical specifications. 

However, it remains important that the functional specification must be sufficiently detailed 

described to guarantee unambiguity, consistence and measurability. By using the method of SE the 

design is created in a systematic way and makes use of top-down reasoning.  

Describing requirements and functions starts often early in the development phases of a project and 

has a peak during the design process. The different requirements will become more and more 

specific during a design. Various requirements will be formulated at which is worked from client 

specific requirements via system requirements towards the final demand specification. Out of the 

method of functional specification a distinction is usually made between objects, spaces and 

requirements. This package of requirements represent often requirements that are difficult to 

design, to make measurable and are undefined. It is often about certain qualities that are imposed to 

a design that cannot unambiguously formulated without discussing about. A distinction can be made 

between abstract, undefined and not-computable requirements and specific, unambiguously and 

objective measured requirements. During the theoretical research there will be looked in-depth what 

an abstract requirement entails and where potential challenges are during specification. A 

requirement to which a certain value is connected will raise fewer questions than a certain intangible 

quality that is connected to a certain function, object  or as requirement. This raises often questions 

about what is really meant or the precise meaning to a certain end user. It is important to manage 

the process of requirement specification properly in order to guarantee the design assumptions. The 

translation of abstract formulated requirements into a more specific interpretation of that 

requirement is about something different than the real signification of a requirement. In this 

research, abstraction is defined as a certain quality which is desired from a client, but contains no 

specific and usable data. Such as the requirement of comfort, security or sustainability to a certain 

space or building. Often because the client does not know yet why or what his needs are. The 

translation of this abstract formulated requirement towards a specific requirement often causes a lot 

of discussion and ambiguity between contractor and client which causes errors in a later stage with 

exceedances of budget and time. The problem can be found in the fact that these descriptions have 

too little hold to make decisions within the design. Out of the literature several articles are dedicated 

to what abstract requirements include and what conditions they must met. But what are the 

possibilities to optimize this process and have a correct result of the translation? When requirements 

are formulated that are clear and measurable the execution of validation and verification is easier. 

The process of validation examines if the right thing is made and if this corresponds the need of the 

client. This therefore involves the mutual understanding of contractor and client regarding the 

requirements which is not always the case with abstract formulated requirements. This research has 
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worked towards a way to improve this process and optimize the translation of these requirements. 

Currently experts with extensive experience are the ones who are going into conversation with 

clients to specify requirements. All these experts together have a huge database filled with 

knowledge, experience and expertise. But every expert and client is different even as every project 

they work on. This often causes slightly different results which influence the satisfaction of the client. 

By bundling this knowledge and using it within this process a clearer way can be found to work 

towards a correct specification and more successful process of validation and verification. In this 

research is looked to ESΩǎ which are concerned, in general, with taking decisions, something that is 

always an issue with requirements specifications. Of course it is not that simple to capture all 

possible decisions with corresponding results and all the experts knowledge. But nevertheless the 

use of such systems can sharpen the process and ensure less failures during these requirement 

specification process within the design phases. Out of this idea a model is developed to investigate if 

knowledge-based systems can contribute to the requirement specification process to result in 

computable values. The objective of this model is to show with the use of an example how the 

translation and specification can take place. Out of the interviews an overview is presented in which 

advantages and disadvantages are given of the current approach and possibilities of knowledge-

based systems.  

In existing research into automated verification until now only investigation have taken place 

regarding measurable requirements. With increasing developments and the use of BIM and the 

connected information streams, verification of the abstract formulated requirements becomes more 

important and are worth more. Though, the requirement must contain a value including an unit to 

use it for verification via BIM. Out of the developed model the result is used to show via a case how 

automated verification can take place. This automated verification is based on a query which can 

check a measurable value in a BIM model. The idea of specification using Knowledge-Based Systems 

gives the reason to work towards a Proof of Concept. With this the possibility is investigated how to 

deal with abstract requirements in the construction sector. Knowledge about the current approach 

and the possibility as well as the information for the input of the Knowledge-Based System (KBS) are 

the result of interviews with experts. This results in a research on the current dealing with abstract 

requirements and possible improvements. These improvements are framed by presenting how 

abstract requirements can be translated to a description which is more consistent and usable for 

automated verification. Which in turn can lead to a positive result during practice regarding budget, 

time and less errors as due to the requirement specification process. The research shows that a KBS 

indeed can be used to accelerate, clarify and ensure valuable results that lead to less questions and 

changes in later stages of the design process. However, it is of interest before actual implementation, 

more research and an extensive development must be conducted.  
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Samenvatting 

Sinds de introductie van geïntegreerde contracten in de constructiesector heeft er een verschuiving 

plaatsgevonden van verantwoordelijkheden. Leidende factoren hierin zijn het reduceren van 

(faal)kosten en zorgen voor een hogere kwaliteit binnen de ontwerpen. De verschillende vormen die 

geïntegreerde contracten kent, kunnen via het functioneel specificeren zorgen voor parallel aan 

elkaar lopende activiteiten. Deze kunnen hierdoor ook parallel aan elkaar worden uitgevoerd. Het 

functioneel specificeren vindt zijn oorsprong in de methode SE waarbij een functionele analyse moet 

leiden tot functionele eisen. Het opstellen en gebruiken van een functionele specificatie is 

ingewikkeld. Van belang is het in kaart brengen van het probleem en de behoefte van 

eindgebruikers, stakeholders en de eigen organisatie. Vaak wordt hierbij gewerkt met 

interdisciplinaire projectteams welke het uiteindelijke resultaat in gedachten moeten houden. 

Zonder daarbij te denken in concrete oplossingen en de bijbehorende technische specificaties. Echter 

is het wel van belang dat de functionele eisen voldoende gedetailleerd zijn omschreven om 

eenduidigheid, consistentie en meetbaarheid te waarborgen. Via de methode SE wordt op een 

systematische werkwijze ontworpen en top-down geredeneerd. 

Het beschrijven van eisen en functies begint al vroeg in de ontwikkelingsfase van het project, en kent 

zijn piek gedurende het ontwerpproces. De verschillende eisen zullen gedurende het project steeds 

concreter worden. Verschillende eisen zullen worden opgesteld gedurende het specificeren waarbij 

van klanteisen via systeemeisen naar de uiteindelijke vraagspecificatie wordt gewerkt. Vanuit de 

methode van functioneel specificeren word er meestal onderscheid gemaakt tussen objecten, 

ruimten en eisen. Binnen deze eisen zijn er veel abstracte omschrijvingen van vaak moeilijk te 

ontwerpen, meetbaar te maken en ongedefinieerde eisen. Het gaat vaak om bepaalde kwaliteiten 

die worden gesteld aan een ontwerp welke niet eenduidig zijn zonder hier op in te gaan en deze om 

te schrijven naar eisen die bruikbaarder zijn in deze ontwerpen en voor uiteindelijke verificatie. Er 

wordt een tweedeling gemaakt in abstract, ongedefinieerde en niet-berekenbare eisen en specifiek, 

eenduidig en objectief gemeten en geformuleerde  eisen. Tijdens het theoretisch onderzoek zal er 

gekeken worden wat een abstracte eis inhoudt en waar moeilijkheden zitten tijdens de specificatie. 

Een eis waarbij een bepaalde waarde wordt gesteld aan een duidelijk omschreven functie, object of 

eis zal voor iedereen minder vragen oproepen dan een bepaalde ontastbare kwaliteit die aan 

eenzelfde functie, object of eis wordt gesteld. Vaak roept dit vragen op wat er precies mee wordt 

bedoeld of voor de eindgebruiker nu echt betekent. Het is van belang om het proces van 

eisenspecificatie van abstracte eisen in goede banen te leiden om zo de project uitgangspunten te 

waarborgen. Het omzetten van een abstracte eis welke nog geen diepgang heeft aan het begin van 

het project naar een concrete invulling van deze eis is daardoor zeer belangrijk. In dit onderzoek 

wordt naar abstractie gekeken als een eis die een bepaalde kwaliteit omschrijft die vanuit de 

opdrachtgever gewenst wordt maar geen specifieke en dus bruikbare gegevens bevat. Zoals de eis 

van comfort, veiligheid of duurzaamheid aan een bepaalde ruimte of gebouw. Vaak doordat de 

opdrachtgever ook (nog) niet weet waarom hij dit wil of wat er gewenst is. Het vertalen van deze 

abstracte eis naar de specifieke eis zorgt veelal voor veel discussie en onduidelijkheid tussen 

opdrachtnemer en opdrachtgever wat fouten in een latere fase kan opleveren met overschrijdingen 

van budget en tijd tot gevolg. Het probleem is te vinden in het feit dat deze omschrijvingen te weinig 

houvast bieden om beslissingen te nemen ten aanzien van het ontwerp. Vanuit de literatuur worden 

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

uit te komen? Wanneer eisen wel duidelijk en meetbaar geformuleerd zijn verloopt de validatie en 

verificatie hiervan een stuk gemakkelijker. Het validatieproces waarbij het gaat om dat het juiste is 

gemaakt, gaat in op de behoefte van de klant waaraan voldaan moet zijn. Hier gaat het dus om het 

feit dat opdrachtnemer en opdrachtgever elkaar begrijpen. Gedurende dit onderzoek is toegewerkt 

naar een manier om dit proces te kunnen verbeteren en de vertaling van deze eisen te kunnen 

optimaliseren. Op dit moment zijn het experts met ruime ervaring die vaak samen met de 

opdrachtgever in gesprek gaan om deze eisen te specificeren. Al deze experts samen hebben een 

enorme database aan kennis, ervaring en expertise bij zich. Maar iedere expert en opdrachtgever is 

anders evenals ieder project. Dit zorgt vaak voor wisselende uitkomsten en zet de tevredenheid van 

de klant onder spanning. Door deze kennis te bundelen en te gebruiken binnen dit proces kan 

duidelijker en overzichtelijker worden toegewerkt naar een juiste specificatie en daarmee ook een 

succesvoller validatie & verificatie proces.  In dit onderzoek wordt gekeken naar expert systemen 

welke zich, in algemene zin, bezig houden met beslissingen nemen, iets wat bij de eisenspecificatie 

ook altijd aan de orde is. Natuurlijk is het niet zo eenvoudig om alle mogelijke beslissingen en 

bijbehorende resultaten gebaseerd op alle kennis te vangen in een systeem. Maar desalniettemin 

kan de inzet van dergelijke systemen wel het proces verscherpen en zorgen voor minder fouten en 

onduidelijkheden gedurende eisenspecificatieprocessen tijdens de ontwerpfasen. Vanuit dit idee 

wordt er een model opgezet om te onderzoeken of kennis-gebaseerde systemen een bijdrage 

kunnen leveren aan het eisenspecifictieproces om naar meetbare waarden toe te werken. Dit model 

heeft als inzet om door middel van een voorbeeld te laten zien hoe de vertaling en specificatie kan 

plaatsvinden. Vanuit interviews wordt een uitgebreid overzicht gepresenteerd waar voor- en nadelen 

van het huidige proces zitten en waar kennis-gebaseerde systemen mogelijk van waarde kunnen zijn.  

In aansluiting op al bestaande onderzoeken wordt er ingesprongen op automatische verificatie, waar 

tot dusver alleen maar naar al meetbaar omschreven eisen is gekeken. Met de toenemende 

ontwikkelingen en het gebruik van BIM modellen en de informatiestromen die hier bij horen, wordt 

het verifiëren van de geformuleerde eisen steeds belangrijker en meer waard. Hiervoor moet de eis 

echter wel een waarde en eenheid bevatten om ze te kunnen verifiëren middels BIM. Vanuit het 

opgezette model wordt het resultaat gebruikt om via een case te laten zien hoe dit automatisch 

geverifieerd zou kunnen worden. Deze automatische verificatie is gebaseerd op een query dat 

meetbare waarden checkt in een BIM model. Het idee van specificatie op grond van kennis-

gebaseerde systemen, geeft de aanleiding om naar een Proof of Concept toe te werken. Waarmee de 

mogelijkheid wordt onderzocht hoe om te gaan met abstracte eisen in de bouwsector. Kennis over 

de huidige aanpak en de mogelijke inzet alsmede informatie als input voor het systeem zelf komen 

vanuit interviews met experts. Dit resulteert in een onderzoek naar de huidige omgang met abstracte 

eisen en hoe dit mogelijkerwijs kan worden verbeterd. De verbetering zit in het feit dat dit onderzoek 

laat zien hoe abstracte eisen te herleiden zijn tot een omschrijving die consistenter is en bruikbaar 

voor automatische verificatie. Wat tot positief resultaat kan leiden in de praktijk ten aanzien van 

budget, tijd en minder fouten die het gevolg zijn van het eisenspecificatieproces.  Het onderzoek laat 

mede zien dat kennis-gebaseerde systemen wel degelijk bruikbaar zijn om specificatieprocessen te 

versnellen, verduidelijken en te zorgen voor waardevolle uitkomsten die tot minder vragen en 

wijzigingen leiden in latere fasen van het ontwerpproces. Echter is het wel van belang dat voor dit 

daadwerkelijk geïmplementeerd kan worden er meer onderzoek en uitgebreidere ontwikkeling nodig 

is.  



