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Abstract

Through the introduction of modern, digital technologies to the process of executing construction
projects, the construction design industry aims to achieve various goals, among them to increase
efficiency, to improve quality, and to achieve more reliable cost estimation. Digitization in construction
design is primarily associated with Building Information Modeling (BIM). In the BIM method, a digital,
three-dimensional building model is created and enriched with information concerning the construction
component or project. The resulting digital twin is used for various aspects, for example to conduct
evaluations, analyses, and simulations over the life cycle — i.e., the design, construction, and operation
phases — of the structure.

This dissertation focuses on the design process of railway structures. A significant portion of this work
is still undertaken in a more or less conventional manner using 2D CAD applications. The drawings that
are produced contain information that cannot be used intelligently. BIM aims to address this
shortcoming. Designing in the railway sector is subject to a large number of regulations that have to be
observed and is characterized by a high degree of complexity due to the large number of interdependent
subsections, e.g., superstructure, civil engineering, control, communication and safety system or

catenary systems.

Practical experience shows that the design quality is made only partially more error-free through the
application of BIM. In fact, the method can introduce new sources of error, which can lead to acceptance
problems due to the inexperience of many users. In addition, the large amount of available data and
information that a building model may typically contain makes manual checking more difficult. However,
all data and information is then available digitally and can be evaluated accordingly with the help of so-
called automatisms.

This dissertation examines which sources of error arise in connection with the BIM method. This is then
used to systematically develop automatisms to support the checking of models from the field of
designing railway structures. This serves, on the one hand, to facilitate the systematic verification of
models and on the other to assist in keeping the very large amounts of data related to models

manageable.

A quality assurance concept is presented which covers the domains construction design, clashes,
semantics, construction process as well as quantities and costs. The concept is modular, so that
extensions, but also simplifications are possible. Different routines are developed for each domain,

which illuminate the construction model to be tested from different perspectives.

A central element of this work is the combination of the three procedures ‘Business Process Model and
Notation’, ‘Decision Model and Notation’ and BIM. The ‘Business Process Model and Notation’ is a
graphical modeling language that can be used to visualize process flows using standardized symbols.

The ‘Decision Model and Notation’ is also standardized and enables the simple and clear creation of




decision rules within business processes. This approach is used both to check the model for compliance
with guidelines (Code Compliance Checking) and to create models in compliance with guidelines
(Knowledge Based Engineering).

The methods developed were verified using several real-world case studies. The approaches for Code
Compliance Checking and Knowledge Based Engineering were also evaluated with regard to their
applicability. Using the ‘Business Process Model and Notation’ and ‘Decision Model and Notation’, 68%
of the rule sets examined can be represented digitally. The approach was also evaluated against the
acceptance criteria for KBE applications compiled in the literature. A corresponding analysis reveals that
the approach fulfills 73 % of the weighted criteria. Both evaluation results are considered good and
promising for the present work. A further aspect is the possible time savings in checking or creating
models that this method promises, which measurements show amount to between 75% and 97%

compared to manual processing.




Zusammenfassung

Die Bauplanungswirtschaft verfolgt mit der Einfihrung moderner, digitaler Technologien bei der
Bearbeitung von Bauprojekten verschiedene Ziele. Hierzu gehdren unter anderem: Effizienzsteigerung,
Qualitatssteigerung und Erhéhung von Kostensicherheit. Die Digitalisierung in der Bauplanung wird in
erster Linie mit Building Information Modeling (BIM) in Zusammenhang gebracht. Bei der BIM-Methode
wird ein digitales, dreidimensionales Bauwerksmodell erstellt und mit Informationen, z.B. zum Bauteil
oder Projekt, angereichert. Der dabei entstehende digitale Zwilling wird fir verschiedene Aspekte, z.B.
Auswertungen, Analysen, Simulationen etc., iber den Lebenszyklus des Bauwerks — Planung, Bau und

Betrieb — genutzt.

Die vorliegende Dissertation fokussiert auf den Planungsprozess von Eisenbahnbauwerken. Dieser wird
in weiten Teilen noch auf mehr oder minder konventionelle Weise mit 2D-CAD-Anwendungen gefihrt.
Im Ergebnis werden Plane gefertigt, deren Informationen nicht intelligent genutzt werden kdnnen.
Diesem Schwachpunkt der Planung soll mit BIM begegnet werden. Planungen im Eisenbahnwesen
unterliegen einer Vielzahl von zu beachtenden Regelwerken und zeichnen sich aufgrund der Vielzahl
untereinander abhéngiger Gewerke, wie z.B. Oberbau, Ingenieurbau, Leit- und Sicherungstechnik und

Oberleitungsanlagen, durch eine hohe Komplexitat aus.

