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SUMMARY (ENGLISH)

The growing interest and usage of Building Information Modeling (BIM) in the Architecture, Engineering and
Construction (AEC) industry has a positive influence towards the Infrastructure industry, due to the benefits.
Literature states many benefits of thesage of Building Information Modeling, such as visualization,
interoperability, analysis, clash detection, etdzharetaly nn 1t 0 T / 1 Ya2 20K4; Strafacif 2D08; Volk

et al, 2014) The forecasted growth of BIM use for Infragtture is no surprise given the expertise available from

the AEC industry, the high level of complexity involved in large Infrastructure projects, the increased use of
prefabrication in Infrastructure, and the growing need for greater efficiency andteféaess on all aspects of
Infrastructure projectgJones & Bernstein, 2012Jhe growing need for greater efficiency is due to the scarcer
financing and the increasing demand for Infrastructure. Therefore the industry develops alternatives for
financing and developménmethods, such as Public Private Partnerships (PPPs). In such alternatives,
collaboration is of high importance and Building Information Modeling is recognized as a process that enables
collaboration. The findings dflones & Bernstein, 2012pnfirm the trend that BY use in the Infrastructure
industry, and the extent of that use, lags several years behind the AEC industry.

There are several barriers to overcome to adopt BIM in the Infrastructure. Through thorough literature review,
these barriers are structured ithhree main categories, product, process and people. The conducted interviews
in different disciplines of the Infrastructure industry conclude, the category people is the main barriers of
adoption. Addressing these barriers, the subject of model checkippgosed for the Infrastructure industry.
Model checking affects all three groups; interoperability of models (product), verification of model (process) and
expertise / knowledge of disciplines (people).

Guidelines and contract requirements require theliistry to check their designs for compliance. Manual
construction compliance checking is timensuming and erreprone, due to a lot of reasons. Reasons are
unfamiliarity with or even lack of the guideline expertise knowledge, or being overwhelmed aftbant of
guideline text, engineers own way of quality check based on experience or complexity of the regubitoves.,
2012; Zhong et al., 2012)here are four types of model checking:

- Validating model checkingheck if the model is according specific coded eegulations.

- Model content checking or pigheckinganalyze the professional content of a BIM model for a specific use.
- Guiding model checkingrovide the designer a large set of solutions for a problem to consider.

- Adaptive model checkingn objet itself, analysis and act on its environment based on with predefined rules.

This research is focused on validating model checking, due to thectimsuming and erreprone process of
verifying guidelines and contract requirements. The geometry withéntbpology is the basis and the end result

of an Infrastructural project, which is formed in the Planning phase of the System Engineering process (SE). This
early design determines the eventual success and impact of a project in terms of planning, cimstieosts

and maintenance aspects. Within all the Dutch guidelines for roads, there are three guidelines which apply for
the geometric infrastructure of roads, the Richtlijn Ontwerp Autosnelwegen (ROA) 2014, the Handboek
Wegontwerp 2013 and the Aanbeimgen voor verkeervoorzieningen binnen de bebouwde kom (ASVV) 2012.
These guidelines are committed in a contract and therefore have a legal status. Infrastructural projects have to
be imbedded in the topological surroundings, wherefore these guidelinesairéegally before including in a
contract. If necessary, it is possible to adjust some rules of the guidelines in the contract for embedding the
design in the environment.

Before developing the checker, a good understanding of the different road atiels is obtained. Building
Information Modeling software applications should allow for the import of relevant data (for creating and editing

a design) and export of data in various standards (to support integration with other application and workflows)
(Eastmaret al, 2011)p ¢ KA & OFly o0S R2yS o0& adGleAy3da sgAGKAY 2yS az
products which can exchange data between differentwafe applications, using open road data standards.
These open standards provide a mechanism for interoperability among applications with different internal
standards. Several standards developed over the years, the most used and maintained are LanddXULRo

and OKSTRA. LandXML is worldwide the most applied exchange standard. Next to these, the Industry Foundation
Classes (IFC) (steered by the buildingSMART organization) provides a standardized product model for the AEC
industry which is highly adoptechd is updated with an alignment model. The alignment model is the highest

level of abstraction of linear projects, which is the basis of the geometry of road design. It defining the course of
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the road in horizontal and vertical plane and is specified keysthperposition of two twealimensional curves,

the horizontal and the vertical alignment. Usually, the horizontal alignment consists of lines, arcs and transition
curves which defines the course of an alignment in the XY plane. The vertical alignmestsafrisies, parabola

arcs and circular arcs which defines the correspondingatdinates as a function of the length of the horizontal
alignment curve up to a certain poi(dmann et al.2014)

An classification of the geometric guidelines is made to determine which rules applies for the alignment model
and which have to have further development. The classification consist of horizontal alignment, vertical
alignment, cross sections, discontinuiand line of sight. For the rules in the classes cross sections and
discontinuity additional information is needed, so these are not within scope. The development of the
Automated Geometry Checker contains four steps to compute the geometry validationRyBESet
interpretation of rules from the general guidelines and contract requirements, (2) parsing the IfcAlignment file,
based on IfcAlignment data scherfieechnical Universitat Minchen, 201%3) the execution of thehecks and

(4) the reporting in the BIM Collaboration Format (B(S#ngeland, 2011Fa this research the first three steps

are implemented (Figure 1). Step 2, parsing the IfcAlignnfiatis done by the conversion of a LandXML or
OKSTRA file in a IfcAlignment file, by using the Open Infra Platform of the Technical University of Minchen.

Model
IfcAlignment, OKSTRA, LandXML

IfcAlignment?

TUM Open Infra Platform
OKSTRA / LandXML

IfcAlignment

Yes

Guidelines
Contract requirements
Geometry Checker

A4

O scr

Figurel: General architecture Automated Geometry Checker

The rules in the classification are written in human language and have to be formally interpreted and translated
into computer processable code. Considering the compateinto formal code, the fundamentals of data
checking is reading the attribute values of this model. This explicit data checking is not enough to fulfill all rules,
therefore implicit data checks are required. Implicit data is data which is generatedtfremxplicit data. This

data can be computed from the geometry of the alignment model and therefore can fulfill complex rules. This
research classifies four types of rules, from the complexity of the rules processing. For each clasase ise
presenteal.

Class X Rules checked with one explicit attribute;

Class Z Rules checked with multiple explicit attributes;
Class & Rules checked with computed data from geometry;
Class £, Rules checked with external data structures.

One of the important advaages of Building Information Modeling is the visualization and in model checking the
visual feedback. To create this visual feedback, the IfcAlignment model is displayed in a viewer containing the 3D
view, the 2D horizontal view and the 2D vertical visMhen the IfcAlignment file is parsed and displayed in the
viewer, the checking of the ruleset can be processed. This is done by the Checker and the RuleSet as illustrated
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in Figure 1. The Checkéefines what and how to display and the RuleSet checks #it@ fbr errors. After the
checks are executed, every issue should be captured in a BIM Collaboration Format. This is not conducted in this
research, due demarcation of the research.