Page | xvi  
 

1.0  Glossary 

1.1  List of figures 

Figure 1. Research Scope. ........................................................................................................................ 4 

Figure 2. Conceptual Framework. ........................................................................................................... 6 

Figure 3. Research Model. ....................................................................................................................... 8 

Figure 4. Research steps. ......................................................................................................................... 9 

Figure 5. Design phases according to the Dutch construction sector (Moonen, 2016), own drawing. . 13 

Figure 6. Interaction of information in design processes (Schaap et al., 2008), own drawing. ............ 14 

Figure 7. System development process (Hull et al., 2011). .................................................................... 17 

Figure 8. Simplified requirements taxonomy according to different literature (Glinz, 2005) (Schneider 

& Berenbach, 2013), own drawing. ....................................................................................................... 23 

Figure 9. Left: Systems Engineering methods. Right: Systems Engineering process. (Kossiakoff, Sweet, 

Seymour, & Biemer, 2011). .................................................................................................................... 29 

Figure 10. One of the Systems Engineering approaches (Kossiakoff et al., 2011). ............................... 30 

Figure 11. Verification process components, own drawing. ................................................................. 31 

Figure 12. Cost to fix requirement defects based on (Wheatcraft, 2012), own drawing. ..................... 32 

Figure 13. Essence of the verification process based on (Moonen, 2016), own drawing. ..................... 33 

Figure 14. Framework Architecture of Expert System for users with no experience based on (Ruiz-

Mezcua et al., 2011), own drawing. ...................................................................................................... 39 

Figure 15. Different role types of the held interviews. .......................................................................... 48 

Figure 16. Division in companies of the held interviews........................................................................ 49 

Figure 17. Effect of abstract formulated requirements on the design phase. ....................................... 51 

Figure 18. Difficulties relating to abstract formulated requirements. .................................................. 52 

Figure 19. Characteristics of the abstract formulated requirements in building projects..................... 54 

Figure 20. Currently main approach in specifying abstract formulated requirements. ........................ 55 

Figure 21. Problem discovery based on the method of double diamonds, own drawing. .................... 56 

Figure 22. The different components of comfort mentioned during the interviews. ............................ 58 

Figure 23. Mentioned factors regarding the added value of ES within the construction industry. ....... 60 

Figure 24. Example of user-based working of ES, own drawing............................................................ 62 

Figure 25. Example of owner-based working of ES, own drawing. ....................................................... 63 

Figure 26. Example of working of ES regarding the subjective character, own drawing. ..................... 64 

Figure 27. Structure of rules (Negnevitsky, 2002). ................................................................................ 72 

Figure 28. Basic structure of a rule-based expert system. Based on (Negnevitsky, 2002) .................... 72 

Figure 29. The opening screen of CLIPS IDE (Integrated Development Environment). ......................... 73 

Figure 30. General format for Defrules. ................................................................................................ 75 

Figure 31. Example of CLIPS expert system operation. ......................................................................... 78 

Figure 32. Questions and one possibility of answers of the developed expert system in CLIPS. ........... 84 

Figure 33. Possible outcomes and percentages of matches in CLIPS. ................................................... 84 

Figure 34. Diagram for typical application implementation of class 1 rules (Solihin & Eastman, 2015).

 ............................................................................................................................................................... 87 

Figure 35. Cohesion of relevant concepts in the Proof of Concept, own drawing. ................................ 88 

Figure 36. Use case of developed Expert System................................................................................... 89 

Figure 37. Use case of verification tool. ................................................................................................ 90 



Page | xvii  
 

Figure 38. Improved approach, own drawing. ...................................................................................... 91 

CƛƎǳǊŜ офΦ ¢ŜŎƘƴƛŎŀƭ ǎǇŜŎƛŦƛŎŀǘƛƻƴ ƻŦ ΨǎƻǳƴŘΩ ƛƴ Ǉƛƭƻt case (Technisch Programma van Eisen - 

Onderwijshuisvesting De Basis Fluvius, 2017) in Dutch. ........................................................................ 93 

Figure 40. Floor plan of the first floor of the pilot case regarding the workplace. ................................ 93 

Figure 41. Created space in the BIM model and corresponding statement in IFC file........................... 94 

Figure 42. Added property of sound insulation in the BIM model and corresponding statement in IFC 

file. ......................................................................................................................................................... 95 

Figure 43. 3D model viewer shows the added property of sound insulation to the door. .................... 95 

Figure 44. The different Building Elements that surround the space of a workplace in the case, own 

drawing.................................................................................................................................................. 96 

Figure 45. Visual representation of verification between ES result and BIM in IfcOpenShell. .............. 97 

Figure 46. Textual representation of verification between ES result and BIM in IfcOpenShell, in Dutch.

 ............................................................................................................................................................... 98 

Figure 47. Balance between scope and in-depth knowledge during the progress of the research, own 

drawing................................................................................................................................................ 101 

 

1.2  List of tables 

¢ŀōƭŜ мΦ aƻǎǘ ƳŜƴǘƛƻƴŜŘ ŀǘǘǊƛōǳǘŜǎ ŀŎŎƻǊŘƛƴƎ ǘƻ ΨǊŜǉǳƛǊŜƳŜƴǘǎΩ ό¸ƻǳng, 2004); (Leffingwell & Widrig, 

1999); (Mannion & Keepence, 1995); (van Lamsweerde, 2000) ........................................................... 21 

Table 2. Overview of held interviews. .................................................................................................... 49 

Table 3. Used input results for developing an expert system (NVBV, 2018). In Dutch. ......................... 65 

Table 4. Performance artificial light according to (NVBV, 2018). In Dutch. .......................................... 76 

Table 5. Speech privacy between rooms according to the official source (NVBV, 2018) in Dutch. ....... 80 

Table 6. Formatted information about the stated requirement. .......................................................... 85 

 

1.3  List of listings 

Listing 1. Deffunction in CLIPS. .............................................................................................................. 74 

Listing 2. Deftemplate and Defrule in CLIPS. ......................................................................................... 75 

Listing 3. Deffacts scheme and filled in form in CLIPS. .......................................................................... 76 

Listing 4. Deffacts rules in CLIPS. ........................................................................................................... 77 

Listing 5. Deffacts component list in CLIPS. ........................................................................................... 77 

Listing 6. Structure of the used rules. .................................................................................................... 82 

Listing 7. Component list in CLIPS. ......................................................................................................... 83 

Listing 8. Verification query used in TUEviewer. ................................................................................... 97 

 
 

 

 

 

 



Page | xviii  
 

1.4  List of Abbreviations 

3D  Three Dimensional 

AEC  Architecture, Engineering and Construction 

AI  Artificial Intelligence 

BIM  Building Information Modeling  

BMC  BIM-based Model Checking 

BNA  Branchevereniging voor Nederlandse Architectenbureaus 

CAD  Computer Aided Design 

CE  Conditional Element 

CLIPS  C Language Integrated Production System 

CRS  Customer Relationship System 

DNR-STB De Nieuwe Regeling - StandaardTaakBeschrijving 

ES  Expert System 

FAQ  Frequently Asked Questions 

GUID  Global Unique IDentifier 

ICT  Information and Communication Technology  

IEC  International Electro technical Commission 

IEEE  Institute for Electrical and Electronics Engineers 

IFC  Industry Foundation Classes 

INCOSE  International Council On Systems Engineering 

ISO  International Organization for Standardization 

KBS  Knowledge-Based System 

KM  Knowledge Management 

KR  Knowledge Representation 

LHS  Left-Hand Side 

LOD  Level Of Detail 

NEN  Normalisatie En Normen 

NFR  Non-Functional Requirement 

NL  Natural Language 

PoC  Proof of Concept 

QAS  Question Answer System 

RBS  Rule-Based Systems 

RE  Requirements Engineering 

RES  Rule-based Expert Systems 

RHS  Right-Hand Side 

RM  Requirement Management 

ROI  Return On Investment 

SE  Systems Engineering 

SMART  Specific, Measurable, Attainable, Realizable and Traceable  

SOR  Statement of Requirements 

 

 



Page | xix  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Page | 1  
 

2.0  Introduction 

In the past, different approaches have been implemented to involve the user in the design process. 

Approaches such as Multiple Choice Housing and User-Driven Design (Niemeijer, 2011) are just two 

approaches that become impractical due to the variants that have to be designed. Another variant 

that has been used is the traditional one-on-one meeting with the architect to design a house. This 

resulted in time-consuming meetings within large and complex projects with many stakeholders and 

even more wishes and different visions.   

To allow clients in nowadays design processes, as non-experts in most cases, to design a building 

introduces a new problem; ōŜƛƴƎ ǳƴǿŀǊŜ ƻŦ ŀƭƭ ǘƘŜ ǊŜƎǳƭŀǘƛƻƴǎ ŀƴŘ ǘƘŜ ŀǊŎƘƛǘŜŎǘΩǎ ǾƛǎƛƻƴΦ .ƭǳŜǇǊƛƴǘǎ 

are not well suited to this task, as they are very labor-intensive to check for errors (Niemeijer, 2011). 

These errors consist among other things of undesirable results. Ideally, a large part of the design 

verification could be done by computers. A computer can check many of the building regulations 

because these prescribe criteria that can be easily and objectively measured, such as the maximum 

height of a building element. A computer cannot asses the (e.g. aesthetical) quality or practicality of 

a design. The process of validation and verification in the ŘŜǎƛƎƴ ǇƘŀǎŜ ŀǊŜ ŀ ǇǊƻƧŜŎǘΩǎ ƭŀǊƎŜǎǘ ŎƻǎǘǎΦ 

Failing to adequately plan for validation and verification from the beginning of the project places the 

project at high risk for cost overruns and schedule slips (Wheatcraft, 2012). The verification process 

proves that the designed and built system meets its requirements. These requirements that are 

written can be translated into rule sets for checking if the system meets its requirements. The 

process of verification early on in the design phase can contribute significantly in reducing the risks 

concerning costs and schedules.   

New criteria continuously emerge in the Architecture, Engineering and Construction (AEC) industry, 

ranging from building codes to all different kinds of other requirements (Eastman, Lee, Jeong, & Lee, 

2009). These requirements of construction projects are derived from institutions, users and other 

stakeholders. Some are imposed and others based on preferences and wishes. The interpretation 

and dealing with these requirements is (partly) a process of cognitivism, and is therefore difficult to 

ŘŜǎŎǊƛōŜ ŀ ǾŀƭƛŘ ƳŜǘƘƻŘ ƻǊ ǘŜŎƘƴƛǉǳŜ ŦƻǊΦ /ƭƛŜƴǘǎ ŘŜǎŎǊƛōŜ ǘƘŜƛǊ άǊŜǉǳƛǊŜƳŜƴǘǎέ ƻŦǘŜƴ ƛƴ ŀ ǿŀȅ ƻŦ 

abstract, undefined and non-computable statements that must be interpreted and translated by 

experts to make these usable for verification.  

Currently, checking whether all of these rules have been satisfied is, in most cases, still done 

manually. Due to the large amount of rules in most projects this is very labor-intensive. A lot of 

research has been done to automate this checking process via formalizing these rules into 

constraints, and would greatly benefit this phase. Although a large class of rules can be formalized, 

there are exceptions. Most of these exceptions are having no single accepted definition and resulting 

in a lack of formalization.  

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

not in the sense that they are automatically checked (Niemeijer, 2011). Building designs have to 

comply with a multitude of constraints, such as building codes and functional and technical 

ǊŜǉǳƛǊŜƳŜƴǘǎ ǘƘŀǘ Ŧƻƭƭƻǿ ŦǊƻƳ ŀ ŎƭƛŜƴǘΩǎ ōǊƛŜŦΣ ǿƘŜǊŜ ǾŜǊƛŦȅƛƴƎ ǘƘŜǎŜ ƛǎ ǎǘƛƭƭ ŀ Ƴŀƴǳŀƭ ǇǊƻŎŜǎǎ in most 

cases. According to some efforts in checking requirements automatically, little efforts have been 
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initiated in associate abstract, undefined and non-computable statements, and automated 

verification. 

2.1  Motivation 

The building industry is not entirely devoid of examples of constraint usage, but the adoption of 

constraints lags significantly behind that of other industries. This can be attributed to different 

reasons (Niemeijer, 2011); first is the slow adoption of Computer Aided Design (CAD) in architectural 

design in general. BIM, used exclusively in the design and construction of commercial buildings, can 

make automated constraint checking a lot simpler due to its information processing capabilities. 

Second is the fact that in architecture, more than in other domains, the design is treated holistically 

rather than as distinct components that are designed by separate teams. And the third issue is 

described as the existence of relative prevalence of non-functional rules in architecture due to the 

stronger focus on for example aesthetics and other qualitative attributes.  

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

is the reason that makes the building industry projects very complex. However, the third reason is 

specific to the building industry and underexposed in scientific literature. And that while automated 

verification relating to BIM can really be improved by extending the rules that can be verified 

automatically. Which results in a more effective, less-time consuming process that also decrease the 

amount of errors, and in that way also can tackle the first and second issue partly. This makes it 

worth doing research into this topic. 

The management of the abstract requirements during design processes of building projects are still 

very difficult. This is because of the fact that a client does not completely know what he or she wants 

in the beginning of a project. Next to this, these requirements have an extra difficulty, which lies in 

the fact that everyone has his or hers own thoughts, visions and values regarding these 

requirements. And on the other side there are the experts that have to deal with these kind of 

requirements and also justify, verify and implement these in the design. Also these experts have their 

own thoughts, visions and values regarding these requirements as result of their experience and 

expertise. This difference in cognitivism about these requirements cause the difficulty of managing 

these abstract formulated requirements.  

There is supposed to use a Knowledge-Based System (KBS) which probably makes it possible to 

gather all this experience and expertise of experts and connect this knowledge base to a client for 

specifying his or her individual meaning regarding such abstract requirements. Also current 

automated checkers are focusing mainly on specific domains and elements and not on the total 

design process (Moonen, 2016). This approach that will be presented marks the start of automated 

verifying abstract requirements. 

In this thesis an approach is presented to cope with these abstract requirements. In order to this 

approach a stepwise method is described that can serve as support in specifying abstract formulated 

client requirements and make these usable for automated verification. Investigated is how a KBS can 

be deployed and used in order to improve the design process and expand the development of 

automated verification.  
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2.2  Problem Statement 

One of the problems that exists in the construction industry is how to cope with the abstract, 

undefined and non-computable rules in architectural designs. The requirements that follow from a 

ŎƭƛŜƴǘΩǎ ōǊƛŜŦ Ŏƻƴǎƛǎǘ ƻŦ Ƴŀƴȅ ŘƛŦŦŜǊŜƴǘ ŦƻǊƳǳƭŀǘŜŘ ƎƻŀƭǎΣ ǿƛǎƘŜǎ ŀƴŘ ǊŜǉǳƛǊŜƳŜƴǘǎΦ ¢ƘŜǎŜ are all 

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

be interpreted in various ways by several experts. Some of these are objectively and easily 

interpreted as a measurable and computable rule, while others are not. A major problem is that of 

dealing with the lack of well-defined requirements, a topic where just a few studies has been 

conducted. Among these predetermined attributes the ambiguity of a requirement can be 

diminished when searching for objectively formulated components of the overarching formulated 

requirement. In addition to this, verifying these not well-defined requirements, called as abstract 

requirements in this research, is a domain where research is needed.  