Praktische Erfahrungen zeigen, dass die Qualitat von Planungen allein durch die Anwendung von BIM
nur bedingt fehlerfreier wird. Vielmehr entstehen neue Fehlerquellen, die aufgrund der Unerfahrenheit
vieler Anwender zu Akzeptanzproblemen der Methode fihren kénnen. Die Vielzahl an verfligbaren
Daten und Informationen, die am Bauwerksmodell mitgefiihrt werden, erschwert darlber hinaus die
manuelle Prifung. Allerdings stehen samtliche Daten und Informationen digital zur Verfigung und
kénnen mit Hilfe von Automatismen entsprechend ausgewertet werden.

In der vorliegenden Dissertation wird untersucht, welche Fehlerquellen im Zusammenhang mit der BIM-
Methode existieren. Auf dieser Basis werden systematisch Automatismen entwickelt, die die
Uberpriifung von Modellen aus dem Bereich der Planung von Eisenbahnbauwerken unterstiitzen.
Hierdurch soll einerseits eine systematische Priifung von Modellen erreicht werden. Andererseits sollen
die Automatismen dazu dienen, die sehr grollen Datenmengen in Zusammenhang mit Modellen

handhabbar zu halten.

Es wird ein Qualitatssicherungskonzept prasentiert, das die Domanen Konstruktion, Kollisionen,
Semantik, Bauablauf sowie Mengen und Kosten umfasst. Das Konzept ist modular aufgebaut, so dass
Erweiterungen, aber auch Vereinfachungen moglich werden. Zu jeder Doméne werden verschiedene
Routinen entwickelt, die das zu prifende Bauwerksmodell aus unterschiedlichen Perspektiven

beleuchten.

Ein zentrales Element der Arbeit ist die Kombination der drei Verfahren ,Business Process Model and

Notation’, ,Decision Model and Notation‘ und BIM. Die ,Business Process Model and Notation‘ ist eine




grafische Modellierungssprache, mit der Prozessabldufe unter Verwendung von standardisierten
Symbolen visualisiert werden kénnen. Die ,Decision Model and Notation‘ ist ebenso standardisiert und
ermoglicht eine einfache und uUbersichtliche Erstellung von Entscheidungsregeln innerhalb von
Geschéftsprozessen. Dieser Ansatz wird sowohl dafir eingesetzt, das Modell auf Richtlinienkonformitat
zu prufen (Code Compliance Checking) als auch Modelle richtlinienkonform zu erstellen (Knowledge
Based Engineering).

Die entwickelten Methoden wurden an Hand mehrerer Fallbeispiele aus der Praxis verifiziert. Die
Ansatze zum Code Compliance Checking und Knowledge Based Engineering wurden auf3erdem in
Hinblick auf ihre Anwendbarkeit bewertet. Mit Hilfe der ,Business Process Model and Notation* und
,Decision Model and Notation*' sind 68 % der untersuchten Regelsatze digital darstellbar. Der Ansatz
wurde ebenso gegen die in der Literatur zusammengetragenen Akzeptanzkriterien fur KBE-
Anwendungen bewertet. Es konnte herausgearbeitet werden, dass der Ansatz 73 % der gewichteten
Kriterien erflllt. Beide Bewertungsergebnisse werden fur die vorliegende Arbeit als gut und
vielversprechend eingestuft. Ergénzt wird dieses Bild durch die mogliche Zeitersparnis bei der Priifung
bzw. Erstellung von Modellen. Die gemessene Zeitersparnis liegt zwischen 75 % und 97 % im Vergleich

zur manuellen Bearbeitung.
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1 Introduction

1.1 Motivation

The decades-old process of planning railway structures is currently undergoing a digital transformation.
The introduction of Building Information Modeling (BIM) in the railway sector aims to achieve various
goals, among them to increase efficiency, to improve quality, and to achieve more reliable cost
estimation. In the BIM method, a digital, three-dimensional building model is created and enriched with
information concerning the construction component or project. The resulting digital twin is used for
various aspects, for example to conduct evaluations, analyses, and simulations over the life cycle of the
structure or building. A commonly cited major advantage of BIM is that it avoids and minimizes the
occurrence of errors through the networked use of building models (see for example [1,2]). Eastman
states, for example, that “design and coordination with 2D systems is error-prone, labor intensive and
relies on long cycle-times. BIM addresses these problems [...]. The benefits of BIM for subcontractors
and fabricators include: [...] reduced cycle-times for detailed design and production; elimination of
almost all design coordination errors; lower engineering and detailing costs [...]" [1]. Media articles on
BIM even suggest that the creation of three-dimensional models alone, including their further use in
construction process simulations and quantity and cost calculations, will increase the quality of
construction planning (see [2,3]).