¢tKS NBASIENDKQA YIFAYy 2062S500A @S |ragalationg of ®ads far e Butoraesl ( K S
in the Planning phase of the System Engineering process, based on open standards and software. A prototypical
implementationof the Automated Geometry Checker is proposed. A big part of the requirements of thesclasse
horizontal alignment, vertical alignment and line of sight can directly be checked. However, the IfcAlignment
schema does not include design speed and superelavation. These properties are of high importance for each
element in the geometrics of road dgsi, due to several rules in the guidelines. These attributes are specifically

for alignment models and including these in the data schema should be considered. Next to these technical
issues, there are some legal issues to address, such as the interpnet&tiuidelines and contract requirements

into formal code. The guidelines and requirements are written in human language and have a legal status and
therefore the interpretation into formal code is vulnerable for legal issues. The responsibility oflifringahese
documents relies on software developers, or directly into computer processable code or into formal code and
then translated into computer processable code. Another legal issue is the derivation of data. When a model
requires complex calculatis or analyses on derivate data, or the application derives new data itself, this can
lead to vulnerability and legal risks.

Overall, the IFC standard represents one of the largest scale and most mature efforts to standardize facilities
design and constietion data. The IFC model defines a multilayer, integrated schema that represents the
structure and organization of data in the form of a class hierarchy. The hierarchy covers the core project
information such as building and elements (infrastructure) getsgn materials, properties of products, project
costs, schedules, and organizatighalfawy et al.2006) The IfcAlignment is the first step into thdrastructure

industry and there are more extensions in development, such as IfcRoad and IfcBridge. Many applications in the
building industry have implemented this data schema and this is promising for the Infrastructure industry. This
prototypical implenentation could be a starting point in Infrastructure model checking.
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SUMMARY (DUTCH)

De groeiend interesse en gebruik van Building Information Modeling (BIM) in de bouw heeft, door de voordelen
een positieve invloed op de Infrastructurele industrie.de literatuur zijn vele voordelen te vinden van het
gebruik van Building information Modeling, zoals visualisatie, interoperabiliteit, analyses, clash detectie, etc.
O!/' T KFENI SO FtdS wnntoT [ 1TY20K 3 t tDelvborspeldeignosi vah BIMG NI F I O
gebruik in de Infrastructuur is geen verassing door verschillende facetten: de expertisékbaactvanuit de

bouw, de hoge complexiteit van grote Infrastructurele projecten, de toename van prefab elementen, en de
groeiende noodzaak voor efficiéntie en effectiviteit binnen de InfrastructiJones & Bernstein, 2012pe
noodzaak van efficiéntie komt door dehs@rser wordende financieringen en de groeiende projecten. De
Infrastructurele industrie ontwikkeld hiervoor alternatieve methoden van financiering, zoals Publieke Private
Samenwerkingen (PPS). In zulke methoden is samenwerking van groot belang en Bdiddimation Modeling

kan hierbij helpen. De bevindingen védones & Bernstein, 201®evestigen de trend dat BIM binnen de
Infrastructuur een aantal jaren achter de bouw aan loopt.

Er zijn nog een aantal barrieres die overwonnen moeten worden voordat BIM geadojaendorden in de
Infrastructuur. Door grondig literatuur onderzoek kunnen deze barrieres in drie categorieén gestructureerd
worden, product, proces en mensen. Uit de afgenomen interviews binnen de verschillende disciplines van
Infrastructuur kan worden gmncludeerd dat de categorie mensen de grootste barriére is. Om deze barriéres te
tackelen, stelt dit onderzoek model checking voor de Infrastructuur voor. Model checking pakt alle drie de
categorieén aan; interoperabiliteit van modellen (product), veatfie van modellen (proces) en de expertise en
kennis van de disciplines (mensen).

De Infrastructurele industrie moet het ontwerp van projecten checken aan richtlijnen en contract eisen.
Handmatig checken van deze richtlijnen en eisen is erg tijdrovemrdgefoutgevoelig, door meerdere redenen.
Reden hiervoor zijn onbekendheid of zelf gebrek aan kennis over de richtlijn, overspoeld worden door de
hoeveelheid richtlijnen, ingenieurs eigen manier van checken gebaseerd op ervaring, complexiteit van de
richtlijnen, etc.(Nawari, 2012; Zhong et al., 201Fr zijn vier soorten model checking:

- Validatie model checkinghecken van modellen volgens specifieke wetten en richtlijnen.

- Model inhoud checkinginalyse van de inhoud van het model voor een specifieke functie.

- Begetidend model checkingm de ontwerper te begeleiden in het overwegen van oplossingen.

- Adaptieve model checkinginalyse van een object, welke zich aanpast aan de omgeving gebaseerd op
voorgeselecteerde regels.

Dit onderzoek is gefocust op het validatiodel checking, door het tijdrovende en foutgevoelige proces van
verifiéren van richtlijnen en contract eisen. De geometrie in de topologie is de basis en het eind resultaat van
een Infrastructureel project, welke is gevormd in de Plan fase van het SystgimeEring proces (SE). Het
ontwerp in de Plan fase bepaald het succes en de impact van een project op planning, realisatie, kosten en
onderhoud aspecten. Voor wegontwerp in Nederland zijn drie richtlijnen voor geometrie van belang, de Richtlijn
Ontwerp Audosnelwegen (ROA) 2014, het Handboek Wegontwerp 2013 en de Aanbevelingen voor
verkeervoorzieningen binnen de bebouwde kom (ASVV) 2012. De richtlijnen zijn opgenomen in een contract van
een |Infrastructureel project en verkrijgen daarmee juridische statudrastructuur projecten moeten
geimplementeerd worden in de omgeving en daarom hebben deze richtlijnen nog geen juridische status voordat
deze in het contract zijn opgenomen. Wanneer het nodig is kan er een regel uit de richtlijnen veranderd worden
en losopgenomen worden in het contract, om zo goed ingepast te kunnen worden in de omgeving.