In the Requirements Engineering (RE) process, the processes of elicitation, analysis, specification and 

validation of requirements takes place. In here all the requirements are gathered and formulated 

ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ŎƻƴǘǊŀŎǘƻǊΩǎ ƛƴǎƛƎƘǘΦ {ǳōǎŜǉǳŜƴǘƭȅ ǘƘŜǎŜ ŀǊŜ ǾŜǊƛŦƛŜŘ Ǿƛŀ ŘƛŦŦŜǊŜƴǘ ƳŜǘƘƻŘǎ ŀƴŘ 

techniques, often manually (with support of different software). During the building projects lifecycle 

these are continuously changed and updated, which makes keeping it clear and structured a hard 

task to manage. Different approaches, such as SE found guidelines to deal with these processes. 

However, this does not provide an approach to specifically deal with the abstract requirements.  

The core problem in here is the specification of abstract requirements. This comes from the fact that 

these kind of requirements are not well-defined and cannot easily and objectively be measured. Here 

lies an opportunity to improve the specification of these requirements in the design process by using 

experts input to support specification. When knowledge of the experts is gathered and abstract 

requirements are computed based on this knowledge, clients answers regarding these requirements 

can be translated into specific values. These specific values make abstract requirements also more 

consistent and objectively measured by combining a KBS in the form of an Expert System (ES), which 

is knowledge based, and clients answering the questions that are generated by the system. This 

thesis will present how to deal with abstract requirements and how these can be translated in such a 

way that these also can be usable for automated verification.  

2.3  Research Scope 

The problem can be divided in several stages according to the design process. Different processes 

can be distinguished; retrieving abstract requirements from the client, reformulate the requirements 

to computable statements or verifying abstract requirements with BIM. None of these stages is a 

standalone topic and can be approached without taking into account the other ones.  

This research is handling the reformulation of abstract ǊŜǉǳƛǊŜƳŜƴǘǎ ŦǊƻƳ ǘƘŜ ŎƭƛŜƴǘΩǎ ōǊief into 

computable rules that are usable to verify with a corresponding BIM model. This research starts with 

evaluating the problem in a broad way by reviewing corresponding and related topics regarding 

abstract requirements. Within this broad overview the research focuses on the design process and 

more specifically on the RE process within this phase. During the interviews is focused on knowledge 

about abstract requirements which will be the base for the model development of an ES. A test case 
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as Proof of Concept (PoC) has to show the validity, viability and usability of the developed ES and 

corresponding method and in here also the reusability and expandability must be evaluated. 

Therefore one example of an abstract requirement will be used for a certain building space to show 

the use of an ES in combination with automated verification. 

 

Figure 1. Research Scope. 

2.4  Related Work 

Automated verification of designs has been used already for many years in several industries to 

automate the design verification. For example in the industry of Electrical Engineering, Mechanical 

Engineering and Software Engineering (Niemeijer, 2011).  

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

same topic. The translation of ambiguous client requirements into product specification (Delghandi, 

2018) is focusing on the same non-ŘŜŦƛƴŜŘ ǊŜǉǳƛǊŜƳŜƴǘǎ ƻŦ ŀ ŎƭƛŜƴǘΩǎ ōǊƛŜŦ ŀƴŘ Ƙƻǿ ǘƘŜǎŜ Ŏŀƴ ōŜ 

written down according to very specific product specifications, but differs in the connection to 

automated verification. Also R. Niemeijer (Niemeijer, 2011) has elaborated on these requirements in 

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

verification of already defined client specific requirements is reviewed by L. Moonen (Moonen, 

2016). Also surveying different rule checking systems that assess building designs is examined by C. 

Eastman (Eastman et al., 2009)(Solihin & Eastman, 2015) and describes different systems. 

This thesis is focusing on the demarcated concept of specifying abstract requirements by setting up a 

KBS and connect the result with automated verification. Regarding this topic it differs in the way the 

specification process is approached and fills the gap of handling abstract requirements for 

automated verification.  
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2.5  Objective 

The research objective is not to show how abstract requirements must be defined, this will always be 

subject to discussion, but to show if it is possible to translate also abstract requirements in an 

objectively measured way. To prove if this is possible, also on a reoccurring base in building projects, 

a KBS is developed and the result is used in a test case. The objective of this PoC  is to show if it 

works and what the implications can be. Researched is the use of KBS in the requirements 

specification process of abstract requirements and the possibility to use the result for verification 

automatically via BIM. 

2.5.1   Scientific and Societal Relevance 

The relevance of this topic regarding how it will benefit science and society of today and tomorrow 

can be described according to two main subjects that are linked to each other. Relating to the 

science relevance the lack of research shows the importance of conducting research and contribute 

to the expanding need of coping with information in BIM of building projects, especially for abstract 

requirements. The society relevance of coping with abstract requirements is that clients will be 

better understand and a more efficient design and verification process will arise which benefits all 

future building projects and there related stakeholders, such as all involved parties during the 

realization and use of a building and its environment. The possibilities of collecting knowledge of 

experts and use it on a sharing base and implementation will benefit definitely the construction 

sector, but also the entire society.  
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2.5.2   Conceptual Framework 

 

Figure 2. Conceptual Framework. 

During this research different methods are used to connect the different concepts relating to this 

research topic. In Figure 2 the total cohesion is visualized in what can be called the conceptual 

framework of this thesis (Maxwell, 2013). 

Regarding to the research process different methods can be distinguished for connecting different 

concepts. Starting at a broad base of knowledge and information about several concepts that 

connecting the requirements environment and construction environment. The literature study will 

discuss the main concepts. Relating the research problem with the literature the qualitative research 

will ensure an explorative and in-depth next step focus on the RE process and the abstract 

requirements. Which will be the base for the development and the corresponding PoC. 

2.6  Research Questions 

Out of the problem definition and the scope the research questions are derived. The main research 

question is: 

Is it possible to translate abstract formulated requirements into specific defined and computable 

requirements that are usable for automated verification in building design processes via Building 

Information Modelling using Knowledge-Based Systems? 

This main research question is divided in seven sub-questions. In this research there are two main 

parts. These parts are the requirements definition stage and the use of Expert Systems (ES). In the 

part of requirements definition the questions will be evaluated and answered according to the 
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ƭƛǘŜǊŀǘǳǊŜ ǊŜǾƛŜǿ ŀƴŘ ŎƻƴŘǳŎǘŜŘ ƛƴǘŜǊǾƛŜǿǎΦ ¢ƘŜ ǇŀǊǘ ƻŦ 9{Ωǎ ǿƛƭƭ ōŜ ŜǾŀƭǳŀǘŜŘ ŀƴŘ ŀƴǎǿŜǊŜŘ ōȅ ǘƘŜ 

background information from the literature review, the interviews, the developed model and a pilot 

case. The first four sub-questions are evaluating the design process, abstract requirements, 

specification processes and current approach in relation to requirements definition. The other sub-

questions are beside these methods evaluated by the developed tools and pilot case. In chapter 7 

the answers on these questions can be found. 

Requirements definition     (literature study) 

1. Which different requirements describe a building project in its design phase and which 

are not usable for direct automated verification yet? 

(literature study + interview) 

2. How are the abstract requirements influencing the dealing with requirements in the 

design phase? 

(literature study + interview) 

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

specification process of these requirements? 

(Interview) 

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

processes?  

Expert Systems and automated verification  (literature study + interview + tool ) 

5. How can Knowledge-Based Systems, in the form of Expert Systems, be a support to the 

requirement definition process? 

       (literature study + tool) 

6. What is needed to translate abstract requirements into specific defined and computable 

requirements? 

(pilot case) 

7. How can automated verification be improved using the translation of abstract 

requirements and with that optimizing the design process? 
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2.7  Research Design  

 

Figure 3. Research Model. 
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This research consists of three main parts; theoretical research, qualitative research and a proof of 

concept. The concepts mentioned in the conceptual framework and related research questions will 

be discussed during the research steps. In addition to this research model the connection between 

the different steps of which this research consists can be separated in four different blocks.  

 

Figure 4. Research steps. 

As can be seen in Figure 4 the directive of this research is to conduct interviews to gather enough 

knowledge about which particular function the developed tool must fulfill. On the one hand it is 

needed to investigate how mental processes of defining abstract requirements work, but on the 

other hand it is also needed to show how to deal with certain knowledge in order to translate these 

requirements and make these usable for verification later on. Based on the interviews the precise 

directive of the tool will be determined. In any case the tool will be used to show how captured 

knowledge can be used in the definition process. Following on the result the tool produces, the 

possibilities of verification will be investigated. The use of Knowledge-Based Systems (KBS) is derived 

out of the literature review and the idea and belief in capturing knowledge from experts in order to 

develop an efficient definition process of abstract requirements. The different used methods for 

conducting this research are described by the research approach. 

2.8  Research approach 

2.8.1  Literature study 

The literature study is conducted to get a deeper understanding about the different subjects and 

processes. The sources for this literature study consist of books, scientific articles, conference papers 

and a selection of different master and PhD theses. To frame this literature study, a selection of 

subjects has been made to impose the focus. This selection is based on the reason to frame the 

context and concepts to the earlier mentioned research scope and corresponding main research 

question. 

Á Design process 

Á Requirements Engineering (RE) 

Á (Automated) verification 
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Á Automated rule-checking 

Á Expert Systems (ES) 

Not every answer will be supported by scientific evidence and current scientific literature, which 

results in an own research regarding the possibilities of ES and automated verification of abstract 

requirements that have a lack of a measurable component.  

2.8.2  Interviews 

Because the RE process of abstract requirements is a relative new field in the building design process 

field, qualitative research will be conducted. It aims to get an in-depth description of the current 

situation and related processes and possibilities to optimize it. Interviews are useful for 

implementation, evaluation and problem investigation because they can provide information about 

real-world phenomena (Wieringa, 2014).  

For this research it is important to use a more open interview structure. Therefore a semi-structured 

interview will be used as a method of research for conducting these interviews. This form of 

interviewing allows new ideas to be brought upon during the interview and starts from a framework 

of themes that needs to be explored. It gives the interviewee more space to give extra explanation or 

details about the questions, which can be used in this thesis.  

The focus group of the interviews will be experts in the domain of design-, requirements definition 

and verification processes. To frame the abstract requirements into a pilot case for the PoC, comfort 

will be used as an example during this interview and subsequent case. This because specification of 

ŀōǎǘǊŀŎǘ ǊŜǉǳƛǊŜƳŜƴǘǎ ǇŀǊǘƭȅ ƘŀǇǇŜƴǎ ƛƴ ǎƻƳŜƻƴŜΩǎ ƘŜŀŘ ŘǳǊƛƴƎ ŀ ŘŜǎƛƎƴ ǇǊƻŎŜǎǎ ŀƴŘ Ŏŀƴ ōŜ ōŜǎǘ 

shown with the use of a concrete example.  

 

2.8.3  Expert system tool development 

The interviews will gather knowledge, experiences and expertise of several experts who are dealing 

with these abstract formulated requirements during design processes. The information and results of 

the interview can be used to answer some research questions and as base for the development of 

the ES tool. This ES is a specialization of a KBS where the experts input is one of the major factors to 

support decision-making processes. Lǘ ƛǎ ƻŦ ǘƘƛǎ ǊŜŀǎƻƴ ǘƘŜ ŦƻŎǳǎ ǿƛƭƭ ōŜ ƻƴ ǘƘŜ ǎƻ ŎŀƭƭŜŘ Ψ9ȄǇŜǊǘ 

{ȅǎǘŜƳǎΩ where the knowledge representation of experts is the leading business. A pilot case can 

prove if the result of an ES based on an abstract formulated requirement can be used for automated 

verification. In this research the development of the ES tool is described and explained regarding to 

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

2.8.4  Proof of Concept 

During the ES development a tool is developed and a pilot case will be performed to show the 

usability of it regarding automated verification. This PoC must result in a conclusion which handling 

the usability, viability and reusability of the described method and development in this report. This 

corresponds to an observational case study, where the research tries to influence the case as little as 
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possible. Measurement may influence the measured phenomena, but as in all forms of research, the 

researcher tries to restrict this to a minimum to strengthen the PoC.  

2.9  Expected Results 

The expectation is an elaboration on the topic of abstract requirements and on related concepts to 

define these often and differently used terminology. In conjunction with the defining also 

characteristics and difficulties are evaluated. Out of this elaboration the qualitative research and 

development of an ES tool, will be used to work towards answering the main research question. In 

addition to this the PoC will be presented to use the verification query to show the possible 

implementation of this research concerning automated verification.  

The interviews will be held to evaluate what the current approach is and possible added value when 

using an ES tool for the requirement definition process.  

Eventually this research must result in an evaluation of the possibilities for translating abstract 

requirements into specific defined and computable requirements using Y.{Ωǎ. Which, when a positive 

answers is given, can be rolled out towards more abstract requirements specification processes and 

larger building spaces or total buildings and improving this process. Which gives rise to more 

research and extensive development. 
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3.0  Literature review 

3.1  Motivation 

This traditional literature review narrows down the current knowledge on the field of building design 

requirements and especially on abstract requirements, automated verification through BIM via rule-

based checking and the possibilities of Knowledge-Based Systems within the requirementsΩ 

specification process. The goal of this literature review is to summarize the literature about the 

topics mentioned in the conceptual framework. The literature is researched from the relevant 

databases and has the purpose to give a comprehensive overview of the topics and to highlight 

significant areas of research and at the same time find gaps in the research area to fit in this 

research.  

The first part of this literature review is about the design process. Next the requirement specification 

process at the design stage of buildings is evaluated, which is the core of this literature review. 

Within this part a lot of attention will be given to abstract requirements and the related 

characteristics and verification possibilities. The topic about Knowledge-Based Systems and several 

variants, especially ESΩs, is evaluated after it. The last part of this literature review is focusing on the 

current knowledge and practice of (automated) verification through BIM via rule-based checking 

techniques.  

3.2  Design Process 

Design phases 
In the Dutch construction industry the Dutch standardization institute anŘ ά¢ƘŜ bŜǿ wǳƭŜǎέΣ created 

by NLIngenieurs and the Branchevereniging voor Nederlandse Architectenbureaus (BNA), has defined 

the design phases in their Dutch Standards (NEN2574) and the De Nieuwe Regeling ς 

StandaardTaakBeschrijving (DNR-STB). They define a total of ten phases of a construction project, 

which are presented in a clear overview in Figure 5.   