The planning of railway structures is heavily regulated by laws, guidelines and standards, among other
things. On the one hand, this is due to the legally prescribed safety requirements in railway operations,
and on the other, a consistently usable transport network can only be created with the help of defined
specifications. Compliance with the specifications must be ensured throughout the entire life of a project
— from design to construction. To this end, quality assurance teams are deployed in practice, usually as
a downstream instance, and thus check prepared designs for conformity at the end of a work phase or

at defined points in time during the project.

In practice, quality assurance measures are carried out to varying degrees in the context of BIM. These
range from simple clash checks of the 3D model to extensive property checks and checks for compliance
with guidelines. The latter are mainly found in the area of building design (see [4]). There is no
comprehensive, generally applicable concept for quality assurance and thus no generally applicable
definition of when a model is of high quality. While clash checks as well as simple property checks are
now easily possible with the available software products, checks for semantic-geometric coherence, for
example, are comparatively uncommon but also important. Checks for compliance with guidelines for
infrastructure design are difficult to implement, as there are currently two major hurdles:




(1) Availability of standardized data schemes (see also Section 2.4)

The development of the Industry Foundation Classes (IFC) for infrastructure are currently still
at the draft stage. A parameter-oriented, software-neutral data exchange format will not be available
until projects have been completed. Currently, only software-specific data schemas are commonly used
for the parameter-based description of infrastructure models. The development effort for a checking tool
increases insofar as the technical procedures for checking models are to be used for all available

software products.

(2) Availability of machine-readable rules for compliance checking

“In the Architecture, Engineering, and Construction (AEC) industry, building projects must be
checked against numerous building codes for compliance. They are allowed to be executed only when
compliance with all applicable rules of the building code has been guaranteed” [5]. Digital, machine-
readable mapping of guidelines is an essential component for automated model checking. Currently

machine-readable formats of the guidelines relevant to design are not available.

The introduction of BIM aims to increase the quality of planning. There is no standardized approach to
model checking. The focus of the work presented here is on the development of digital procedures for
checking and complying with specifications and guidelines in the design of railway structures. The
related topic, known in academia as ‘code compliance checking’, is an essential part of the dissertation
presented here. It is important to create and provide machine-readable rules. By solving this, it is also
possible to incorporate design-relevant specifications already at the time of 3D model creation. This is
the core content of the investigations on ‘Knowledge Based Engineering’, which aim to combine
methodical expert knowledge as well as normative and fact-based knowledge digitally in such a way
that 3D models can be created automatically. This in turn makes it possible to consider quality assurance

as an integral part of design.

The dissertation is written under the aspect that the developed methods should be comprehensible for
as large a circle of users as possible so that the methods can be adopted as widely as possible. As the
research literature shows, user acceptance of automatism of design and checking tasks will be reached
by using transparent coding approaches. Therefore, the checking routines in the topic area of code
compliance checking and the approaches investigated in the area of knowledge-based engineering are

designed to be more comprehensible with the help of visual programming languages.




1.2 Scope

The present dissertation is limited to railway construction and here specifically to the design of the
associated structures. These are produced by different disciplines. In general, the main planning
disciplines and their associated railway structures are as follows:

= Traffic facilities: alignment, superstructure, civil engineering, cable civil engineering, stations

= Engineering structure: bridges, tunnels, retaining structures, noise barriers, other load-bearing
structures

= Technical equipment: catenary systems, control and safety systems, other electrotechnical

systems

The disciplines of surveying, subsoil and environment also contribute significantly to the planning of
railway structures and there are interdependencies between the individual disciplines and structures

that must be considered both in testing and in the creation of models.
The work in this dissertation concerns primarily traffic facilities and engineering structures.

Numerous regulations govern the design, construction and operation of railway infrastructure. In
Germany, this is due, among other things, to the national legal requirement under 84 of the General
Railway Act (Allgemeines Eisenbahngesetz), which stipulates that railway infrastructures and vehicles
must meet the requirements of public safety during construction and operation [6]. Railway companies
are obliged to mitigate against hazards using all available and reasonable technical possibilities [7]. To
meet this requirement, various regulations exist at both national and European levels. The following list
applies to infrastructure facilities but there are further requirements for the operation of railways and for

the personnel employed.