Voordat de Automated Geometry Checker ontwikkeld kan worden moet er een goede kennis opgedaan worden
van de verschillende weg data modellen. Building Information Modedbftware moet relevante data kunnen
importeren (voor het creéren en aanpassen van een ontwerp) en exporteren in verschillende data standaarden
(om integratie tussen verschillende applicaties te ondersteuri@aytman et al., 2011Pit kan door binnen één
software ontwikkelaars producten te blijven of om gebruik te maken van data standaarden die tussen
verschillende software ontwikkelaars gebruikt kunnen worden, open data standaarden voor wegontwerp. Er zijn
meerdere standaarden dwikkeld over de jaren. LandXML, RoadXML en OKSTRA zijn het meest gebruikt en het
meest onderhouden. LandXML is wereldwijd de meest gebruikte open data standaard. Naast deze standaarden
voor wegontwerp is de Industry Foundation Classes (IFC) (gestuurdelboildingSMART organisatie) een veel
gebruikte en gewaardeerde open data standaard voor de bouw. De IFC data standaard is gelipdatet met een
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alignement model, IfcAlignment. Het alignement model is het hoogste level van abstractie voor ontwerp van
lineaire projecten en is de basis van de geometrie voor wegontwerp. Het definieert het verloop van de weg in
het horizontale en het verticale vlak en is gespecificeerd door de positionering van twee tweedimensionale
bogen, het horizontale alignement en het vediie alignement. Normaal bestaat het horizontale alignement uit
lijnen, cirkelbogen en overgangsbogen welke het verloop in het XY vlak bepalen. Het verticale alignement bestaat
uit lijnen, parabolen en cirkelbogen welke de corresponderende codrdinaat Fridating geeft(tAmann et al.,

2014)

Er is een classificatie gemaakt om vast te stelletke regels in de richtlijnen op het alignement model van
toepassing zijn en voor welke regels een uitgebreider model nodig is. De classificatie bestaat uit regels voor het
horizontale alignement, het verticale alignement, dwarsdoorsneden, discontiheitezichtafstanden. Voor de

regels in de classes dwarsdoorsneden en discontinuiteit is meer informatie nodig dan alleen het alignement
model. Het ontwikkelen van de Automated Geometry Checker bevat vier stappen: (1) interpretatie van de regels
van de ricllijnen en contract eisen, (2) parsing het IfcAlignment bestand, gebaseerd op het IfcAlignment schema
(Technical Universitat Munchen, 2015B) het uitvoeren van de checks en (4) de verslaglegging van de
problemen in heBIM Collaboration Format (BGBtangeland, 2011)n dit onderzoek zijn de eerste de@appen
uitgevoerd (Figure 2). Stap wordt gedaan met behulp van de mapping tussen LandXML of OKSTRA naar
IfcAlignment door het Open Infra Platform van de Technische Universiteit van Minchen.

Model
IfcAlignment, OKSTRA, LandXML

IfcAlignment?

Guidelines
Contract requirements
Geometry Checker

o

Figure2: Algemeen architectuur Aoinated Geometry Checker

De regels, onderverdeeld in de classificatie, zijn geschreven in menselijke taal, zoals tekst, tabellen, etc. Dit moet
formeel geinterpreteerd en vertaald worden in computer leesbare taal. Het fundamentele van deze vertaalslag
ishet lezen van de attribuut waarden. Deze expliciete informatie in de attributen is niet voldoende om alle checks
uit te voeren, hiervoor zijn impliciete data checks nodig. Impliciete data is data wat is gegenereerd aan expliciete
informatie opgeslagen inalattributen. Deze data kan gegenereerd worden aan de hand van de geometrie van
een alignement model en daarmee kunnen complexere regels worden gecheckt. Dit onderzoek classificeert vier
typen regels, oplopend in complexiteit. Van iedere klasse is eecasegepresenteerd.

Klasse &, Regels checkt door één expliciete attribuut;

Klasse 2, Regels checkt door meerdere expliciete attributen;

Klasse ¥ Regels checkt door gegenereerde data van de geometrie;
Klasse 4 Regels checkt door externe data struanr

Eén van de belangrijkste voordelen van Building Information Modeling is de visualisatie en in model checking is
dit ook het geval, de visuele feedback. Om deze visuele feedback te creéren wordt het alignement model
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geparsed in een viewer. Deze viewer bevat een 3D view, een 2D horizontale view en het 2D verticale view.
Wanneer het alignement model is geparsed kunnen de checks uitgevoerd worden. Dit wordt gedaan door de
Checker en de RuleSet zoals te igeim Figue 2. De Checkdrepaald wat en hoe het model laten zien wordt in

de viewer en de RuleSet checkt het model of dit correct is. Wanneer de checks gedaan zijn, zouden de problemen
vastgelegd moeten worden in het BIM Collaboration Format. Dit is niet opgenomgith énderzoek wegens
afbakening.

Het belangrijkste onderdeel van dit onderzoek is het onderzoeken hoe het validatie proces van richtlijnen en
contract eisen in de Plan fase geautomatiseerd kan worden. Dit gebaseerd op open standaarden en software.
Een pototypische implementatie van een Automated Geometry Checker is gepresenteerd. Een groot deel van
de classes horizontale alignement, verticale alignement en zichtafstanden kan hierdoor direct worden gecheckt.
Het IfcAlignment schema mist wel de eigenschap@ntwerpsnelheid en Verkanting. Deze eigenschappen zijn
erg belangrijk voor ieder segment in het alignement model door meerdere regels in richtlijnen. Deze
eigenschappen zijn specifiek voor het alignement model en het implementeren hiervan moet overwogen
worden. Naast deze technische problemen zijn er ook een aantal juridische problemen, zoals het interpreteren
van de richtlijnen en contract eisen in formele computer leesbare code. De richtlijnen zijn geschreven in
menselijke taal en hebben een juridiscétatus, waardoor de interpretatie gevoelig is voor juridische problemen.

De verantwoordelijkheid hiervan ligt bij de software ontwikkelaars. Het genereren van data kan ook juridische
problemen opleveren.

In het algemeen is de IFC standaard de meestgjeimenteerde en volwassen standaard voor data in de bouw.

Het IFC model definieert meerdere lagen, geintegreerde data schema dat de structuur en organisatie van dat
hiérarchisch representeert. De hiérarchie bevat de kern van de project informatie, zoalsudelementen,
(infrastructurele) geometrie, materialen en eigenschappen van producten, kosten, planningefafawy et

al., 2006) De IfcAlignement is de eerste stap in de Infrastructuur en er zijn meemgogaties in ontwikkeling,

zoals IfcRoad en IfcBridge. Vele applicaties in de bouw hebben het IFC schema al geimplementeerd en dit is een
veelbelovend uitgangspunt voor de Infrastructuur. Deze prototypische implementatie kan een start zijn voor
model checlng in de Infrastructuur.
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1 INTRODUCTION

As Building Information Modeling (BIM) has become standard practice in the Architecture, Engineering and
Construction (AEC) industry, it is still in the early stages of adoption for the Infrastructure. Thg widel
acknowledged economic an environmental benefits of BIM in the AEC indHsisyman et al., 201has caught

the attention of the Infrastructure industry.

As BIM tools become more familiar, models become more complex and detailed. It is no longer practical for users
to rely on visual inspection to ensure the models are of good quality and adheegjtorements. Therefore
automated rule checking has been identified as potentially providing significant value to the in¢islifyin &
Eastman, 2015)This research will provide a methodology, and a prototypical implementation of an Automated
Geometry Checker in the Planning phase of the System Engineering process, based on open source.