 

Figure 5. Design phases according to the Dutch construction sector (Moonen, 2016), own drawing. 
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Most of the problems in buildings can related to the requirements processing in the design phases. 

Most of the problems are recurrent because of the complex and iterative nature and to the great 

number of stakeholders involved in this type of projects (Pegoraro & Paula, 2017).   

During the Project Life Cycle the development of information can be seen as two information flows. 

On the one hand there is input information of requirements which is provided by clients and on the 

other hand there is information which is created during the design phases (design development). 

Between these flows there is a continuously exchange of information, which remarks the iterative 

character. At the start of the predesign the amount of variants is high, and this should decrease over 

time as well as the ability to impact cost and performance. During the progress of a project the cost 

of changes will increase when changes of the design are made in a later phase. This effect is called 

the MacLeany Curve and is represented in Figure 5 by the red crossing lines.  

This information rich process defines the system and building elements, which is a crucial interaction 

for relating information to each other (Moonen, 2016). The right comparison between the definition 

and the performance is essential. This interaction between the whole set of information is a process 

between function, building element, performance and requirement (Schaap, Bouwman, & Willems, 

2008). In the figure below this is visualized in a scheme.  

 

Figure 6. Interaction of information in design processes (Schaap et al., 2008), own drawing. 

The progress of the design process and development of the design happens iteratively. Design 

decisions contribute to the development of the design. A system will be described by the demand 

specification of that system where after variants are made to evaluate which design is satisfying the 

best solution for the corresponding requirements. This is iteratively done and ensures the evolving 

from conceptual design to a more detailed design and corresponding Level of Detail (LOD). This LOD 

must comply with the LOD of the corresponding requirements. The corresponding LOD relates to the 

developed method of SE and the top-down reasoning for specifying requirements which is 

elaborated on in the phrases about the translation procedures of requirements. According to the SE 

approach, a functional specification is developed as part of the demand specification that focuses on 

functional thinking in contrast to the traditional process where the market had less freedom for 

interpretation. 
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Information exchange 
The continuously exchange of information delivers an interaction in requirements on the one hand 

and design solutions on the other hand. The related processes of RE and creating design solutions is 

an important interaction to make a right comparison, because otherwise there is an increasing risk 

the information is not right and will not be useful. The possibilities and importance of managing this 

information have grown with the use of BIM. BIM models represent objects in three dimensional 

ways and include graphical and computable data. Something which makes a BIM very useful for 

usage during the total Project Life Cycle.  

BIM 
BIM, as defined by Eastman (Solihin & Eastman, 2015), is a modelling technology and associated set 

of processes to produce, communicate and analyse building models. These building models are 

visualized in three dimensions by means of graphical CAD models that are structured from objects 

which contain both graphical and computable information and data. The models are enriched with 

information and data during the total lifecycle of a system. Within BIM, information can be captured 

for numerous purposes as a function of a total process (Moonen, 2016) (Delghandi, 2018).  

BIM stores building designs as a collection of objects with associated properties. Building projects 

become larger and more complex which results in more data and information. This increasing 

complexity (Wood & Gidado, 2008) is mainly due to its fragmented character, with projects divided 

into parts that are subcontracted to individual companies. The construction industry itself is an 

interwoven network of high complexity and a great dynamic. Next to that is it also a working place 

for humans and a place for cooperation and social interaction which, because of the temporary 

character, forms a highly transient human system. 

The use of BIM is a very promising development within the AEC industry where numerous 

researchers are currently investigating upon. Campbell (Campbell, 2006) defines a BIM as an 

intelligent simulation of architecture that exhibits six key characteristics; (1) Digital, (2) Spatial/3D, (3) 

measurable in the meaning of quantifiable, dimension-able, and query-able, (4) comprehensive, (5) 

ŀŎŎŜǎǎƛōƭŜΣ όсύ ŘǳǊŀōƭŜ ŦƻǊ ǳǎƛƴƎ ǘƘǊƻǳƎƘ ŀƭƭ ǇƘŀǎŜǎ ƻŦ ŀ ŦŀŎƛƭƛǘȅΩǎ ƭƛŦŜΦ ¢ƘŜ ŦƻŎǳǎ ƛƴ ǘƘƛǎ ǊŜǎŜŀǊch on 

requirements that are not defined as quantifiable and thus not computable yet are in this context 

not ready to use for BIM. The building model itself exist of building components that are enriched 

with information and data that describe how they behave and are consistent and non-redundant 

data. These components are modeled as objects that have a digital representation and data about 

what they are. Precisely this digital representation is the fact that it is not yet possible to verify 

abstract requirements via BIM. Simply because these requirements are not defined by enough 

information and including measurable, in other words computable, components. Which is because of 

the relating design stage, but also due to a lack of information about this abstract statement. 

Shift towards a more integrated design process 
Due to the development of BIM which entails more data, an international shift from the traditional 

building process to a more integrated way of working takes place. The traditional construction 

process resulted in many ambiguities and inconsistent information transfers. The traditional process 

is characterized by a succession of different involved parties. In later phases than desired, errors and 

modifications emerge which at an earlier stage could have been determined and solved. The shift 

towards a more integrated way results in a more explicit way of working, where market participants 



Page | 16  
 

give further consideration to the produced requirement specification of the client. This requirement 

specification results in the eventually created demand specification for the market. The requirement 

specification is described in a certain way, which is called the functional specification (de Haan, 

Degenkamp, Schotanus, & Mulder, 2017).  

Using explicit information, defined as clearly stated and thus no room for confusion or questions, is 

of course important. Before introducing it to the market participants, the validation process must 

ensure that is mentioned what the client  means. This is important to reduce any discussion about it 

in a later stage (Hoeber, 2012). In the traditional construction process these requirements are 

included in the Statement of Requirements (SOR) which is used as input to the design. These 

requirements are often just written down and not formulated in a consistent and unambiguous way, 

but more often as inference requirements. The interpretation and implementation of these 

requirements is based on the combination of the available information and reasoning. In the 

traditional construction process this SOR must be finished before starting developing the design. This 

process is largely changed by introducing a more integrated design and building process with SE as 

support for among others functional requirements specification at the construction sector. The focus 

is lying much more on a good representation of the requirements that describe a building. This is 

emphasized by the believe that requirements processing is both critical to the success of a 

construction project and problematical in its effectiveness according to Shen (Shen, Li, Chung, & Hui, 

2004).  
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3.3  Requirements Engineering 

Requirement specification process 
A definition for the requirement specification process, also called Requirements Engineering, is given 

by Ian K. BǊŀȅ ŀƴŘ ƛǎ ŘŜǎŎǊƛōŜŘ ŀǎ άinvestigating and describing the problem domain and 

requirements, and designing and documenting the characteristics for a solution system that will meet 

those requirementsέ (Bray, 2002). The industry average investment in the requirement process for a 

typical system is 2-3% of the total project costs (Young, 2004). This amount is inadequate and in fact 

the root cause of the failure of many projects. Data has shown that projects that expended the 

industry average of 2-3% of total project costs on the requirement process experienced a 80-200% 

cost overrun, while when investing 8-14% of total project costs in the requirement process this has 

been reduced to 0-50% cost overrun. 

A correct system development is therefore important and depends on a precise, correct, and 

complete system description or specification. RE focusses on the task of obtaining the requirement 

statements and produce a correct and complete specification of a system. According to Zhi Jin (Jin, 

2018) the requirement statements can come from stakeholders, the domain knowledge and 

regulations. The process of obtaining these requirements of a system is intertwined with the design 

phases of a construction project.  

Before any system can be developed it is essential to establish the need for the system. The need 

may initially be expressed in fairly vague terms. In a generic development process, according to (Hull, 

Jackson, & Dick, 2011), the development of a system follows the next steps (Figure 7) and can be 

related to the Dutch construction sector design phases (Figure 5). Where the problem domain 

represents the pre-design phase and solution domain the design development.  

 

Figure 7. System development process (Hull et al., 2011). 
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The process of RE is divided into defining, documenting and maintaining requirement statements. 

There is a major importance of RE in early lifecycle phases of development of a system (Daclin, 

Daclin, Chapurlat, & Vallespir, 2016). Requirements must be checked throughout the systems 

lifecycle from design phase to execution phase. In order to prove, expectations have been satisfied 

and avoid problems such as drifting from expected objectives or cancellation. Some requirements 

only can be verified during operations phase, but still the majority must be verified during the 

lifecycle of a design, and therefore plays an important role in the success or failure of a project, yet it 

is often neglected. The process of RE continues to be considered as time- and resource-consuming 

and without clear added value. However, one should always keep in mind that as more errors are 

carried to the upstream engineering phases, the remedial costs in downstream phases will increase. 

RE belongs to the field of the definition of the problem which makes it beneficial to spend time 

defining clearly what is expected in order to avoid, as much as possible, problems in the later phases 

of the development and construction phases.  

The tasks that are related to RE can be divided into two subtasks (Jin, 2018), requirements modeling 

and analysis and requirements evolvement and management. Requirement modeling and analysis 

refers to eliciting and determining needs or conditions to meet for a new or altered product including 

gathering requirements by requirements models so that the correctness of the requirements can be 

guaranteed.  The other subtask is referred to managing all of the artifacts that have been produced 

during requirement modeling and analysis and managing the changes to these artifacts. This research 

mainly focusses on the part of requirement modeling and analysis and can be subdivided into four 

activities that are in an interleaved, incremental and iterative process.  

Á Requirements elicitation: identifying and collecting requirements(-related) statements from 

stakeholder or other sources. 

Á Requirements analysis: processing the information to understand it, classify it into various 

categories, and relating the stakeholder needs to possible system requirements 

Á Requirements specification: structuring this information and derived requirements as written 

documents and model diagrams 

Á Requirements validation: validating the documents and/or models to confirm that the 

specified requirements are accurate, complete and correct 

Requirements Management (RM) includes the documentation, storage, communication, tracking and 

traceability in such a way to allow an easy and reliable requirements change management (Pegoraro 

& Paula, 2017). During the lifecycle of a requirement, tracking the status of the requirements and 

change activity and tracing requirements to the various phases and product of the development 

effort can be seen as the core of RM (Young, 2004).  

In this research, RE and RM are not dissociated and we will therefore call this whole process as 

ǊŜǉǳƛǊŜƳŜƴǘǎ ǇǊƻŎŜǎǎƛƴƎΦ Lƴ ǘƘŜ !9/ ǎŜŎǘƻǊ ŀƭǎƻ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άōǊƛŜŦƛƴƎέΦ Lƴ ǎƻƳŜ ǊŜǎŜŀǊŎƘ, the 

techniques of enabling the project team to identify the best values and derive suitable solutions to 

fulfill the clients requirements are used for considering requirements in construction projects 

(Pegoraro & Paula, 2017). This has all to do with processing practices to help stakeholders to form 

adequate relations and make valuable decisions for good requirements.  
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Among the problem to perform requirements processing activities there are several often cited 

difficulties (Pegoraro & Paula, 2017). One of the difficulties is accommodating requirements of all 

involved stakeholders and the lack of open, effective and formal communication. Due to the high 

number of stakeholders and the poor definitiƻƴ ƻŦ ǘƘŜ ǇǊƻƧŜŎǘΩǎ ƻōƧŜŎǘƛǾŜǎ ŀƴŘ ǇǊƛƻǊƛǘƛŜǎΦ ¢ƘŜ 

communication is often hindered by the lack of channels and common language between 

stakeholders. Another one is the unclear information and the lack of inclusion of end users 

throughout the design development. This last one makes it difficult to evaluate to what extent the 

design solutions represent their needs and wishes (Jensen, 2011). This has all to do with 

interpretation and perception of their importance (Soetanto, Dainty, Glass, & Price, 2006). 

Requirements 
According to Ad Sparrius (Sparrius, 2014) a requirement can be fully defined by two definitions. One 

from the International Organization of Standardization (ISO) that has define a requirement as a 

statement that expresses a need and its associated constraints and conditions. And another institute, 

the Institute of Electrical and Electronics Engineers (IEEE) defines it as a statement that identifies a 

product or process operational, functional or design characteristic or constraint, which is 

unambiguous, testable or measurable and necessary for product or process acceptability 

(ISO/IEC/IEEE 15288, 2015). A set of requirements is contained in a specification. This last definition 

defines more precise the conditions of a requirement.  

A requirement that has not been elicited (see requirements elicitation) is not a requirement. A 

ǘƘƻǳƎƘǘ ƛƴ ǎƻƳŜƻƴŜΩǎ ƳƛƴŘ Ƴŀȅ ōŜ ƛƴ ǘƛƳŜ ŎƻƴǾŜǊǘŜŘ ǘƻ ŀ ǊŜǉǳƛǊŜƳŜƴǘΣ ōǳǘ ƛǎ ǇǊƛƳŀǊȅ ƴƻǘ ŀ 

requirement. If these mere thoughts were requirements, it would make the concept of a 

requirement meaningless.  A requirement does have also requirements, but no literature describe 

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

a requirement must be, according to the aforementioned definition of the IEEE, at least 

unambiguous, testable or measurable.  

Requirements are necessary attributes in a system, a statement that identifies a capability, 

characteristic or quality factor of a system in order to have value and utility to a customer or user 

(Young, 2004). Requirements are important because they provide the basis for all the development 

ǿƻǊƪ ǘƘŀǘ ŦƻƭƭƻǿǎΦ ¢ƻƻ ƻŦǘŜƴΣ ǇŜƻǇƭŜ ǿŀƴǘ ǘƻ ǎǘŀǊǘ ǿƛǘƘ ŘŜǾŜƭƻǇƛƴƎ ΨǘƘŜ ǊŜŀƭ ǿƻǊƪΩ ǘƻƻ ǉǳƛŎƪƭȅΣ ōǳǘ 

the industry confirms that a better approach is to invest more time in requirements gathering, 

analysis and management activities. The reason for this is that additional time is needed to identify 

ǘƘŜ ΨǊŜŀƭΩ ǊŜǉǳƛǊŜƳŜƴǘΦ !ŎŎƻǊŘƛƴƎ ǘƻ ¸ƻǳƴƎ (Young, 2004) there is a significant difference between 

the ƳŜƴǘƛƻƴŜŘ ΨǊŜŀƭΩ ǊŜǉǳƛǊŜƳŜƴǘ ŀƴŘ ŀ ΨǎǘŀǘŜŘΩ ǊŜǉǳƛǊŜƳŜƴǘΦ {ǘŀǘŜŘ ǊŜǉǳƛǊŜƳŜƴǘǎ are those 

provided by a customer at the beginning of a system development effort. Real requirements are 

those that reflect the verified needs of users for a particular system. These real requirements are the 

ones that reflect right what the customer wants, and is defined and interpreted by others in one way. 