= laws (e.g., AEG)

= by-laws (e.g., EBO, BlmschV)

= standards (e.g., DIN, DIN EN)

= technical specification (e.g., TSI)

= guidelines (e.g., of Deutsche Bahn AG or EBA)
= Catalog of requirements (e.g., AKFF)

= other regulations (e.g., DGUV regulation 78)

= “DB standards” (DBS)

Within the scope of this dissertation, the complexity of the regulations cannot be considered or mapped
in its entirety. For our purposes, the guidelines set out by Deutsche Bahn AG are the most authoritative
set of regulations for German railway infrastructure. They were “introduced by the Federal Railway
Authority as a technical construction regulation by the building authorities and as a recognized rule of
technology [...]" [8] and bring together the planning and construction requirements for the railway system,
refer to other applicable types of regulations, such as laws and standards, or implicitty map the

requirements of other types of regulations.




1.3 Approach

The approach taken in this thesis is to investigate the entire model creation process in the context of

designing railway structures and to identify resulting sources of error. There are two main aspects:
Approach 1 — Model checking

The first part of the thesis examines the model checking process. In current planning practice,
checking designs and the associated models for compliance with specifications with regard to the

semantics of models and guidelines (code compliance checking) requires a significant amount of effort.
Approach 2 — Model creation

The model creation process is currently a predominantly manual process in practice, where
different regulations and guidelines have to be taken into account. The second part of the thesis
therefore examines the extent to which the 3D model creation process can already be automated. The
use of machine-readable guidelines and expert knowledge leads to higher quality of 3D models
(knowledge-based engineering).

In both cases, the objective is to use automation to support the user and perform routine tasks. This

allows the quality assurance process to be designed efficiently.

Based on the state of the art presented in Chapter 2 and the finding that multiple evaluation criteria need
to be considered in order to assess model quality, a quality assurance concept was developed as shown
in Figure 1. This focuses on approach 1 and defines the five domains considered in this thesis, each of
which requires different checks to be made. The domains are Construction Design, Clashes, Semantics,
Construction sequence (4D) as well as Quantities and costs (5D). In addition, a standardized evaluation
procedure for the test results was developed to make it possible to compare the quality achieved across

models and projects.

Due to the currently still limited availability of a fully software-neutral data exchange format for railway
structures (compare Section 2.4), both the software-neutral IFC format in the current state of

development and proprietary data formats for the exchange of model information are used.

For this dissertation, the basic understanding of different levels of model detail as described in Section
2.3 is helpful. However, the methods developed follow a generic approach and are not limited to a

specific project phase or level of detalil.
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Figure 1: Quality assurance concept for model checking

The considerations presented in Chapter 3 deal with domains 2 to 5. Domain 1, which is located in the
topic area ‘Code Compliance Checking’, is examined in more detail in Chapter 4. In Chapter 5, the
developed methods in the domain ‘Knowledge Based Engineering’ are described in the context of model

creation.

Regardless of the approach considered, the following principles are defined for the development of the

technical methods:

(1) The methods must be applicable across all disciplines as far as possible.

(2) It must be possible for non-IT-savvy users to apply and evaluate the methods.

(3) The formalization of existing design rules is preferably carried out with a visual, software-neutral
modeling language.

(4) If possible, the methods are managed using software-neutral data exchange formats.

(5) The methods are validated using practical examples.

In domains 2 to 5, simple if-then queries predominate, and these data-intensive test methods were

developed with text-based source code.

To represent machine-readable rules in the context of ‘Construction Design’, the three methods
‘Business Process Model and Notation' (BPMN), ‘Decision Model and Notation’ (DMN) and BIM are
combined as a central element of the work. BPMN, standardized with ISO/IEC 19510:2013, has been
developed as a generic approach for modeling business processes. BPMN is designed as a graphical
modeling language, which makes it easy to represent the logic of a process in an understandable way.
DMN was developed as a complementary language for the representation of decision rules. Both
notations can be combined, allowing complex process and decision logics to be developed. The
introduction of the generically designed notations into the discipline of railway design is intended to give
due consideration to principles 1 through 3. This approach is used both to check the model for code

compliance and to create models that conform to guidelines.




1.4 Research questions and hypotheses

Based on the aforementioned boundary conditions, the following questions arise, which will be
addressed in this dissertation:

(1) Which errors can occur within the individual domains, but also across domains, and what are
the sources of these errors?

(2) How can the contents of rules and requirements be formalized in a way that is machine-readable
and thus digitally evaluable?

(3) Which possibilities, but also limitations, do the currently available data formats offer for the
transfer of infrastructure models? What are the differences between explicit and implicit
geometry descriptions?

(4) What hurdles exist for non-IT-savvy users in the context of model-based quality assurance?