11 PROBLEM DEFINITION

Guidelines, together with the requirements a contract, play a major role in assuring the quality within the
Infrastructural engineering artefacts. It is of high importance to inspect the construction process according to
these guidelines and requirements. Manual construction quality compliaheeking is a timeonsuming and
error-prone, due to a lot of reasons. Examples are unfamiliarity with or even lack of the guideline expertise
knowledge, or being overwhelmed of the amount of guideline text, engineers own way of quality check based
on expeience or complexity of the regulation@®awari, 2012; Zhong et al., 2012)

The need for computerizing the construction guidelines antbisating the compliance checking is becoming

more critical. The application of such automated rule checks would reduce quality inspections errors,
consequently improve quality compliance and reduce violations to the guidelines and requirements. The Dutch
Directorate General for Public Works and Water Management stated that from the moment the first line is drawn
onto a map, there have to be compliance checking according the construction guidelines to avoid problems in a
later stage. Next to these complianclecking of construction guidelines, there is also a set of requirements
within the contract. These requirements have a legal status and also should be checked. Some of the compliance
checks of construction guidelines and contract requirements shoulchbeked in an earlier stage than other,

due to the specifics of these guidelines and requirements.

Within the Infrastructure industry an alignment is the baseline for further development of the road design. The
alignment provides the course of the roadthe horizontal and vertical plane. There are several rules in the
guidelines applicable on solely the alignment model. The Industry Foundation Classes (IFC) is a data model for
the Architecture, Engineering and Construction (AEC) industry and has devedmpedignment model,
IfcAlignment. The manual compliance checks are tmesuming and erreprone, so the need for computerized
compliance checks is high. Therefore the data has to be analyzed, if the information can be directly extracted
from the model o if there are any calculations and rationalizations necessary. If there are compliance rules,
which cannot be extracted from the IfcAlignment, it should be possible to appoint these to other IFC related
extensions of the future. After all data is analyzaa the code is generated, this has to be formalized and
transformed in computable code to other software.

1.2 RESEARCH QUESTIONS

Based on the problem area, this section outline the research questions of the proposed research. The main
research question is:

How can the validation of guidelines for roads be automated in the Planning phase of the System
Engineering process, based on open standards and software?

The main research question can be divided into a number ohsigstions in two sectiong&uidelines & contract
requirements and Data & Coding.
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Guidelines & contract requirements:
1. How are the guidelines and requirements tested at this moment?
What are the guidelines and requirements and how can these be classified?
Which requirements can bextracted from the Design and Build contracts, and how can these be
classified?
4. In which phase should these requirements be tested?

w N

Data & Coding
5.  Which requirements can be directly checked based on IfcAlignment, and for which requirements are
further processing steps such as calculations, reasoning or inferences necessary?
6. What requirement cannot be extracted from IfcAlignment, and where should these be included within
future versions of the IFC model specification and its extensions such as IfcRBadgé&e

7. What calculations and inferences of the geometry are necessary to check these requirements?
8. How can these requirements be formalized and captured in an interoperable format?
1.3 RESEARCH DESIGN

This research is conducted in three phases, the thecaktiesearch, the empirical research and the design &
development phase. There are three methods combined to ensure a solid end result, a literature study,
qualitative semistructured interviews and the development of the Automated Geometry Checker.&d@anch
overview is explained below and shownFigure 3.

Starting with the literature study for the Automated Geometry Checker, general information about the current
BIM adoption within the Infrastructure, road construction and road guidelineseexded. After the general
information the Design and Build contract is analyzed to check for specific requirement. When all guidelines and
requirements are analyzed, a part of the theoretical model is been setup. This model consists of a classification
of all guidelines. After this, the literature study is focused on rule checking and human and formal languages.
Therefore the IfcAlignment model is analyzed. From this literature the second part of the theoretical model is
generated, the setup of the automadl rule checker. This answers research questions 1, 2 and 3.

After the literature study, an analysis is needed to make a diagnosis if the model is correctly setup. This is done
by semistructured interviews. Senstructured is chosen above structured, bese it will give the opportunity

to gather systematic information about the guidelines and requirements, while also allowing some exploration
when new issues emerg®Vilson, 2014)The interviews provide insight in the specifics of thguieements of

the Design and Build contract and in what phase what requirements is checked. The data of the interviews is
used to check the theoretical model and checks the answers of research questions 1, 2 and 3 and answers
question 4.

The last phase ahis research is the design & development phase of the stode Automated Geometry
Checker. Therefore an extension of IfcOpenShell is made to include the new schema. After this the classification
of the guidelines and requirements and the core logithefchecker is developed. The checker will first focus on

the pre-checking and preconditions of the data, this is the needed data in the specific models. After this, an
algorithm is set up to develop the classified ruleset into a stalotie checker and small part of the geometry

is parsed and displayed in a viewer. The result of the checker is validated by comparing the automated checking
results with manual test. When there is enough development time, the formalization into an Application
Programming riterface is done. This defines the functionalities that are independent of their respective
implementation and provides the code in an interoperable form. This answers research questions 5, 6, 7 and 8.
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1.4 EXPECTED RESULTS

The final results of this resealr is a literature review with a theoretical model and the stand alone Automated
Geometry Checker of the IfcAlignment data, consisting of a classification of the regulations and requirements, a
core logic of the checker and an research paper to presetité@cademic community.

The literature study includes the current knowledge to get a solid understanding of the topics of research.
Scientific articles, book chapters, presentations, etc., are studied to conduct the literature, which will use the
most Y LJ2 NI I y i 1BSilding gnfoidiRtidn Medeling, BIM, IFC, IfcAlignment, System Engineering,
Infrastructuree ! dzi2 Y G SR DS2YSGNE / KSOlAy3dx wdzAZ S OKSOlAy3:

This literature study is transformed into a theoretical model, consisting of th@aleconstructs (latent
variables), causal relationships and measures (observed variables). The theoretical model is generally developed
based on analysis of the literature and may be modified and build on as a result of the re@dacdy, 2002)

This first parof the theoretical model will consists of a classification of all guidelines and the second part of the
model will be the setup of the automated rule checker.

The standalone Automated Geometry Checker consist of three parts, namely the classificit#ooorte logic
and the display. Before these parts can be set up, IfcOpenShell has to be extend with the IfcAlignment schema.
When this is done, the classification of the guidelines and the requirements of the Design and Build contract are
generated in nateal language and formal language and the core logic is coded. This is aakiaadpplication.
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2 GLOSSARY

2.1 ABBREVIATIONS

2D : Two dimensional

3D : Three dimensional

AEC : Architecture, Engineering and Construction

ASVV : Aanbevelingen voor verkeervoorzieningen binnen de bebouwde kom 2012

API : Application Programming Interface

BCF : BIM Collaboration Format

CAD : Computer Aided Design

EDM : Jotne EDModelChecker

GIS : Geographic Information Systems

GUID : Global Unique Identifier

HWO : Handboek WegOntwerp 2013

1Al : International Alliance for Interoperability

IFC . Industry Foundation Class

IPD : Integrated Project Delivery

ISO . International Organization fdstandardizations

MV : Model View

MVD : Model View Definition

NBIS : National BIM Standard

0oGC : Open Geospatial Consortium

OIP : Open Infra Platform

PPP : Public Private Partnership

PVI : Point of Vertical Intersections

RE : Reverse Engineering

ROA . Richtlijn Ontwerp Autosnelwegen 2014

SE : System Engineering

SMC : Solibri Model Checker

TUM : Technical University of Miinchen

XML : Extensible Markup Language
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3 DATA REQUIREMENT

3.1 INFORMATIONMODELING OVERVIEW

The level of information within projects has rapidly grown in the last decades, from 2D drawings on paper to 3D
models. This section presents an overview how to handle this information exchange between parties and gives
the potential bendits and barriers for adopting Building Information Modeling in the Infrastructure.