¢ƘŜǎŜ ΨǊŜŀƭΩ ǊŜǉǳƛǊŜƳŜƴǘǎ ŀǊŜ ǎǳōƧŜŎǘ ǘƻ ǘƘƛǎ ǊŜǎŜŀǊŎƘΣ ƛƴ ǎǳŎƘ ŀ ǿŀȅ ǘƘŀǘ ŀōǎǘǊŀŎǘ ǎǘŀǘŜŘ 

ǊŜǉǳƛǊŜƳŜƴǘǎ ƳŀǊƪ ǘƘŜ ōŜƎƛƴƴƛƴƎ ƻŦ ŀ ǇǊƻŎŜǎǎ ƻŦ ǘǊŀƴǎƭŀǘƛƻƴ ǘƻǿŀǊŘǎ ǘƘŜǎŜ ΨǊŜŀƭΩ ǊŜǉǳƛǊŜƳŜƴǘǎΦ 

According to different literature about the attributes and characteristics of a ΨƎƻƻŘΩΣ ŀƴŘ ǘƘǳǎ ΨǊŜŀƭΩ 

requirement, Table 1 on page 19 summarizes the most used statements of these attributes. Only a 

small number of relevant articles are discussed in here, but they show corresponding characteristics 
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a requirement needs to have. The concepts that are mentioned more than once are presented and 

ŘŜŦƛƴŜŘ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ŀǳǘƘƻǊΩǎΦ  
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Table 1. Most mentioned attributes ŀŎŎƻǊŘƛƴƎ ǘƻ ΨǊŜǉǳƛǊŜƳŜƴǘǎΩ ό¸ƻǳƴƎΣ нллпύΤ ό[ŜŦŦƛƴƎǿŜƭƭ ϧ ²ƛŘǊƛƎΣ мфффύΤ όaŀƴƴƛƻƴ ϧ YŜŜǇŜƴŎŜΣ мффрύΤ όǾŀƴ 

Lamsweerde, 2000) 
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Taxonomy of requirements  
Requirements can be of different levels and the relationships between them can be explained by 

several perspectives. On the one hand requirements must specify what should be developed and the 

system designs specify how the system should be developed. An often made distinction is between 

problem definition and solution definition (Jin, 2018). On the other hand there is a distinction 

between functional and Non-Functional Requirements όbCwΩǎύ where, according to (Glinz, 2005), the 

first one describes again what the system should do, while all other requirements are considered to 

be non-ŦǳƴŎǘƛƻƴŀƭΦ !ŎŎƻǊŘƛƴƎ ǘƻ DƭƛƴȊΩǎ ŀǊǘƛŎƭŜ ǘƘŜǊŜ ƛǎ ƴƻ ŎƻƴǎŜƴǎǳǎ ǿƘŀǘ ƛǎ ƳŜŀƴǘ ǿƛǘƘ ǘƘŜ bCwΩǎ. 

The difference between them is related to the way it is interpreted and written down, but also the 

fuzziness that arises from the mix of concepts of the traditional classification. In here the 

classification is made according to kind, satisfaction, role and representation. Kind refers to whether 

a requirement concerns a function, performance need or constraint. Satisfaction to a scale from 

weakly satisfied to fully satisfied, where role refers to the role the requirement can play and 

representation whether a requirement is represented operationally, quantitatively or qualitatively.  

This representation facet, according to (Glinz, 2005), goes hand in hand with the way how a 

requirement can be verified and is divided in quantitatively and qualitatively. Performance 

requirements must be specified in a quantitative form if it is needed that these are precise, 

unambiguous and verifiable. Quantitatively specified requirements are verified by measuring. In 

more abstract levels it is also desirable to state requirements in a qualitative form, which cannot be 

verified directly. These can only be verified after deployment of the system and subjectively judge 

whether or not a qualitative requirement is satisfied. Which corresponds the thoughts of functional 

thinking concerning functional specifications.  

(Schneider & Berenbach, 2013) describe a distinction between product requirements or non-

technical requirements. Where product requirements are subdivided into physical, functional or 

bCwΩǎ . These product requirements can have only a true or false value, according to Boolean 

attributes. In Figure 8 these different perspectives are visualized in one schema. 
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Figure 8. Simplified requirements taxonomy according to different literature (Glinz, 2005) (Schneider 

& Berenbach, 2013), own drawing. 

Referring to Figure 8 the grey blocks represent the framework of the requirements that are not 

directly verifiable. In this sense also the non-technical requirements can comply with this, but 

relating to building projects in this research the focus is on design requirements which is consistent 

with product requirements. It can be described as an interwoven patchwork of different labeled 

requirements without a distinction between verifiable and non-verifiable requirements.   

The different mentioned concepts relating to the requirements of requirements will be discussed 

below according to the different definitions out of the literature of Young (Young, 2004), Leffingwell 

and Widrig (Leffingwell & Widrig, 1999), Mannion and Keepence (Mannion & Keepence, 1995) and 

van Lamsweerde (van Lamsweerde, 2000).   

Correct:  Correctness of a requirement describes the correspondence of that requirement with a real 

need of the intended users (Zowghi & Gervasi, 2003).  

Unambiguous: Unambiguous means that it does not have multiple interpretations. One of the major 

requirements according to validation, because the client and contractor have to understand one and 

the same from a requirement. This ensures that eventually the right system is created. 

Complete: Completeness can be seen as an important component of correctness.  According to 

Boehm (Boehm, 1984) completeness must exhibit three fundamental characteristics. First, no 
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ƛƴŦƻǊƳŀǘƛƻƴ Ƴǳǎǘ ōŜ ƭŜŦǘ ǳƴǎǘŀǘŜŘ ƻǊ Ψǘƻ ōŜ ŘŜǘŜǊƳƛƴŜŘΩΦ {ŜŎƻƴŘΣ ǘƘŜ ƛƴŦƻrmation does not contain 

any undefined objects or entities and thirdly no information is missing from the requirements.  

Consistent: Consistency requires that no two or more requirements contradict each other. And also 

regarded as the case where words and terms have the same meaning in all the requirements stated. 

This implies that exclusive statements and clashes in terminology should be avoided (Zowghi & 

Gervasi, 2003).  

Modifiable: Modification of requirements must be possible in such a way that it can be done easily, 

completely, and with consistency, while retaining the existing requirements that are not changed. 

Otherwise this modification may cause inconsistency (Matsumoto, Shirai, & Ohnishi, 2017).  

Traceable: The concept of tracing a requirement is specified as (1) the origin of each of the 

requirements are clear and (2) it facilitates the referencing of each requirement in future 

development or enhanced documentation (Pinheiro, 2004).  

Verifiable: A requirement must be verifiable. The process of verification is proving that the designed 

and built system meets its requirements, it addresses the question ά5ƛŘ ǿŜ ōǳƛƭŘ ƛǘ ǊƛƎƘǘΚέ 

Requirements are not verified, but the system is verified that it meets its requirements. To describe 

verifiability as a requirement of requirements it must be seen as an overall requirement of the above 

mentioned concepts. Before verifying a requirement it must be correct, unambiguous, complete, 

consistent,  modifiable and traceable.  

The list of characteristics is not complete. The most named concepts are not that difficult to 

understood but their application proves difficult. This has to do with the lack of examples or 

guidelines to illustrate good or bad practice (Mannion & Keepence, 1995). Next to that, on the other 

side the sheer number of characteristics can be overwhelming. It is of that reason that the acronym 

SMART is developed to assist people in setting down good objectives and requirements. This 

acronym is not to prove that the requirements specification is correct, but for checking the 

document if every requirement can be verified as correct in terms of expression. The acronym 

therefore can help in formulating requirements but gives no guarantee. It is therefore important to 

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

research.  

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

first are the value (numerical) requirements, secondly the relational requirements and thirdly the 

textual requirements. These textual requirements are often difficult to handle since they are 

sensitive for misinterpretations or are judged differently due to their subjective character. This kind 

of requirements are often marked as complex because these are not tangible or measurable 

(Delghandi, 2018) and thus too abstract to use for (automated) verification yet. Nevertheless, these 

abstract requirements still need their own requirements to which they are framed to. 
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Non-functional 
Recent work points out that early-ǇƘŀǎŜ w9 ǎƘƻǳƭŘ ŀŘŘǊŜǎǎ ǘƘŜ bCwΩs, while later-phase focus on 

completeness, consistency and verification of all requirements (Pinheiro, 2004). Also several reports 

showing thaǘ ƴƻǘ ǇǊƻǇŜǊƭȅ ŘŜŀƭƛƴƎ ǿƛǘƘ bCwΩs have led to considerable delays in the project and 

consequently to significant increase in final cost.  

NFRΩǎ are describing how well specific parts of a project function are just as important as other 

requirements (see physical and functional requirements in Figure 8). They are ensuring that the 

system operates with the qualities that are needed and stated by the client or user. In short, these 

kind specifies how functions are to be performed, often referred to in SE as thŜ άƛƭƛǘƛŜǎέ (Young, 

2004). Examples are performance, reliability, security or maintainability standards. Because they are 

important, it does not mean it is easy to handle these kind of requirements (Matsugu, 2015). Often 

abstract requirements are difficult to model because they vary so much that they lack a consistent 

method or representation. Without this consistency, the requirements are modelled for each project 

specific. The requirements are also casually stated out of a nonchalant statement by a user or other 

stakeholder. And at last abstract requirements are hard to measure, having the capacity to be 

indefinite which makes them difficult to evaluate.  

In aŘŘƛǘƛƻƴ ǘƻ ǘƘƛǎΣ bCwΩǎ are often abstract, undefined and non-computable and represent most of 

the abstract requirements in this research, which not says that in other structure parts of Figure 8 no 

abstract statements can arise.  

Measurability 
Measurability is of importance regarding the description of abstract requirements. In addition to the 

described concepts many ƻǘƘŜǊ ŎƻƴŎŜǇǘǎ ŀǊŜ ǊŜƭŀǘŜŘ ǘƻ ǾŜǊƛŦƛŀōƛƭƛǘȅ ŀƴŘ ΨƎƻƻŘΩ formulated 

requirements, but this research focusses on the way abstract requirements can be specified in order 

to use them for verification.  

Assuming that a requirement is specific defined, non-measurable requirements fall into two 

categories: those which cannot be instrumented or those which are specific but for which there is no 

yardstick available (Mannion & Keepence, 1995). In the context of RE, the meaning of measurable is 

that it is possible to verify that the requirements have been met. Regarding the two categories, the 

first one can occur when detailed timing or performance information is required. In a general way 

the test of such a requirement can influence and change the characteristics of the system and 

therefore the operation of it. It is believed this same situation can occur with the expected abstract 

requirements within building designs. To test a quality on certain values within the building these 

values need to be met within the building and therefore must be present at the building or at least at 

the involved elements of the building.  

The second category is subtler. It is not possible to measure this kind without having a test case 

(Mannion & Keepence, 1995). To be measurable the requirement must specify a fixed performance 

against a predefined set of test cases for which certain values are known. Requirements which are in 

this category need to be made more specific in order to be measurable. In several case studies with 

bCwΩǎ there is shown a high degree of measurable NFRΩǎ, but there are still some of them that are not 

possible to formulate in a quantifiable manner (Doerr, Kerkow, Koenig, Olsson, & Suzuki, 2005). But 

having more than 90% of the NFRΩǎ measurable is a significant improvement over current industry 

practice and previous methods, according to the several case studies in (Doerr et al., 2005). 
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Verifiability  
The objective of verification is to demonstrate that a set of selected requirements  is satisfied 

(Mallek, Daclin, & Chapurlat, 2012). A requirement can be seen as verifiable in the aggregate if and 

only if each of the component requirements contained within it is verifiable. And the requirements 

can be deemed verifiable if and only if there exists a finite, cost-effective process with which a person 

or a machine can determine that the developed system does indeed meet the requirement  

(Leffingwell & Widrig, 1999). It is of importance, as a practical matter, that it is necessary to define 

requirements so that it is possible to test them in a later phase and determine whether they were 

achieved. In this matter computability of abstract requirements is necessary in order to automatically 

verify these requirements in for example a BIM model. Of course all possible characteristics of 

requirements that are mentioned in literature play an important role in defining and specifying 

ΨƎƻƻŘΩ ǊŜǉǳƛǊŜƳŜƴǘǎΦ IƻǿŜǾŜǊΣ ǘƘƛǎ ǊŜǎŜŀǊŎƘ ŦƻŎǳǎǎŜǎ on possibilities to verify the abstract 

requirements that are not yet specified. And therefore is chosen to focus on translating these 

requirements towards statements that can be used for automated verification. In line with this 

verification, this research is connected to the concepts of measurability, computability and 

ambiguity. 

There is also a distinction between non-verifiable and non-measurable requirements. In the sense of 

verification of requirements, measurability is not mentioned as a condition (Figure 8). But relating to 

the concept of rule-based checking of building design, the condition of measurability must be added 

to the requirements. This measurability in this research is equal to the computability of a 

requirement. The computability in here refers to making the requirement usable for (automated) 

verification in relation to an used software tooling or program. What can consist of quantifiable 

components or other information which can be used for connecting a requirement to a certain 

database. In this sense computability refer to a broader view of information of requirements than 

measurability entails. 

In that case non-measurable requirements lacks information to have a computable component, but 

can still be verified using other methods that not need computability. Measurability can be, out of 

the formulated context, connected to a quantifiable requirement. If this component of computability 

is missing in the requirement it is impossible to use it for automated verification. The client often 

specifies their requirements in words which making it a task of the specialist to transform these into 

quantifiable requirements. But this does not mean that every requirement a client mentions can be 

directly transformed into a quantifiable requirement. This makes these requirements not (yet) usable 

for testing. These requirements are non-verifiable due to the fact these are non-computable, but 

non-verifiability entails more attributes then only computability.  