(5) How can different types of checks be evaluated according to a standardized scheme?

(6) Which possibilities exist to automate the model creation process?

This leads to the following hypotheses for the dissertation:

(1) Several domains must be considered when checking models.
(2) Checking of model semantics is a central aspect.
(3) Using implicit geometry (see Section 2.4) description allows easier compliance checking.

(4) Compliance checking methods of parameterized models can also be used for model creation.




1.5 Structure of the dissertation

Chapter 2 presents the current state of the art in the context of this dissertation. It begins with a
discussion of the international status of BIM in the railway sector. Then, the terms “quality” and “level of
development” are examined, and the current state of data exchange formats, model checking, and

automated model generation is presented.
Figure 2 shows the remaining structure of the dissertation:

Chapter 3 presents the quality assurance concept of the work in general and the necessary methods
for testing railway models for four of the five included domains. The methods presented are related to
clash detection, checking of the construction process, quantity and cost determination, and verification

of semantics from different perspectives. The testing methods are based on volumetric models.

Chapter 4 takes a closer look at the fifth domain, “Construction Design.” The checking of models in the
context of code compliance checking is performed using the Business Process Model and Notation
(BPMN) standardized by ISO/IEC 19510 in combination with the Decision Model and Notation (DMN).
For this purpose, selected guidelines of Deutsche Bahn AG are analyzed and examined to determine

the extent to which guideline contents can be mapped with the help of BPMN and DMN.

The methods for checking models for compliance with guidelines are adapted in Chapter 5 with the aim
of supporting the process of creating models from the outset. The examinations from the field of
Knowledge Based Engineering aim to digitally combine methodical expert knowledge as well as
normative and fact-based knowledge in such a way that 3D models can be created automatically.

The assignment of the objectives and hypotheses to the individual chapters is also shown in Figure 2.
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2 State of the art

This chapter provides an overview of the current state of the art in the main topics. A detailed

presentation is given in chapters 3 to 5.

2.1 BIMin railway design

The BIM Roadmap [2] introduced in 2015 by the Federal Ministry of Transport and Digital Infrastructure
marked the beginning of the stepwise introduction of BIM methodologies in the infrastructure sector in
Germany. According to the Roadmap, BIM will be introduced in three phases (preparatory phase,
extended pilot phase, BIM Niveau ) over a period from 2015 to 2020. All new infrastructure measures
starting in 2020 are to be implemented using the BIM method.

The DB Station & Service AG — the operating company of the stations on the network of DB Netz AG —
already began to introduce BIM in all new projects [9] as a mandatory part of the project from early 2017
onwards. In this context, specifications for the application of the BIM methodology were defined, which
included statements on objectives, use cases, processes and the expected results. After successful
completion of the monitoring of 13 pilot projects as part of the BIM4ARAIL project [10] in 2019, the DB
Netz AG — the operator of the German railway network — began implementing the BIM method in new
projects in 2020 [11]. Initial company standards were likewise developed for 3D models, Employer's

Information Requirements, BIM Execution Plans, collaboration processes and virtual design reviews.

BIM in railway construction is not a German phenomenon. The use of BIM is also being pushed
internationally. The China Railway BIM Alliance, for example, is significantly involved in the development
of the IFC standard for the railway sector [12,13]. Major projects are also being implemented using the
BIM method, like the Beijing-Zhangjiakou high-speed railway [14] or the high-speed railway Changhua
station [15]. Similar to the German Roadmap, South Korea has adopted the ‘Rail BIM 2030 Roadmap’
[16,17]. The goal of the plan is to implement artificial intelligence based design, engineering, and model
quality checking by 2030. BIM is also being implemented by a variety of railway companies, including
French railways [18], Swiss railways [19], Italian railways [20], Russian railways [21], Swedish, Danish,
Norwegian and Finnish railways [22,23]. Internationally known railway projects that are implemented
using the BIM method include the Doha Metro in Qatar [24], the HS2 in United Kingdom [25] or the
project Rail Baltica [26].

The design and associated modeling of railway structures differs significantly from the design of
buildings. Buildings are plane-oriented. The individual floors of a building are divided into rooms or areas
(see Figure 3). Buildings can have regular, grid-like structures, as shown by Gan et al. [27] and Sharma
et al. [28], or they can be based on freeform curves, see Pottman et al. [29].
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Figure 3: High-residential building and its separation into levels, rooms and spaces (image from Gan et
al. [27])

In contrast to buildings, infrastructure structures are linear structures that are related to the track
alignment. The horizontal alignment represents the position information of a structure. The vertical
alignment provides the associated height information. By superimposing horizontal and vertical
alignment, the 3D space curve can be determined. By defining transverse profiles at discrete stations
or parameter sets from which transverse cross sections can be calculated, a 3D model can be computed
(see Amann [30], Galilaer [31] and Figure 4). An essential aspect in the modeling of infrastructure
structures is the approach of parametric modeling (see Borrmann et al. [32] and Vilgertshofer et al. [33]).
.1he core concept is not to store the final outcome of the construction process, that is, an explicit

geometric model, but instead the history of the individual construction operations” [32].