3.1.1 INFORMATION MODELING

Due to the widely acknowledged economic and environmental benefits of Building Information Modeling (BIM),
it has become standard practice in the RAitecture, Engineering and Construction (AEC) industry. The
development of Building Information Modeling started in the 1970s, based on the first Computer Aided Design
software which replaced the drawings on paper. This Computer Aided Design softwaratgerdigital files,
consisting of vectors, associated litypes and layer identifications. With the introduction of 3D modeling, more
information is added to these files and the CAD software became more intelligent. A building model can be
described by & content (what objects it describes) or its capabilities (what kinds of information requirements it
can support). The latter approach is preferable, because it defines what you can do with the model rather than
how the database is constructed (which wilry with each implementatior(Eastman et al.2011) The National
.dZAf RAY3 LYF2NNIGA2Y a2RStAy3 {GFYyRINR O0b. L{0 @ArAairzy
operation, and maintenance process using a standardized macbadable information model for each facility,

new or oldwhich contains all appropriate information created or gathered about that facility in a format useable
08 Iff OGKNRBdzAK2dzi AlGa tAFSOeOfSQo

The major advantage of the 3D Building Information Model is the visualization of these drawings. Where a 3D

model onlyconsist out linetypes, a BIM consist of objects with their geometric dimension and these object can

0S SYNAROKSR o0& WLYT2NXI(GA2yQd ¢KS 202S00G O2yairad ! NI
installation information. This enrichmenf smformation makes the model intelligent which have major benefits.

These benefits will be elaborated in chapter 3.1.3 Potential benefits and barriers.

3.1.2 BIM IN INFRASTRUCTURE

The growing interest and usage of using Building Information Modeling in tae iddustry has a positive
influence towards the Infrastructure industry, due to the benefits. A survey executed ydhel Institution of
Chartered Surveyar(2013)stated that BIM is suitable for larger and more complex projects. The advanced
features of Building Information Modeling software have contributed to a shift in the way IT can be used in the
industries, going beyond simple visual representatidrthe building to an integrated semantic product and
process modelLaalso & Kiviniemi, 2012BIM for the Infrastructure industry is just beginning and a plethora of
terms have been created for BIM for Infrastructure, such as Civil BIM or CIM, virtual design and construction
(VDC) and Heavy BIM, but all refer to the saaygability to create dataich models in three or more dimensions

that facilitate better design, enhance construction efficiency and enable collaboration.

The forecasted growth of BIM use for Infrastructure is no surprise given the expertise availabliéré&C
industry, the high level of complexity involved in large Infrastructure projects, the increased use of prefabrication
in Infrastructure, and the growing need for greater efficiency and effectiveness on all aspects of Infrastructure
projects(Jones & Bernstein, 2@). The growing need for greater efficiency is due to the scarcer financing and
the increasing demand for Infrastructure. Therefore the industry develops alternatives for financing and
development methods, such as Public Private Partnerships (PPBsEhimlternatives, collaboration is of high
importance and Building Information Modeling is recognized as a process that enables collaboration. The findings
of (Jones & Bernstein, 201&pnfirm the trend that BIM use in the Infrastructure industry, and the extenhaf t

use, lags several years behind the AEC industry.
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3.1.3 POTENTIAL BENEFITS AND BARRIERS

The BIM HandboofEastman et al., 201 $jates several benefits of implementing Building infation Modeling

in the AEC industry. Most of these benefits can be extrapolated to the Infrastructure indimtigs & Bernstein,

2012; Royal Institution of Chartered Surveyors, 2008)e of the main benefitef BIM for the Infrastructure
industry is better designs and increased efficiency and productivity. The MacLeamy Clintegoated Project
Delivery, 2004)shownin Figure 4 states theffect, cost and effort of the BIM workflow in the Design phase in
contrary to the draftingcentric workflow in the Construction Dooentation phase. This BIM workflow
essentially facilitates collaboration between the architect and the engineers. Development of the design is time
consuming and expensive when using traditional design metbodlss Y2 OK g tt 1+t X HamnoO

|
!
|
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@_ Ability to impact cost
and performance

Cost of design
changes

Drafting-centric
workflow
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Figure4: MacLeamy Curve, Effect / Cost / Efftmtegrated Project Delivgr 2004)

Literate contains many benefits of the usage of Building Information Modeling and in summary the following are
foundo ! T KIFNJ SG +Ft®dS wnntoT /TY20K 9 tt1FtFE uwnmnT {GNI ¥

- Visualization;

- Design consistency;
- Interoperability;

- Analysis;

- Clash detection;

- Simulation;

- Planning;

- Cost estimations;

- Monitoring;

- Life cycle data.

Countring the potential benefits of BIM to project is the challenges that need to be overcome if effective multi
disciplinary collaborative team working, supported by the optimal use of BIM, is to be achieved. Not least the
changing roles of key parties, suah clients, architects, contractors, sabntractors and suppliers, the new
contractual relationships and the #&ngineered collaborative process@rydeet al., 2013)
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Given the slow adoption rate in the Infrastructurelustry, the challenges must be analyzed. One of the biggest
challenges is the lack of application between BIM systems &ruh&y application of choicéRoyal Institution

of Chartered Surveyors, 2013)his is one of thentee major technical challenges to adopt BIM in the industry.
There are three major technical issues which can be grouped into three cateffaztearet al, 2007a)

1. The need for weltlefined transactional construction process models to alee data interoperability
issues,

2. The requirements that digital design data be computable, and

3. The need for weltleveloped practical strategies for the purposeful exchange and integration of
meaningful information among the BIM model components.

Next to these technical challenges the barriers can be grouped into three main categories, product, process and
people(Ninget al,, 2008) The literature states a lot of challenges, which are added to these g{&agseet al,,

2013; Heinen, 2018luz, 2014; Ning et al., 2008; Royal Institution of Chartered Surveyors, 2013; Volk et al.,
2014)

Product:
- Poor data Interoperability (data import/ export issues);
- Lack of application interfaces between BIM systems dthdaty applications of choice;
- Data safety;
- Liability in open and closed software platforms.

Process:
- Lack of investment cost in new software and education/training;
- Lack of project finance to support translation of 2D drawings into BIM models ;
- Lack of standards;
- BIM usecases limite to design construction project phases;
- Lack of immediate benefits of projects.

- Lack of expertise;

- Lack of demand;

- Cultural resistance;

- Lack of government lead/direction;

- Uncertainties over ownership of data and responsibilities.