Computability 
The translation from abstract requirements into specific defined and computable requirements is the 

objective of this research and entails a process from a client description into computable values. 

These computable values can help in a later stage to verify this same requirement as described by 

the client. These requirements describe often subjective matter where a client also does not know 

what to do with. During discussions between an expert and client about a certain topic the expert 

must try to find out what the client really means and wants. This can lead to a more specific 

description or understanding of what a client thought is perhaps not what he or she was mentioning.  



Page | 27  
 

It may be clear that not all components of these abstract requirements can be translated into specific 

values. But a lot of these requirements will be translated into values that are stated as computable 

and useful for information management purposes a computer can handle. And it is this information 

that is needed for verification via a BIM model because an automated constraint checking system will 

only be able to check constraints that be computed (Niemeijer, 2011). Constraints in the building 

industry fall in one of two categories in terms of computability: either they are simple guidelines or 

rules of thumb that can be quickly calculated, or they require a computationally intensive numerical 

simulation, as is the case in for example building physics constraints. It is interesting to look how 

Y.{Ωǎ Ŏŀƴ Ǉƭŀy an supportive role in the computationally translation of human expertise that is 

difficult to model using conventional techniques.   

Natural language  
Natural language (NL) is the most used representation for stating requirements on computer-based 

systems in industry. However, NL is inherently ambiguous. In RE, NL is the most frequently used 

representation in which to state requirements that must be met by information technology products 

or services (Kamsties, Berry, & Paech, 2001). Ambiguity in requirements is a serious problem because 

often stakeholders are not even aware that there is ambiguity. So there is a major importance in 

describing a requirements and the components of a requirement in an unambiguous way.  

Representing requirements in NL is ideal for human communication and definition, but the 

correctness of it is not guaranteed due to the inherent ambiguity of NL. Despite of this, NL is still 

preferred by many as a communication facilitator (Tjong, 2008). Based on this fact there are several 

approaches for writing good requirement specifications. Avoiding problems regarding ambiguity are 

based on approaches that define linguistic rules and analytical keywords, guideline rules or language 

patterns. In the study of (Tjong, 2008) these approaches are explained and insight is given how to 

deal with ambiguity. This is of importance during this research to translate and formulate usable 

requirements.  

Ambiguity 
In NL, ambiguity is a major problem. People who use NL can usually discern the intended meanings of 

otherwise ambiguous words and phrases by using various sources of knowledge (Tjong, 2008). 

Ambiguity is noticed when a statement has more than one distinct meaning. By contrast, a vague 

statement can have only one meaning, but the distinction between circumstances under which it is 

true and the circumstances under which it is false is not clear-cut (Nissanke, 1999). Ambiguity arises 

from among others a conceptual problem such as conceptual vagueness or a lack of correspondence, 

which is most applicable in this research since the communication between contractor and client 

must lead to unambiguity. Regarding the study of ambiguity by Tjong (Tjong, 2008), the most 

applicable form of ambiguity is that of pragmatic ambiguity. It concerns the relationship between the 

meaning of a sentence and the context in which the sentence occurs. It occurs sometimes when 

human common sense knowledge and knowledge about context is uncertain. When a client indicates 

what is desired it is often not immediately clear and unambiguous to understand. In what context it 

occurs, what really is meant with that sentence and if the sentence really suggests what the client 

wants are just a few examples in order to get more grip and understanding of the client specific 

requirements. Through discussing and other forms the contractor tries to get the right 

understanding.  
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Also the research of Niemeijer (Niemeijer, 2011) discusses the difficulty of ambiguity in interpreting 

NL. The exact meaning of words can depend on the context, unlike programming languages. Several 

types of ambiguity can be mentioned (Hutchins & Somers, 1992). 

Á Category ambiguity: regarding the grammatical category, which can be explained by words 

that can be used in multiple ways.  

Á Homography: two words with the same spelling, but with different meanings. 

Á Transfer ambiguity: same words which having a different meaning in different languages. 

Á Structural ambiguity: one sentence that can have multiple different interpretations. 

In this research, and for most of the requirements specification in the Dutch construction industry 

structural ambiguity is the most important to avoid. Category ambiguity and homography are often 

subordinate to structural ambiguity. When a sentence just has one interpretation, than other forms 

of ambiguity will seldom appear. 

Translation procedure of requirements 
The translation procedure for the translation of requirements into product specifications is not 

researched upon that greatly by researchers from the AEC industry (Delghandi, 2018). In particular, 

not for abstract requirements. Translation procedures during design phases are often specified 

through contracted meetings between client and contractor. Within integrated contracts several 

meetings are planned for specifying needs and wishes of the client. These meetings must provide 

clarity in order to formulate the right requirements. Then it is important to translate this description 

into defined, computable and unambiguous statements to use it for verification. Core of this research 

is to investigate if there are possibilities to improve this process for abstract requirements and how 

this can be established. 

Systems engineering 
One of the current used approaches is the approach of SE which is interesting as this is becoming a 

more standardized way of working in the construction industry. Used to manage the complexity of 

construction projects. According to the International Council on Systems Engineering (INCOSE) SE is 

defined as; άan interdisciplinary approach and means to enable the realization of successful systems. 

It focuses on defining customer needs and required functionality early in the development cycle, 

documenting requirements, then proceeding with design synthesis and system validation while 

considering the complete problemΦ ώΧϐ Systems Engineering considers both the business and the 

technical needs of all customers with the goal of providing a quality product that meets the user 

needsέ (INCOSE, 2018). 

The use of SE within the AEC sector can be understood when elaborate on the characteristics 

(Moonen, 2016)(Delghandi, 2018). Identifying the steps will give an overview on how the information 

of requirements interacts with the design concerning this approach. 

A system can be seen as a whole of interacting parts that work together for a stated purpose. This 

system is created by people to provide a certain need within a certain defined environment. In the 

construction industry these parts are most often objects. System thinking is used to understand the 

total project or process in a better way and act as the basis of SE. A decomposition of the total 

system into sub systems is used for dealing with the complexity of certain projects. The ultimate 

purpose of a system is the main functionality which is subdivided in other functions. Thinking from 
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these functions is called functional thinking and ensures that people are thinking from large to small 

scale, which aligns with the top-down method of reasoning. By using this decomposition, the 

eventual tree structure of a system can be created and more insight on a higher level can be given by 

subtracting lower level parts. 

During the system development (Figure 7) the need of a client is monitored continuously and is the 

main directive to a proper design. The focus on requirements during the whole lifecycle is essential 

ŦƻǊ ǘƘŜ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ {9Φ CǊƻƳ ΨƎƻƻŘΩ ǊŜǉǳƛǊŜƳŜƴǘǎ ŀ ǎƻƭǳǘƛƻƴ ƛǎ ŘŜǊƛǾŜŘ ǿƘƛŎƘ ǎǳƛǘǎ ŀƭƭ ǘƘŜ 

needs of the client in the ideal world. The exploration of these requirements is thus an essential part 

of the SE process. SE approaches the development in the total life cycle, from initiation until 

retirement.  

           

Figure 9. Left: Systems Engineering methods. Right: Systems Engineering process. (Kossiakoff, Sweet, 

Seymour, & Biemer, 2011). 

The main elements in the representation of Figure 9 can be found in the interaction between 

requirements, functions and design elements. The functionality of the eventual system is determined 

by the relation between these three elements. To illustrate the top-down methods in the design loop 

the V-model is often used. The decomposition of the initial system is realized to give more insight in 

the total system. The whole lifecycle can be seen in Figure 10 with the different phases. Most 

important are the stakeholder analysis and requirement analysis. In the stakeholder analysis the key 

players in a project are identified. To realize a proper requirements analysis in the next step it is 

important to understand the stakeholders needs. Weak related requirements to stakeholders are a 

major reason that incites project failure.  
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Figure 10. One of the Systems Engineering approaches (Kossiakoff et al., 2011). 

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

understanding of the requirements defines the design constraints (Moonen, 2016). In this process 

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

proper validation with the client is needed to ensure that the interpretation is right and to reduce 

discussion about the interpretation in further stages. In particular, the reducing of discussion is 

subject to this research in order to decrease time-consuming meetings and errors in later stages of 

the design due to misunderstandings.  
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3.4  Verification 

In the context of human realization of any system, human thoughts are susceptible to errors. This is 

also the case with engineering activities. In any activity or resulting outcome of an activity the search 

for potential errors should not be neglected, regardless of whether or not one thinks they will 

happen or that they should not happen. The consequences of errors can cause extremely significant 

failures or threats. The meaning of verification in the context of this research is the verification of a 

system, in this case an utility building, to check it against design requirements.  

Verification is in most of the cases still done through manual inspection of documents. The method 

for verification of most of the design requirements is by testing, a technique performed on the 

submitted element by which functional, measurable characteristics, operability, supportability, or 

performance capability is quantitatively verified when subjected to controlled conditions that are 

real or simulated. Testing often uses special test equipment or instrumentation to obtain accurate 

quantitative data to be analyzed. In this context the BIM model and a corresponding specification of 

ǊŜǉǳƛǊŜƳŜƴǘǎ Ŏŀƴ ōŜ ǎŜŜƴ ŀǎ ǘƘŜ ŜǉǳƛǇƳŜƴǘ ƻŦ ŀǳǘƻƳŀǘŜŘ ǾŜǊƛŦƛŎŀǘƛƻƴΦ ¢Ƙƛǎ ΨtestingΩ can be done 

with the methodology of rule-based checking.  

Current verification methods have largely concentrated on detecting structural anomalies among 

rules and incompleteness. Several rule-checking techniques can be used to develop a validation and 

verification system. One of the possibilities is a Rule-Based System (RBS) that can possibly support 

the specification of abstract requirements what can result in better measurable, computable and 

unambiguous requirements (Anantaram, Nagaraja, & Nori, 1998).  

 

Figure 11. Verification process components, own drawing. 
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Verification process 
The basic objectives in validation and verification of requirements is to identify and resolve problems 

and high-risk issues early in the life cycle. Defining these two terms can via the following questions 

(Boehm, 1984). VŀƭƛŘŀǘƛƻƴ ƛǎ ŀƴǎǿŜǊƛƴƎ ǘƘŜ ǉǳŜǎǘƛƻƴ άŀƳ L ōǳƛƭŘƛƴƎ ǘƘŜ ǊƛƎƘǘ ǇǊƻŘǳŎǘΚέ, where 

verification is answering the question ŀōƻǳǘ άŀƳ L ōǳƛƭŘƛƴƎ ǘƘŜ ǇǊƻŘǳŎǘ ǊƛƎƘǘΚέ.  

Requirements are the single element that ties all the product development lifecycle processes 

ǘƻƎŜǘƘŜǊΦ 5ŜŦŜŎǘƛǾŜ ǊŜǉǳƛǊŜƳŜƴǘǎ ƘŀǾŜ ŀ ŘƛǊŜŎǘ ŀƴŘ ǎƛƎƴƛŦƛŎŀƴǘ ƛƳǇŀŎǘ ƻƴ ǘƘŜ ǇǊƻƧŜŎǘΩǎ Ŏƻǎǘ ŀƴŘ 

schedule at the end of the project. Due to this it is important to iterate the validation and verification 

process during the whole lifecycle of a project. Starting at the beginning of a project it is required to 

reduce cost to fix requirement defects (Figure 12). Requirement defects cause re-work and therefore 

increased cost that increases exponentially as the product lifecycle progresses (Wheatcraft, 2012). 

Validation and verification are major cost and schedule drivers for any project.  

 

Figure 12. Cost to fix requirement defects based on (Wheatcraft, 2012), own drawing. 

The requirements specification can be seen as the document that specifies, in a precise, complete 

and verifiable manner, the requirements of the object together with the procedures of verifying 

these. This verification process ensures that the solution is tested against the derived requirements.  
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Figure 13. Essence of the verification process based on (Moonen, 2016), own drawing. 

The verification process is consistent with the leading developments of so called Rule-Based Systems 

(RBS) (Eastman, Lee, Jeong, & Lee, 2009), which began exploration for building models in the late 

1980s. Rule checking, which can be seen as similitude of verification, can be structured into four 

stages. The first stage consists of rule interpretation and logical structuring of these rules for their 

application. Next the building model must be prepared including the necessary information required 

for checking. The third stage is the rule execution phase, which is the actual checking. A last stage 

consists of the reporting of the checking results. Some research into automated verification of client 

specific requirements has been done by L. Moonen (Moonen, 2016), and focused on the physical 

requirements of a building design. To actually make automated verification usable for other 

requirements than physical requirements, in other words abstract requirements as mentioned 

before, it is important that this research starts with investigating how abstract requirements must be 

described in order to have usable statements for automated verification. During the process of 

developing a building, the requirements will be changed or new ones will be added. Verification of 

the requirements can therefore best be investigated during the final design of a case. This process is 

only worth as much as the data which is put in the process (Moonen, 2016). To give a verification 

value, validation of a requirement should be done to ensure that the verification can be done 

correctly. The validity of a requirement remains a difficult endeavor. To ensure this validity a 

requirement must meet the stated conditions of a requirement. As earlier mentioned in this research 

the verification process benefits from automated applications, which is not yet possible for every 

building requirement. Nevertheless, a lot can be learned from the application of automated 

verification for requirements that are ready to use for this purpose. Within the concept of rule-

checking the use of computable requirements and conditions under which this will be possible are 

discussed.  
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3.5  Automated rule-checking 

The benefit of automated rule-checking of construction projects is expected to reduce time, cost and 

errors of the checking process. However, state-of-the-art checking systems cannot achieve fully 

automation because of relying on the use of hard-coded, proprietary rules for representing  

requirements, which requires major manual effort in extracting information from textual documents 

and coding these information into a rule format (Lan & Shih, 2014)(Zhang & El-Gohary, 2017).  