This philosophy is applied in a number of specialist applications. From the field of track design, the
following tools are relevant: Civil 3D [34], OpenRail Designer [35], card_1 [36], Vestra Rail [37], ProVI
[38] or Ferrovia [39]. In interaction with other disciplines, software solutions specific to building
construction are sometimes integrated into the modeling workflow, as shown for example by Pasetto et
al. [40]. The standards of DB Station & Service AG also accommodate the use of software (Allplan [41]
und Revit [42]) originally designed for building projects. These and other software solutions are also
used in the design of bridges and tunnels, e.g. Allplan Bridge [43], Infraworks 360 [44], Siemens NX [45]
or CATIA [46]. Functioning interfaces that enable data exchange are crucial for the interaction of the

various software products (see Section 2.4).
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Cross-section
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Figure 4: 3D-alignment based on horizontal and vertical alignment, cross-sections oriented along
alignment, generated 3D-model (figure based on Amann [30])
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2.2 Quality

ISO 9000:2015 defines ‘quality’ as the “degree to which a set of inherent characteristics of an object
fulfils requirements”. The term ‘requirement’ is defined as a “need or expectation that is stated, generally
implied or obligatory” while “a specified requirement is one that is stated, for example in documented
information” [47]. ISO 9000:2015 speaks of non-compliance or errors if the given requirements are not

met.

Preidel [4] distinguishes between three different categories of quality in the context of BIM. While data
quality is understood as ensuring the correct functioning of interfaces, compliance with modeling
guidelines and agreements on model content represents quality of content. The correct implementation
of standards and guidelines is understood as quality of design. The categories and the relationship are

shown in Figure 5.

Model quality

Data quality Quality of design

Semantics-Geometry

==

4[ classification } 4[ positioning } consistency } —[ compliance checks }
4[ usability ] 4[ usability ] ] —[ ]
—[ property value ] —[ integrity ]

S 4[ } 4[ clash free ]

D

Figure 5: Categories of model quality, based on Preidel [4]

According to Kulusjarvi [48], two methods exist to ensure the quality of models, namely checking and
analysis. “Checking refers to a method whereby the correctness of the information contained in a BIM
file is verified. To determine the correctness of any information, it must be possible to compare or
measure it against some reference information. [..] Analysis, on the other hand, produces information
refined from the BIM, making it easier to interpret and assess the quality and correctness of the

information” [48].




Solihin & Eastman [49] define the following rule categories for model checking:

= Checks for well-formedness of a building model, i.e., the syntactic properties of the digital model
= Building regulatory code checking

= Specific client requirements

= Constructability and other contractor requirements

= Safety and other rules with possible programmed corrective actions

» Warrantee approvals

= BIM data completeness for handover to the facilities management

This shows that similar, but not standardized criteria for model quality exist. “In order to bring these
elements together in a construction project, it makes sense to implement a strategy for quality assurance.

In this way, maximizing the quality of model content throughout the project becomes a core objective”

[4].

In this thesis, methods are investigated that focus on quality of content and design. Data-technical

checks according to Preidel’s definition are a secondary aspect.

2.3 Level of Detail and Level of Development

Analogous to the internationally common sequential project phases, which provide for increasing detail
with increasing project progress (see [50-52]), it is also common practice to adapt the model content to
the respective project phase. How detailed a model should be in the respective project phase is
generally not standardized in German-speaking countries. Furthermore, different definitions are used
for the level of development. The following paragraphs provide an overview of the term detail in the
context of models.

"Digital building models consist of individual model elements to which alpha-numerical information can
be added. The combination of geometric level of information (LOG) and alpha-numeric level of
information (LOI) results in the Modelldetaillierungsgrad (MDG, German translation of level of
development) of the model at defined performance times” [53]. The individual levels of development are
described in [53] in short texts and sketches, the respective level of development is roughly outlined,
but concrete content specifications for the geometric or semantic model are not included. The

descriptions are predominantly oriented towards buildings.