3.2 INTERVIEW OUDMES

To validate this research, seven interviews have been conducted to determine the potentials and the barriers of
BIM and the need of model checking in the Infrastructure industry. The interviews are from different industries
within the Infrastructure, ashown in Figure 5.
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INTERVIEWEES OF DIFFERENT INDUSTRIES
WITHIN INFRASTRUCTURE

Figure5: Different industries of the interviewees

3.21 BIM IN INFRASTRUCTURE

Interviews with industry experts provided a reliable view on the current BIM advantages, potentials and barriers.
Therefore a good understanding of BIM is necessary. The experts see BIM as a digital representation of the real
world, where information is adied at object level. A BIM is a working process for decision making during-its life
cycle. One of the most mentioned advantages is the 3D visualization of a project. The interviewees mentioned
this is a great tool to communicate project designs. The faligvadvantages are currently most beneficial:

- Visualization;

- Improved communication between disciplines;
- Interoperability;

- Clash detection.

Most of the interviewees also mentioned time and budget savings, but these are hard to measure. Therefore
these ae not committed in the current advantages. Before achieving these saving, some barriers have to be
2OSND2YSd 584aLIAGS O2yilAydz2dzate AYyONBFaAAYy3I R2LIGAZY
have hard time adjusting to new processes and hmidto old traditional project delivery processes. Several
issues were mentioned, all related to people and process:

- Lack of experience and knowledge;
- Lack of immediate benefits;
- Fear of changing traditional working methods.

The attitude towards automatd model checking was mostly positive. The time savings and therefore cost
savings and the correctness of automated checking are the most mentioned potentials. There are some concerns
about losing know how of the experts field, the confidence in the coness of the application and when a

check passes based on wrong information, this can lead to false passing of a design. Despite these concerns, the
experts are of opinion that automated model checking is a great improvement.
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3.2.2 GUIDELINES AND REGULATIONS

The main part of the interviews were projected at model checking, to determine the current method of model
checking and the guidelines and contract requirements to be checked. The current way of model checking is

based on expert judgement of the engine®rs ¢ KS Sy 3AySSNE OKSO]l SIOK 2GKSNIDa

This is an excel based file, where all contract requirements are included and an engineer simply has to check off

I 062E atlaaSRéd C2NJ O2VYLX SE LINBo8ube feguiremeht ahd dlithfinkh@l G A 2y

application, document can be added to prove a requirement passes. The geometric requirements are briefly
described, and further referred to the guidelines. All interviewees agreed this way of checking is not syfficient
because sometimes rules are missed during this process and errors occur in later phases. Additionally it is very
time-consuming and costly process.

For complex projects, there are a lot of guidelines and requirements. The guidelines are includedointthet

and therefore they are also of legal status. Road design has several field of guidelines, geometrics, geospatial,
constructions, loads, sighage, noise, etc. It can take up to 50 documents, which are all applicable for road design.
The guidelinesdr geometrics of road design are:

- Richtlijn Ontwerp Autosnelwegen (ROA) 2014;
- Handboek Wegontwerp part 1 to 4;
- Aanbevelingen voor verkeervoorzieningen binnen de bebouwde kom (ASVV) 2012.

Sometimes there are some adjustments on these guidelines, the range of an error can be adjusted, or some
elements following each other can be modified, etc. This is normally done to make the design fit into their
topological surroundings, especially whemg@eering new road exits. For these exits, there is little space to work
with and then the guidelines have to be adjusted for that specific case. The guidelines are included in the contract
with an exclusion of the paragraphs regarded. This will be futpecified in the contract. This is the reason why
there are no legal codes for infrastructure geometrics.

Finally the interviews were asked what geometric requirement are checked in which phases of the System
Engineering process. A system passes aQiieOt S | yR Aa ol aSR 2y waeaadasSy
Engineering, system thinking offers a structure of systems wherein a project can be developed imitable and
demonstrably, realized and maintain@d/erkgroep Leidraad SE, 201B¥ aware, within SE a system is always a
LI NI 2F o0A3IISNS YD dldarg ©fdsdsd@tiat régdiréndeits are checked in which
phases. The phases are:

Planning;

Concept and Technology Development;
Preliminary Design and Technology Completion;
Final Design and Fabrication;

System Assembly, Integration, Teatld_aunch;
Operation and Sustainment.

o gl wNE

Final
Design
Phase

Preliminary
Design
Phase

Planning Conceptua!
Phase Phase

Figure6: Requirements checked in System Engineering phases
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3.3 MODEL CHECKING

The building models are become more complex and detailed, therefore evaluating and validating these designs
is also becoming more complex. Conventionally, evaluating designs manually iscatisugning, expensive and
error-prone processHjelseth & Nisbet (201@Jates as much as 40% of the defects can be related to blunders in
the design process. Automated rule checking has been identified as potentially providing significant value to the
industry (Solihin & Eastman, 2018)Vith these automated rule checking, design can be checked by automated
interfaces witch are more quickly and relialfi2ing et al. 2006; Haret al., 1998)

A rulebased checking system is defined as a piece of software that does not modify a building design, but rather
evaluates it on the basis of configured building objects. Raked systems assist users to define and apply rules
that identify conditions bimportance in the model by executing them on a given model, and return the reports,
GKAOK ol aAaolffte OdBasimadetial, 2009) Bdolke Euléd EhecRinglcain B dpyilied, syntax
checking is needed. This pcaecking is needed to determine if the needed information is within the data model,
such as the properties, names, object, etc.

3.3.1 TYPES OF MODEL CHECKING & PLATFORMS

Research developmme of rule-based checking system for the building industry started two decadefGayoett
& Fenves, 1988)The technology isti$ young and rapidly evolving. In general the rblesed systems are
applications which require significant software utilities to provide following functionalities:

Validating model checking:

Within validation based checking there are two kind of climgkcompliance checking and geometry based

checking. Compliance checking is to check if the model is in accordance with building codes, regulations and so

on. Geometry based checking is to check if there are components which clash or give a failureute.the
94LISOALfte 6KSYy (62 2N Y2NB Y2RSt& FNRY RAFFSNByd SEL
determine failures. The checking is based on topological relationships and Boolean algebra. These rules can also

be implemented parameically, allowing the user to adjust the rule by changing the min / max tolerances the
components are checked agair{&orrmann & Rank, 2009)

Model content checking or piehecking:

The purpose is to analyze the profesgl content of a BIM model for a specific use. It can be focused on the
content of information compared to a requirement, comparing client demands, or on correctness of the model.
If a model has the correct elements, naming, conventions, properties aher @tructures needed for full
checking.

Guiding model checking:

The purpose of guiding is to guide the designer to consider a large set of solutions for a problem. It is typically
used in professional fields, where the designer is not an expert irciiguking is based on two elements: Identify
rules for the situations where problems occur, and the presentation of a list of possible actions. The rules are
activated on model view definitions, which provides a set of possibiljlgsseth & Nisbet, 2010 his can be
presented in a decision tree.

Adaptive malel checking:

This type of model checking is related to artificial intelligent. It requires predefined rules and an object itself
analysis its environment and acts on it. An adaptive object can be an increasing or decreasing floor thickness and
its related compressive strength and reinforcements.