Automated checking systems will only be able to check requirements that can be computed, which 

makes it needed that abstract requirements can be computed (Niemeijer, 2011). Automated rule-

checking is already often implemented in the context of applying licenses and permits as well as to 

asses compliance with building codes, which is all computable data. But also other domains are 

already subject for research, such as the impact of design options on the performance of buildings 

that can be assessed automatically using BIM tools (Martins, Rangel, & Abrantes, 2016). In order to 

use automated rule-checking routines as contribution to the development of building designs by 

verifying design options, checking the impact of it, the rule-checking software can be used as a KBS 

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

Automated rule-checking, has been a field of research within BIM since the early years of this 

technology (Martins et al., 2016). According to Eastman (Solihin & Eastman, 2015) an important part 

of rule-checking are the rule definitions. Today, the rules are typically written in human languages 

that require significant domain knowledge in order to interpret them into a machine interpretable 

ƳŀƴƴŜǊΦ ¢Ƙƛǎ ΨƳŀŎƘƛƴŜ ƛƴǘŜǊǇǊŜǘŀōƭŜ ƳŀƴƴŜǊΩ is related to generating consistent, precise and 

quantifiable conditions for each rule. The bCwΩǎΣ stated in an abstract way, are most of the time not 

computable yet and thus not ready to use for automated rule-checking.  

Rule-checking technique 
Research development of w.{Ωǎ for building models began approximately three decades ago (Garrett 

& Fenves, 1987). During this time a lot of development has taken place, but really effective rule 

checking systems are just now beginning to become available. The technology is therefore still young 

and quickly evolving. Based on Eastman et al. (Eastman, Lee, Jeong, & Lee, 2009) there are four 

software platforms that have been developed to support implementation aspects of rule checking 

systems, which all applying rules to Industry Foundation Classes (IFC) building model data.  

Several software tools are available to help a designer manage a building design project and the 

associated requirements. BIM can be named as one of the most notable efforts in recent years 

regarding information management in the construction industry (Pauwels et al., 2011).  

Rules and regulations are written by people and for a long time, were only read and applied by 

people. As a result, they were sometimes incomplete (particular conditions were not covered) or 

contradictory. Their structure was often arbitrarily complex. Improving the logical structure of 

regulatory codes was an area of early research. Rules for building designs are first defined by people 

and represented in human language formats, typically written in text, tables and possibly equations. 

The interpretation of these rules is subject to miscommunication, ambiguity and error prone.  
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On the one side, the building model must be prepared for using rule-checking automatically, and on 

the other side the rules themselves must be formatted in such a way these can be used for rule-

checking which entails a computable statement.  

A rule checking process is separated into four phases considering a rule interpretation phase, 

building model preparation phase, rule execution phase and a rule check reporting phase (Pauwels et 

al., 2011). Last year many approaches have been researched upon for rule checking in the 

construction industry. In several approaches a conversion phase is required for converting the 

building model viewed in IFC into a building model containing the information needed by the rule 

checking environment.  

According to Eastman (Eastman et al., 2009) checking of requirements is often a costly bottleneck 

and automated code reviews have the potential to save significant time and cost. Eastman also 

expects that the application of rule checking systems will move beyond code checking of building 

codes and accessibility criteria and become a standard tool used throughout the building lifecycle. A 

rule-based assessment tool can be implemented  for various platforms; first it can be an application 

closely tied to a design tool, such as a plug-in, allowing checking whenever the designer wishes. 

Second, a stand-alone application parallel to a design generating tool, or third a web-based 

application that can accept design from a variety of sources. In most of the cases the developed 

applications are based on the third concept.  

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

the requested performance (Eastman et al., 2009)(Hjelseth & Nisbet, 2010). The answer to this kind 

of check is a yes or a no on the given rules (Pauwels et al., 2011). According to Hjelseth & Nisbet, 

there are four intentions for model checking; validating systems, guiding systems, adaptive systems 

and content based checking. This research focusses on the examining character and therefore on 

validating systems checks. According to Eastman (Eastman et al., 2009), the different categories he 

discusses as part of the technique of rule checking can be used for a total of seven different 

categories. This research will focus on the category of abstract formulated client requirements. These 

are the requirements which are realized  by the client to achieve certain qualities they need for a 

suitable environment according to the needs and functions of the building.  

The eventual data (IFC) that will be checked can be asked of four different classes of rules (Solihin & 

Eastman, 2015).  

Á Class 1: Rules that require a single of small number of explicit data. The data which is 

checked in this rule class is accessible directly in the model and does not require extensive 

preparation. The access can be done with basic queries to evaluate availability of data or 

relations. 

Á Class 2: Rules that require simple derived attribute values. Based upon single values or small 

data sets. New data does not have to be generated, but multiple actions could be needed to 

execute these rules. Implicit relationships within the requirements should be identified in 

this class of rules. 
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Á Class 3: Rules require extended data structures. Data must be generated to execute the 

check. The execution of these rules relies on a geometry engine that can evaluate the model 

on its geometry and relations with the use of algorithms and calculations.  

Á /ƭŀǎǎ пΥ wǳƭŜǎ ǘƘŀǘ ǊŜǉǳƛǊŜ ŀ ΨǇǊƻƻŦ ƻŦ ǎƻƭǳǘƛƻƴΩΦ ¢ƘŜǎŜ ǊǳƭŜǎ ǿƛƭƭ ƎƛǾŜ ŀ ǇŀǎǎΣ Ŧŀƛƭ ƻǊ ŜǊǊƻǊΦ ¢Ƙƛǎ 

requires describing how a model passes the rules instead of just complying with the 

prescribed rules. The complexity of these rules does not have to rise in comparison with the 

other rule classes formulated, but have a different focus.  

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

BIM-based model checking 
One of the available software tools is BIM-based Model Checking (BMC) (Hjelseth, 2015). BMC is 

software which processes the content of information in BIM-files according to rules specified as pre-

defined procedures. There are three components a BMC consists of; software, rule-sets and BIM-

files. Model checking explores the content of information in BIM-files in a transparent way. The 

software is based on the principle that a logic-rule connected to the information from a BIM-file can 

have the outcome of Pass, Fail or Not checked. This logic of a rule is basically a simple question 

answered wƛǘƘ άȅŜǎέΣ άƴƻέ ƻǊ άƴƻǘ ŎƘŜŎƪŜŘέ ŘǳŜ ǘƻ ƳƛǎǎƛƴƎ ƛƴŦƻǊƳŀǘƛƻƴΦ These principles of BMC are 

leading and often the components are the base for all rule-checking software. 

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

be translated via a certain way. The belief is that this translation process is very difficult to capture, 

but Knowledge-Based Systems (KBS) can support this in the next way. Knowledge of experts provide 

the base on which decisions are made that define a certain abstract requirement a client has. This 

knowledge, including expertise, references and experience, contains what is needed for the 

translation. When capturing this knowledge and then from more than just one expert, this 

knowledge can lead to a more consistent base on which decisions are found. At the same time an 

interaction between a client and this information can improve the process of defining what an 

abstract requirement means to a certain person. This interaction can deliver benefits regarding time, 

costs and errors in the design process. This is the main idea for using KBS in the definition process. 

Expert Systems (ES) are one of the possibilities that are concerned with decision making purposes. 

Concerning the interaction that is bŜƭƛŜǾŜŘ ŀǎ ŀ ƎƻƻŘ ŦǳƴŎǘƛƻƴ ƻŦ ǎǳŎƘ 9{ΩǎΣ ŀ ǘȅǇƛŎŀƭ vǳŜǎǘƛƻƴ-Answer 

System (QAS) will be the concept on which the tool will be based. 
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3.6  Expert Systems 

Use of expert systems in the construction industry 
As mentioned before the rule-checking software can be used as a KBS in the form of an Expert 

Systems (ES) that supports the decisions of the clients and assessing the impact of design options. In 

this case the data about requirements can be the base for developing an ES and can be connected to 

the verification of abstract requirements.  

ESΩǎ in the area of construction management is not new. Research on ESΩǎ has been a topic for more 

than twenty years (Yang, Li, & Skitmore, 1996). However, as with any other emerging technology, the 

expectations surrounding ESΩǎ have been slow to come to fruition. As a result, there has been a 

considerable drop in the number of new ES applications in recent years. In the late eighties there has 

ōŜŜƴ ŀ ƘȅǇŜ ƻŦ 9{ ŘŜǾŜƭƻǇƳŜƴǘ ŀƴŘ ǿŀǎ ŦƻƭƭƻǿŜŘ ōȅ ŀ ΨŎƻƻƭ-ƻŦŦΩ ǇŜǊƛƻŘ ƛƴ ǘƘŜ ƴƛƴŜǘƛŜǎΦ 5ǳǊƛƴƎ ǘƘŜ 

hype several system areas have been used for attempts in construction management. These can be 

classified into four categories; selection systems, advisory systems, monitoring and control systems, 

analysis and evaluation systems. None of these categories uses the RE process as base for their ES 

development.  

Every ES is concerned exclusively with decision making (Golik & Golik, 2000). Construction 

management, which is concerned with both decision making and implementation, is a very likely 

ŀǊŜŀ ŦƻǊ 9{ ŀǇǇƭƛŎŀǘƛƻƴǎΦ 5ŜǎǇƛǘŜ ǘƘƛǎ ŦŀŎǘΣ ǘƘŜ ΨŎƻƻƭ-ƻŦŦΩ ǇŜǊƛƻŘ Ƙŀǎ ƳŀŘŜ ŀƴ ŜƴŘ ǘƻ ǎƻƳŜ ƛƳǇŀŎǘ ƻƴ 

existing construction practices. The expectations were slow to be realized as a result of the limited 

capacity of development tools, inadequate methodologies and absence of construction knowledge in 

problem domains (Yang et al., 1996). The potential of ES lies within the ability to capture, incorporate 

and automate judgements, intuition, rules of thumb and other forms of human expertise that are 

difficult to model uǎƛƴƎ ŎƻƴǾŜƴǘƛƻƴŀƭ ǘŜŎƘƴƛǉǳŜǎΦ 9{Ωǎ can fulfil a specific role in an area where 

knowledge, experience and qualitative approaches still dominate. Something that is just the issue 

with abstract requirements during the design of a construction project.  

In the construction industry it is difficult to bring industrial experience and knowledge together 

(Laptali & Bouchlaghem, 1995). Due to the characteristics of the industry it differs from other 

industries by the physical nature of the product, structure of the industry and organization of the 

construction process which affects this bridge between industrial experience and knowledge. The 

building, which is made specially to the requirements of each individual customer and other 

regulations, determines these characteristics.  

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

aspect of knowledge is the foremost important resource a company can have. This is due to the 

assumption that a lot of administrative benefits might be achievable on an organizational level by the 

right interpretation of the available information and data. Together with this trend the AEC industry 

is induced to work more effective and efficient due to the complex demands that arise from the 

ŎƭƛŜƴǘΩǎ ƴŜŜŘ ǿƛǘƘƛƴ ǘƘƛǎ ŘƻƳŀƛƴ (Delghandi, 2018).  

Knowledge management (KM) has being recognized as a vehicle through which the industry can 

address its need for innovation and improved business performance (Kamara et al., 2002). The failure 

to capture and transfer project knowledge, especially within the context of temporary virtual 
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ƻǊƎŀƴƛȊŀǘƛƻƴǎΣ ƭŜŀŘǎ ǘƻ ƛƴŎǊŜŀǎŜŘ Ǌƛǎƪ ƻŦ ΨǊŜƛƴǾŜƴǘƛƴƎ ǘƘŜ ǿƘŜŜƭΩΣ ǿŀǎǘŜŘ ŀŎǘƛǾƛǘȅ ŀƴŘ ƛƳǇŀƛǊŜŘ Ǉroject 

performance. One of the topics within KM are knowledge-based ESΩs to codify knowledge through 

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

is fueled by the need for innovation, improved business performance and client satisfaction. While 

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

more sophisticated, insisting on better value for money and demanding more of construction for less 

expenditure. The interest in capturing knowledge has been expressed in the idea of development of 

Knowledge-Based ESΩs. 

Capturing requirements as knowledge 
It has been found from past experiences (Laptali & Bouchlaghem, 1995) that the use of ESΩǎ in 

construction projects have several benefits which contains the sharing of expertise within the firm, 

improvement of expertise, speeding up the early decision process in combination with improvement 

in quality, an increased consistency in decision making and a formalization of expertise. In the 

literature of the use of ESΩs in the construction industry several limitations have been discussed 

according to the acceptance of ESΩs. The scope of ES is confined to narrow problems only for 

individual activities, the systems that were build vary in form and structure which means 

interchangeability and communication between systems was very limited and the users were not 

incorporated into the system without reprogramming by the developer.  

As stated in earlier phrases of this literature review ambiguity will play a role within capturing 

requirements as knowledge and translate these into specific and computable requirements that 

possibly can be used within automated verification. In the development of an ES it is therefore highly 

important to take into account as much as possible of this aspect. Excluding ambiguity out of the 

development in this research will not be completely possible, but taking into account the best as 

possible is nevertheless important. 

Development of Expert Systems 
Nowadays there are powerful tools for the generation of 9{Ωǎ. However, creating an ES on the basis 

of these tools becomes a very difficult task for users without specific training (Ruiz-Mezcua, Garcia-

Crespo, Lopez-Cuadrado, & Gonzalez-Carrasco, 2011).  

At this moment the construction industry has little knowledge about advanced techniques of artificial 

intelligence (AI) in the modern time, due to the decreased hype of 9{Ωǎ in the nineties (Yang et al., 

1996). 9{Ωǎ, as a form of Knowledge-Based Systems (KBS), can be very difficult to develop. Creating a 

tool that is easy to use but still has enough power to solve problems and can be used by the domain 

expert makes the technology of 9{Ωǎ accessible in all types of companies and domains (Ruiz-Mezcua 

et al., 2011). Including ready for prototyping and further developments and implementations.   
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Figure 14. Framework Architecture of Expert System for users with no experience based on (Ruiz-

Mezcua et al., 2011), own drawing. 

In AI, knowledge representation (KR) is an essential area that is concerned with how knowledge is 

stored and processed and that attempt to understand intelligence (Tanwar, Prasad, & Datta, 2014). 

KR can be used for representing the knowledge required for Question Answering Systems (QAS). This 

system can be grouped under Knowledge-based 9{Ωǎ and is the best to support capturing the relation 

between descriptive text and computable values.  

In the eighties people assumed that computers will take over the role of people. However, ES have 

not realized the expectations. In order to this an ES is downgraded to a supportive tool to the human 

experts. One of the major problems within this kind of systems is the fact that they assume that 

experts do not learn more than the knowledge they have on a certain moment in time. But in reality 

experts keep learning. This issue is not part of this research and development. It is focused on the 

employability and possibilities of ES in the construction industry. One of the things needed is of 

course knowledge, but is it possible to use this kind of systems within the requirement specification 

process? To find this out a QAS is developed and used. This knowledge is represented through rules, 

for which the specific terminology of Rule-based Expert Systems (RES) is used (Dohn, K. Guminski, A. 