The term “Level of Development” was developed by the American Institute of Architects and defined
as follows: “The Level(s) of Development (LOD) describes the level of completeness to which a model
element is developed” [54]. The system has been refined/interpreted by the BIMFORUM. The Level of
Development is divided by the AIA into five levels (100, 200, 300, 400, 500). An additional level (LOD
350) has been introduced by the BIMFORUM, see [55]. The “Level of Development Specification” makes
component-related statements about the requirements for detailing. The catalog is mainly filled with
components from the fields of architecture, structural engineering, technical building equipment and civil

engineering. However, there are also some placeholders for the infrastructure sector, especially for the




road construction sector. Furthermore, bridge girders made of steel and concrete for roads and railway
systems are described in the four detail levels, as, for example, shown in Figure 6.

LOD 200 LOD 300 LOD 350 LOD 400

Figure 6: Level of Development of Railway Bridge Precast Structural | Girder (see [55])

Mini adopts the term “Level of Development” and equates it with the terms “degree of completion”,
“‘degree of maturity” or “degree of elaboration” [56]. Mini expands the definition of the level of
development by establishing a link to the project phases according to HOAI. The assignment of the level
of geometry to a project phase is based on the drawing scale of the deliverable from the 2D design
approach. With regard to information content, only a few general statements are made. Here, reference

is made to the project dependency.

The term “level of definition” originates from the United Kingdom and is understood as a blend of the
terms “level of model detail” and “level of model information” [57]. A distinction is made between seven
“levels of definition”, which are (1) Brief, (2) Concept, (3) Definition, (4) Design, (5) Build and

Commission, (6) Handover and closeout, (7) Operation.

According to the “Guidelines for the Application of the BIM Methodology” by the Deutsche Bahn AG, the
“Level of Detail (LoD) [...] defines the geometric level of detail of 3D components in the respective
design phases” [9]. DB Station & Service AG equates the term Level of Detail with the requirements for
geometry (Level of Geometry). The Level of Detail and Level of Information are considered separately
from each other and refer to the component. DB Station & Service AG distinguishes between five
different LoDs. In the published specifications, the individual components are shown with a picture and
description for better user-friendliness. However, all components reach the highest accuracy level with
LoD 200. LoDs 300 to 500 always correspond to LoD 200. Similarly, component-related, non-graphical
information (properties) is defined and assigned to the individual Levels of Information. This provides
the user with explicit specifications that can be implemented, checked and thus quality assured during

project processing.




The term “Fertigstellungsgrad” (English: “degree of completion”) is given in ZukunftBAU [58]. “The
degree of completion of the discipline-specific building models represents the required degree of
detailing of the modeling and depends on the project phase and the discipline. [...] As a first
approximation, the completion levels of the models are comparable to the 2D design scales in the
different project phases, and therefore the expression of the models in the initial phases is still less

detailed and will then develop in more detail as the design progresses.”

The term “Level of Information Need” is defined in EN 17412-1:2021-06, which describes concepts to
define the depth of information requirements in context of BIM and different levels for sharing information
throughout the lifecycle of buildings and structures. The Level of Information Need distinguishes

between geometric and alphanumeric information.

The term “Level of Accuracy” originates from the field of surveying. Basically, it is necessary to
distinguish between the terms “precision” and “accuracy” in the sense of exactness. Precision is
understood as the degree of consistency in multiple measurements. Accuracy, on the other hand,
describes how precisely a point or object to be recorded was actually recorded (see [59,60]). Five levels
of accuracy and one upper and one lower limit for the measure of accuracy are specified as shown in
Table 1.

Table 1: Levels of Accuracy [59]

 Level Upper Range T Lower Range —\
LOA10 User defined 5cm *
LOA20 S5cm * 15mm *
LOA30 15mm * 5mm *
LOA40 5mm * Imm *
LOAS0 Imm * 0*

*Specified at the 95 percent confidence level.

In the following, the different definitions are compared in relation with the project phases according to
HOAI. The term “level of definition” is not included, as it is not possible to draw a clear conclusion with
regard to the HOAI.




Table 2: Comparison of different definitions in relation to the project phases according to HOAI

Project phase MDG | FG | LoD * (BIMFORUM) | LoD (Mini) | LoD (DB AG)
1 Basic evaluation 010 - - 100 100/ 200
2 Preliminary design 100 100 100 200 min. 100
3 Basic design 200 200 200 300 200
4 Approval planning 210 300 - 300 200
5 Detailed design 300 | 400 300 400 300
6 Tender phase 310 - - - -
7 Support of tender phase 320 - - - -
8 Site management 400 500 400 450 400
Factory design
8 Site management 500 - 500 500 500
As-built model
9 Supervision of facility for 510 - - - -
warranty purposes
- Facility Management 600 - - - -

* based on comparisons given in [53]

There are various terms and definitions of the level of development of building models, both

internationally and on the German market, and the multitude of different definitions can lead to confusion.