There are several different software platforms that have been developed, which vary in their capability, flexibility
of modelling, flexibility of encoding building codes and domain knowledge, reporting andizasgioal systems

and the integration with other applicatior{®awari, 2012)These platforms are all specified tetArchitecture,
Engineering and Construction industry and there are still no platforms specific for the Infrastructure industry.
There are four commonly used rdt@sed checking platforms, all applying rules to IFC models. These will be
briefly described ad presented in an overvieia Table 1:
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Solibri Model Checker (SMC):

Solibri Model Checker is a staatbne, JAVAased platform that reads a IFC model and maps it to an internal
structure facilitating access and process(&libri, 2015)It contains a library of capabilities for pchecking,

such as shape overlaps, name and attribute conventions, object existinecepde exit, path distance checking,

space program checking against the actual spaces in a building and others. SMC also offers an automatic viewing
of checking issues for reporting in the free Solibri Model Viewer. Rules can be parametrically vaiggh thr
table-set control parameters. However, entirely new rules are added in java using the SMC application
programming interface (AP(Eastman et al., 2009; Nawari, 2012)

Jotne EDModelChecker (EDM):

EDModelChecker provides an object database and supports the open development of rule cfimtkieg2015)

using the EXPRESS languadmch is the language in which the IFC model schema is written. New model views
can be developed using EXPRESS and EXRRERSh is a language for mapping instance data from one
EXPRESS schema to another and supports extensive queries and reportdadititese make EDM open to
sophisticated user extensions. EDM also provides textual reporting and server services. It is supported by
EDMModel Server, an objebfaised backend database server, that allows EDM to deal with large building models
and potentally several of them at a tim@&astman et al., 2009)

FORNAX:

The first large effort in building rules checking, the Singapore CORENET effort developed its own, malied
FORNAX, developed by novaCITYNETS Pte. Ltd on top of EDM Model(®heakiani, 2005)FORNAX is a C++
object library that derives new data and generates extended views of IFC data. FORNAX objects carry rules for
assessing themselves, prowid good objecbased modularit{Eastman et al., 2009; Nawari, 2012)

SMARTcodes:

A new platform for rule checking is being developed by the International Code Counsel in coordination with
buildingSmart AlliancéConover, 2007)The SMARTcodes is a conceptintelligent codes, which provides
methods of converting codes and standards from textual rigid format into computer code. This is done by using
a powerful semantioriented representation of a dictionary of domaspecific terms and serfibormal mapping
methods.

TU/e & Grontmij Page |31



Development agency, Singapore, Norway, Statsbygg Australia, CRC for Cl USA, ICC USA, GSA
project CORENET
Target rules Buildingcode  Accessibility Accessibility Building code Circulationandsecurity
Rule checking platform FORNAX SMC EDM DA's SMARTcodes  SMC
for SMC, Xabio
A Rule interpretation: Translates a written rule-base
into a computer implementable one
A, Method of translation AJ1.1. By programmer Yes Yes Yes Yes
of written rules to A1.2, Employs predicate logic| Yes Object-oriented interpretation  Yes
computer code or similar derivation process of code; Graph application;
Express Rule Schema
A2, Has developed an ontology of names and Space name Yes. Covers AS1428. 1, Design ~ Yes Space name based
properties based ontology for Access and mobility, ontology
and BCA D3
A3. Rules coded in: A3.1. Directly in Computer Parametric Rule-based language: Express SMARTcode Parametric
computer code code tables Rule Schema, Express-X builder tables
A3.2, Parametrictables
A.3.3. Rule-basedlanguage
B, Building model preparation:
extracts and derives model view for checking
B.1. Supports model view  B.1.1. Derive new properties| Yes-called SMC library Internal model schema DA's SMARTcodes  SMC provides
approach to processing  Using enhanced objects FORNAX to define objects and for SMC and Xabio limited APl for
rules additional properties deriving properties
B.1.2. Derive new models Adds geometry for Sub-model schema SMC supports SMC supports derived
additional checking®  to derive domain- derived circulation circulation graph
specific view graph
B.1.3. Performance model Performance model view
view and integrated analysis using intermediate and
results model schema
B.2, Uses dictionary of standard properties and Implemented Space names Uses IFC model properties Dictionary in Only for space
relations for defining access in FORNAX and relations and the internal ~ SMARTcodes names
maodel for defining acess
B.3. Visibility of layout rule parameters
C. Rule execution: rule processing and checking
C1. Building model validation to verify minimum. Yes Runs the chosen rule set against Yes Implemented in
model requirements for checking. the model to identify areas with SMC
insufficient information
C.2. Manages view C2.1. Checks consistency.
submissions for of view submissions
completeness
D. Rule check reporting
D.1. Rule instance graphical reporting Yes Yes Graphic display of the check Yes Yes
results; 3D visualization
not linked
D.2. Textual reference to source rule text Yes No Yes DA's SMARTcodes  Reference to section,
for SMC, XABIO paragraph, line

Tablel: Overview of fulé:heéking pIatforri(Eaétman et al'.,'200'9) .

3.3.2 PROCESS

Literature stated, based on early efforts and work, thétere is a structure necessary for implementing a
functionally complete rule checking and reporting system. It can be structured into four stages: (1) rule
interpretation and logical structuring of rules for their application; (2) building model preperatihere the
necessary information required for checking is prepared; (3) the rule execution phase, which carries out the
checking, and (4) the reporting of the checking results. These stages will be further explained and are shown in
Figure 7

The datamodels and the ruldased checking system must have conventions regarding the properties and the
structures of the data. These conventions can be managed by a mixture of three strategies: (1) the designer must
provide information in the building model wtti is needed for the rulehecking, (2) the application provide new

data or generate model views that explicitly derive the lacking data, and (3) the application generate model views
and applies simulations or analysis to generate analytically derived data

Rule interpretation and logical structuring of rules

Building codes and regulations are defined by governments and represented in human languages, written text,
tables, equations and figures. To translate these codes into computer interpretable hges)lés are formally
interpreted and translated. A common intermediate language for mapping rules from a human language to a
computer interpretable language is First Order Predicate L&gibbin, 2006)First Order Predicate Logic brakes
down a human interpreted rule into a symbolic formal system which contains variables witch can be quantified.
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This rule can be evaluated to TRUE, FALSE or UNDEFINED. Due to the quantification of these rules, First Order
Predicate Logic can also determine if a rule applies to either all instances, or that it applies to at least to one of
the instances. Defining a rule always relies on two aspects. The first aspect is the condition or context where the
rule applies, suchsathe changing curvature of a transition curve from a straight to a circular curve of specific
road. The second aspect is properties upon which the rule applies, in this case the specific changing curvature
from zero to a finite value. These steps relyaassifications, and defined methods for measuring lengths and
curvature. The classifications and properties are extracted and expanded with new data. The interpretation of
where a rule applies and how many instances of the rules must be applied aredrattezte classifications and
standards. The evaluation and assessment of these rules, rely heavily on standards. A defined rule can be
implemented in a computer interpretable rule in two ways: Directly in computer language encoded rules or in
parametric tdles and then translated in computer language encoded rules. Computer language code uses
parameterization and branching, where parametric tables defines classes of rules of these parameters, branches
and other logical constructs. Defining the parametersviies an easy but limited method for defining rules.