Matusek, M. Zolenski, 2013). It is interesting to look how experts knowledge can be used in 

translating abstract requirements into specific defined and computable stated rules. To fit within 

current emerging trends such as automated verification, this research investigates where and how 

the concept of ES can be deployed in the requirement specification process.  
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3.7  Conclusion 

This literature review has been conducted to allocate the research problem and objectives. And to 

give an answer to the different research questions. It has been important to describe and evaluate 

the current issues regarding the design processes, especially the requirement specification process, 

verification process and the current possibilities of automation. Also the connection with KBS is 

evaluated. As conclusion of the literature review there can be given some direction to the answer of 

the main research question. 

Abstract requirements are difficult to use within design processes, but will always existing in building 

projects. Many properties of these requirements are discussed in the literature which makes a 

defined description of the dealing with these very difficult. In this research is focused on the 

computability of abstract requirements in order to verify them using BIM. Following the 

developments of automated verification it is this kind of requirements that are still specified and 

verified manually by always different experts. Paired with different clients there is plenty of room for 

misunderstandings which can lead to errors and their consequences. For these kind of requirements 

there is always specific knowledge needed to specify. From this, the idea arises to collect this 

knowledge in order to reduce errors and relating time and costs issues and to ensure more 

satisfaction between client and contractor in the end. One of the best ways to collect certain 

knowledge is by representing human experts knowledge according to certain rules in a computer 

based system. This resulted in the concept of QAS as part of Knowledge-ōŀǎŜŘ 9{ΩǎΦ  

Abstract requirements can be captured in three ways; 

1. Via a standard ς this is just something which must be met 

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

3. To which experts cannot attach any value to ς the concept of Knowledge-Based expert 

Systems cannot help with this either 

Especially the second way is interesting for this research to see which role and value 9{Ωǎ can perform 

and add during the RE processes in the design phases.  

The emerging trend of knowledge capturing in combination with BIM makes it possible to improve 

several design processes in the construction industry. Since abstract formulated client requirements 

still cause a considerably amount of errors and cost the use of Knowledge-Based Systems could be 

part of the solution. Now that is known what abstract requirements are about and made them 

difficult and different to dealing with, it is important to investigate the possibilities to improve this 

and not to linger in traditional process methods. But in order to take a step towards this 

improvement, more research into dealing with abstract requirements and the current practice is 

needed to prove the idea.  

3.8  Research Gap 

In the conducted literature review the most relevant topics and concepts are discussed. These 

subjects match the concepts as mentioned in the conceptual framework in chapter 2. Also some of 

the concepts which are not playing a big role in this research are described in a less extended way. 

This review gives a comprehensive overview about current and relevant knowledge for this research. 
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However, there is a lack of research into the dealing with and specification of the abstract 

requirements that are missing a measurable and computable component. Via interviews this must 

give a better view about possible improvements and shortcomings in this process. Related to this and 

during the interviews also the feedback and possibilities of Y.{Ωǎ will be evaluated. The expectation 

exists that these kind of KBS can support and improve this process regarding these kind of 

requirements. Development in the latter stage of this research must proof the possibilities. Even 

though automated verification via, for example, BIM is already broadly discussed and researched 

upon it is really relevant and interesting to research upon the connection between the specification 

of abstract requirements and verification via BIM. In this sense this research is focusing partly on 

subjects that are barely research on in context of already conducted and existing research articles 

and results. There is a lot of knowledge and research about requirement verification, requirements 

and their characteristics and Y.{Ωǎ. But the deployment of these kind of systems within the 

requirement processes to better translate the abstract requirements for, in particular the lack of 

measurability and computability aspect of it, is undervalued in the studies. 
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4.0  Qualitative Research 

4.1  Motivation 

In order to work towards the objective of this research, an overview and clear understanding is 

needed about the requirements specification phase of abstract requirements. Next to the conducted 

literature review an overview of the current practice in the requirements definition phase of abstract 

requirements is needed to evaluate the possibilities for Expert Systems (ES) and automated 

verification. But also for gathering information, knowledge, experiences and expertise about the 

abstract requirement of comfort which will serve as example for the expert system. The method to 

gather in-depth information about abstract requirements and the requirement specification process 

in practice is by interviews (Maxwell, 2013) with experts in the field of requirements definition 

processes. The possibilities of 9{Ωǎ, which are based on experts in a particular field, can be best based 

on interviews with these experts. The interviews are therefore used to investigate how experts think 

about the concept of 9{Ωǎ. As well to get knowledge about the current dealing with abstract 

requirements to better fit the development in current issues of specification. 

The expected outcomes of the held interviews can be divided in twofold. On the one side the 

interviews must result in understanding which steps are taken in the requirements definition phase 

during design processes. And on the other side the results of translating the abstract requirement of 

comfort into specific values must be gathered during these interviews as base for the example for 

the ES. In addition to these results the ES tool will be developed.  

4.2  Interviews 

The objective of the interviews is to get knowledge about how is dealing with abstract requirements 

in practice. And also to get a founded base for the input of the expert system to develop. The 

developed method in this research is based on one requirement what should apply to other 

requirements of the same definition for these abstract requirements. The abstract requirement of 

comfort is therefore chosen as starting point and scenario during the interviews. comfort has been a 

research subject for several researchers and often has a twofold concerning concreteness and 

subjective statements.   

4.2.1  Interview purpose 

The aforementioned twofold as outcomes of these interviews can also be turned into the main 

purpose of these interviews. For filling the expert system with knowledge, experiences and expertise 

of the experts a chosen scenario during interviews and the test case makes this research more 

practical. This more practical approach is in fact the using of comfort as abstract requirement and 

considering a working office as building space where this requirement is a constraint. This is 

narrowing down the scope and use of this research, but at the same time this ensures a more usable 

Proof of Concept (PoC). Also during interviews this can ensure a more in-depth content and 

deployable result.  

Out of the results of the interviews one of the most interesting breakdowns of comfort will be used 

as base to develop the ES on. This represents the experts knowledge gathering as input for the ES.  
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Beside this goal, more information about how experts dealing with these requirements in their daily 

base is valuable for this research and the future research into this topic. 

4.2.2  Interview setup 

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

information about the process and its strength and weaknesses. And also the use for interviewing 

several experts about their experience with abstract requirements is very desirable.  

These interviews aim to: 

Á Get insight in the current RE process of abstract, undefined and non-computable 

requirements.  

 

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

 

Á Define the difficulty of specifying the requirements parameters and assign measurable values 

to these requirements. 

 

Á How is dealt with specifying an abstract requirement, as example in this research the 

requirement comfort for workspaces. 

 

Á Evaluate how Expert Systems can contribute to facilitate this process in an easier, more 

efficient and solution-oriented way. 

To perform this interview from the perspective of qualitative research in total 11 interviews were 

held. The focus group of these interviews are people who are dealing with abstract requirements in 

their work. Thought is about experts who are part of requirement specification processes, design 

processes or verification processes in the design phase regarding utility buildings. By focusing on the 

requirement comfort and a specific space of an utility building, it is specific enough to held an 

interview about and to extract specific results for this research. On the other hand it is also possible 

to use the interview results and developed ES again on a broader basis for other abstract 

requirements relating to utility buildings. 

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

which the research questions partly can be answered. The interviews are used to lay down more 

focus on abstract requirements and the requirements definition process. For the design of the 

interviews the research questions are broken down into sub-questions to address the needed 

information and accumulate this in order to reach the formulated goals. The following research 

questions are addressed: 

1. How are the abstract requirements influencing the dealing with requirements in the 

design phase? 

2. What are the characteristics and difficulties of abstract requirements concerning the 

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

processes?  

4. How can Knowledge-Based Systems, in the form of Expert Systems, be a support to the 

requirement definition process? 

In the next paragraphs the sub-questions and goals per research question will be discussed. 

1. How are the abstract requirements influencing the dealing with requirements in the 

design phase?  

This question aims to gather knowledge about the RE process in relation to the design process. 

Because there are different requirements within a building project, the influence of abstract 

requirements can be different then dealing with other requirements. Dealing with these 

requirements, specifies different sub-questions for the interview related to this RE process: 

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

with these requirements? 

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

these requirements? 

Goals: 

Á Identifying the consequences of dealing with abstract requirements in design processes. 

Á Investigating how the design process is shaped regarding the presence of abstract 

requirements.  

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

 

2. What are the characteristics and difficulties of abstract requirements concerning the 

specification process of these requirements? 

Out of the literature review (chapter 3) many characteristics of abstract requirements are discussed. 

As a consequence of these the difficulty of dealing with abstract requirements became to the utmost 

extent clear. In practice expert will face many of these difficulties too, but also others will come 

across. Therefore is it interesting and clarifying to ask experts about these factors of abstract 

requirements. The following sub-questions are stated: 

a. What are the differences between abstract and specific formulated 

requirements? 

b. And what are the characteristics of the abstract requirements? 

c. How are you specific dealing with the abstract requirement comfort in design 

processes? 

d. Which expressions and relating rules are you assign to this specific abstract 

requirement? 

e. What are the difficulties with these kind of requirements from your point of 

view? 
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Goals: 

Á Identifying the process of relating expressions and rules to specific requirements. 

Á Investigating characteristics and difficulties of abstract requirements in addition to the 

literature review. 

Á Defining how experts dealing with abstract requirements. 

 

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

processes?  

Something only can be clarified by interviews is the current practice of dealing with abstract 

requirements. Regarding the use of Y.{Ωǎ it is valuable to know what the current process is and 

where a possible improvement can be made. After the discussion about the design process and 

abstract requirements this question must fulfill an in-depth study towards the current elements of 

the specification process. The next sub-questions are therefore asked: 

a. What is the currently used main approach when you are facing such 

requirements during design processes? 

b. Based on which method or technique have you specified this abstract 

requirement? 

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

requirement? 

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

client? 

Goals: 

Á Identifying the process of dealing with abstract requirements during design processes. 

Á Defining how experts dealing with the process of translating abstract requirements into 

specific values and units. 

Á Evaluating how verification of these requirements is currently done. 

 

4. How can Knowledge-Based Systems, in the form of Expert Systems, be a support to the 

requirement definition process? 

The application of 9{Ωǎ in RE can gather the knowledge and related information of experts into a 

system to define abstract requirements. The process of translating an abstract requirement into a 

specific requirement can be optimized according to the use of such 9{Ωǎ. Which defines the following 

sub-questions: 

a. Which method are you using to specify an abstract requirement? 

b. In which way can Expert Systems contribute to this process? 
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Goals: 
 
Á The possible added value of using 9{ΩǎΦ 

Á Evaluating how verification of these requirements can be optimized in an automated way. 

These different sub-questions that resulted from the research question have led to a questionnaire 

(Appendix 9.1) which contain all interview questions to address all the formulated goals. In the next 

part the interview results will be discussed and give an overview about the gathered information and 

knowledge. 

4.2.2.1  Setup per Subject 

The formulated goals can be translated back to three subthemes. These subthemes correspond to 

the main themes that were discussed in the literature review. The subthemes that are discussed here 

are design process, RE and 9{Ωǎ.  

Design process 
In this part the purpose is to get more insight in the current practice regarding RE during the design 

process. It must give insight where the difficulties in terms of dealing with the abstract requirements 

are occurring and what this phase contributes to these difficulties or whether it allows for better 

dealing of these requirements. This is very relevant to see if the abstract requirements is influencing 

the structure of the design process and vice versa, i.e. if the design process is affecting the dealing 

with these abstract requirements.  

Requirements Engineering 
The most comprehensive subtheme is the part about RE. Out of the literature review this process 

and relevant concepts are already discussed, but for the interviews two in-depth subjects are 

relevant. The process of RE includes both the specific and well-defined requirements as well as the 

abstract requirements. In this research it is most relevant to focus on the abstract requirements. For 

this part the purpose is to evaluate the differences between these two kinds of requirements and the 

way how is dealing with these during the design process. According to the differences it is interesting 

to get insight into the characteristics of these requirements and an overview of difficulties regarding 

abstract requirements. Also to see what the main approach is for dealing with the abstract 

requirements now and what the possible opportunities are to improve.  

For the development of an ES the next in-depth subject is about one of the possible abstract 

requirements someone can face during the design process of an office building. To use a clear and 

specific example, comfort at work spaces is used. This example simplifies the specification and can be 

used as input for an ES. This input has been defined as the knowledge base of the system. This 

abstract requirement is chosen because of its multi-character. Comfort is both technical and can be 

specified according different guidelines, and has elements that are for everyone different on the 

psychological side. Most of the times experts can enter their knowledge and suchlike about a subject 

via a knowledge management tool. But since this research focus on a PoC for a method of specifying 

abstract requirements, development of such a tool is out of scope for which these interviews are 

used as base. Regarding the example of comfort the knowledge about this requirement and their 

used sources form the input of the ES development. Its subjective character makes it interesting to 

find out how is dealt with the fact that experts fill in these abstract requirements for their client, 
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while these are different for everyone which often leads to miscommunication and other 

interpretation issues.  

Expert Systems 
The last theme is about the use of 9{Ωǎ. In the building industry its use it not new, but for the 

specification process it is not (yet) used. Therefore this research will answer in particular the 

question if and how 9{Ωǎ can support this abstract requirements definition process related to 

automated verification. During the interviews it is also good to examine the thoughts about the 

deployment and added value of the use of 9{Ωǎ in the abstract requirements definition process, 

whereby the support out of the construction sector can be evaluated. A last goal is to see if the 9{Ωǎ 

only possibly can contribute within this process or if it also can contribute in the possibilities of 

automatically verifying abstract requirements.  

4.2.3  Interview results 

In total 11 interviews have been held among different companies and different backgrounds. A 

variety of people have been interviewed, but all with expertise in the domain of RE and/or 

specification and dealing with abstract requirements. Often these people perform a function out of 

the advising role during these processes, which is a very common function for involvement in design 

processes. Since this research is focusing on utility buildings all the interviews that were held have 

been done with people working in the utility building sector. This is really important since these 

abstract requirements have a completely different meaning in sectors like infrastructure.  

 

 

Figure 15. Different role types of the held interviews. 
































































































































































































































