Building model preparation

¢CKS YIydzt S@Fftdz G§A2y YR OKSO{Ay3 2F w5 RSaidya Kl a
object orientated building models the requirements are moretalled and stricter, with e.g. types and
properties. Designers have to define the building models in such a way that the models provide the information
needed in weldefined agreed upon structures. This information must be properly encoded in data ntodels
allow proper translation and testing. To ensure the issue of erroneous data, the data will be automatically derived
for the required rule checking wherever possible, either within the design program or the rule checking program
(Eastman et al., 2009%eparate model views can be used to both derive the needed data required for a specific
type of rule checking and to extract subsets of an overall building model w ailare efficient processingHan

et a., 1998) Most efforts have followed this approach, if only to partition the development effort. Definition of
such model views goes haimthand with the preparation of rule checking functions.

Some rules need implicit information to be checked.e®alrule checking systems have developed enhanced
building object implemented using objeotiented programming principles. The enhanced object include
methods to derive new information and compute complex properties. However, this may not be suffaient f
properties that are part of complex spatial configurations made up of multiple nested and bounding objects.
Some of these limitations would disappear if fully and accurately defined space objects in buildings could be
derived, allowing a rich set of assments of spaces to be undertaki&astman et al., 2009Another solution

can be an automatically derive a new building model with certain attributes to facilitsdessment of the
implicit properties or relations or to use performanbased rules. These rules also need a new derived building
model, with mostly its own geometry, material or other parameters properties and assumed loads, as input for
executing the anlgsis/simulation.

Rule execution

The rule execution stage consist of combining the computer interpretable rule and the prepared building model.
Before the rules can be applied to the model view, the syntax of the model view must be checkeagkeThis
checking is needed to validate if the model view carriers the right information, such as properties, names, objects,
etc. If new model views are generated, the ymteecking is carried out before the derivation.

When the prechecking is executed and tieodel complies, the general rule checking can be performed. General
rule checking will require a management system to coordinate and oversee the application of the multiple rule
modules and their result§Eastman et al., 2009)This management system checks two issues: (1) the
completeness of the rule checking and, (2) the model version consistency. The completeness of the rule checking
checks if the right set of rulas selected and if the right model view is submitted. This is done by every ruleset
and every model view, until the complete rule checking system is completed.

Reporting of the checking results

When the rule execution stage is done, the last part issqwort the results. Both the results that PASS and FAIL
need to be reported into the results. The rules that pass need to be reported as part of an audit trial that validates
the completeness of the check. The rules that fail the rule checking has to beedpo address the problem.

An intuitive way of presenting the report is a screenshot of the problem addressed, by using the project
coordinate system. This is normally done for spatial conflict teg&udjbri, 2015)In addition to the screenshot

it is important to conduct the applicable rule and how this rule has failed. This requires the reverse mapping from
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the computer iterpretable rule to the original natural language of the rule. Additional reporting may include the
description of how the rule fails, with the parameters involved and possible actions to correct the model view.

These four stages are needed for a workinlg-based checking system. The stages are shovifigure 7 with
the aspect of each stage.

Rule Interpretation

Translates a written rule-

base into computer
implementable one

Building Model

Extracts and derives model view
data for checking

Model view generation,

supporting:

(a) deriving implicit
properties using enhanced
objects

(b) derive new models

(c) performance-based

, model views & analysis Reporting Checking
Method for translating Visibility of layout rule Results
rules from text format: parameters Reporting results back to
(a) by programmer § submitter (or checking
(b) employing predicate . . agency) .
logic : J 1 '_ Rule instance graphical

' ' ' reporting

Ontology of names and
properties for rule

definition Rule Execution

Applies rules to building model

Reference to source rule

Rules coded in _ Model view syntactic pre-
(a) computer code; checking

b tric tabl
| (b) parametric tables Management of view

submissions:

(a) completeness of rule
checking;

(b) model version
consistency

Figure7: The four stages of a ruleased checking system with their aspg&astman et al., 2009)

3.3.3 GEOMETRY

Within validation based checking there are two kinds of checking: Compliance checking and geometry based
checking. Compliance checking is to check if the model is in accordandeuwidting codes, regulations and so

on. Automatic management of building permit applications has long been a beacon for model checking. One
reason is that permitting is a critical point that all facilities have to fgbigslseth & Nisbet, 2010)Geometry

based checking is to check if there are components whidhaa give a failure to the rule. Especially when two

or more models from different disciplines are collaborated, this is an useful method to determine failures. The
checking is based on topological relationships and Boolean algebra. These rules caa migmelmented
parametrically, allowing the user to adjust the rule by changing the min / max tolerances the components are
checked againgBorrmann & Rank, 2009)

For geometry based checking for Infrastructure projettis, highest level of abstraction of these projects is the
alignment model. This defines the course of the linear project and is defined by the superposition of two two
dimensional curves, the horizontal and the vertical alignment. Usually, the vertigah®nt consists of line
segments and parabolic arcs and defines the correspondo@palinates as a function of the length s of the
horizontal alignment curve up to a certain point. The horizontal alignment usually consists of line segments, arcs
and transition curves and describes the course of an alignment in the XY glamann et al., 2014)In the
following section these alignment components will be further explained.
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Horizontal alignment

The horizontal alignment is the profile of connected segments, which describes the course of the project. The
horizontal alignment consist of liregments and of curve segment, but also consist of transition curves. In the
Infrastructure industry the clothoid is the common used transition curve, but there are several others. In other
linear industries, such as rail, other transition curves are uBaded on the context of the project, the segments

are georeferenced and convertible into Northing and Easting values.

Curve

Line Segment

>————-
-

Figure8: Horizontal alignment segments

Vertical alignment

The vertical alignment is a height profile aldhg horizontal alignment and gives therefore the height according

to the project engineering coordinate system. The vertical alignment consist of segments, which are usually
defined as a line segment, a circular arc segment, a parabolic arc segmentraetinses as a unsymmetrical
parabolic arc segments. The segments are linked into a wire to create the total vertical alignment.

z

Line Segment Parabolic Arc

Circular Arc Ground Profile

Figure9: Vertical alignment segments

3.4 INTEROPERABILITY OF DATA

Starting in the late 1980s, data models were developed to support product and object model exchanges within
different industries. These data models distinguish the schema used to organize the data and the schema
language to carry the dat@Eastman et al., 2011}rom that time till now, the files evolved from modeling of
shapes and geometry to modeling of object. While shapes and geometry was the main focus, with BIM this
shifted to nultiple kinds of geometry, attributes, and properties for different behaviors. The advanced features
of building information modeling software have contributed to a shift in the way IT can be used in the
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