The acronym LoD in particular is used several ways in practice. What all definitions have in common is

that a distinction must be made between the geometric model and the semantic model when describing

detailing needs or expectations. Exact definitions of geometric accuracy are only given by [9,55].




State of the art

2.4 Data exchange formats

“Today, the main obstacles are to be seen in the use of different data formats and the non-standardized
level of detail of information in models. But already today automatic model checking can be applied very
effectively and objectively if the specific use cases and corresponding modeling requirements are
carefully defined upfront” [61].

In addition to the standardized description of components and structures, it is necessary to exchange
data and models between different software as part of the BIM methodology. Various data schemas are

available for this purpose, which are examined in more detail below.

Borrmann et al. [62] basically distinguishes between explicit and implicit methods for describing 3D
objects. In the explicit method, the volumetric object is described as a surface. “The implicit method, by
contrast, is a procedural approach that describes the history of the creation of the modeled body” [62].
The parametric modeling of parts is used in modern CAD applications to reuse them, but at the same
time to be able to adapt them, see [62,63]. The distinction between explicit and implicit geometry
description is essential for the consideration of data exchange formats. An example of an explicitly

described 3D model is shown in Figure 7.

Figure 7: Explicit description of a 3D-model

“Both methods are used in BIM software and in the corresponding data exchange formats, and both are
part of the IFC specification” [62]. IFC is the acronym for Industry Foundation Classes. "IFC is a
standardized, digital description of the built asset industry. It is an open, international standard (ISO
16739-1:2018) and promotes vendor-neutral, or agnostic, and usable capabilities across a wide range

of hardware devices, software platforms, and interfaces for many different use cases” [64].
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IFC is developed within the framework of buildingSMART International. Currently, version 4x1 is the
published version and contains the structures for terrain models as well as horizontal and vertical
alignment that are relevant for infrastructure. Version 4x2, which contains extensions for bridge models,
is currently still in draft status. Development on both the IfcRoad and IfcRail projects has reached so-
called candidate status with version 4x3 [65]. The IFC data model is divided into four concept layers
(resource, core, interoperability, domain). In version 4x3, separate domain layers are provided for the
rail and road domains (see Figure 8). In addition to the methods for describing geometry and semantics,
the IFC schema also contains concepts for describing schedules, quantities, and costs. This is illustrated

by the resource layers “DateTime”, “Quantity”, and “Cost” (see also [66]).
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Figure 8: Architecture of IFC version 4x3, original from [65]




Next to IFC the exchange format CPIxml (construction process integration markup language) exists,
which is a proprietary interface by the company RIB AG. It was developed to make model information
from RIB’s CAD systems available to the iTWO quantity takeoff and cost calculation tool. “Analogous to
the IFC standard, geometric objects were defined for road and civil engineering projects, among others,
which enables the exchange of planning models in 3D” [67]. The implementation of the interface on a

practical example is described in [68] and the interface is now offered in numerous software products.

In context of roads, there is another exchange format available in the German-speaking road
construction sector which is called “object catalog for roads and traffic’ (OKSTRA). It represents a
comprehensive standard for “all areas from road design and as-built documentation to the recording of
traffic data” [69]. OKSTRA is used to describe and exchange a wide range of data, e.g., design data for
roads, cadastral data, accident data or road network and road condition data (list not complete). In the
field of road design, OKSTRA can be used to exchange horizontal and vertical alignment as well as
cross-section data, for example. Digital terrain models and classical 2D data such as points, lines, and
surfaces can also be exchanged. Figure 9 shows an example of road design data in the OKSTRA
schema. The data are transmitted as implicit, parametric geometry descriptions, divided into site plan,
cross section and longitudinal section. According to a proposed amendment by Tulke, the OKSTRA
scheme will in future be developed from a two-dimensional to a three-dimensional scheme for the

description of volumetric components, see [70].

Figure 9: Representation of OKSTRA test data, map view, cross section, longitudinal section, data

available on www.okstra.de

The data models and data exchange formats available in the railway sector are considered by Wunsch
et al. [71]. In the following, the formats IDM" (Infrastructure Data Management) and railML are

described in more detail.

IDMY was developed based on the OKSTRA standard. The class library of OKSTRA was extended

accordingly by the requirements of IDMYV. “The IDMY data model describes all infrastructure objects,




inclusive of their attributes and data types, as well as their relation to one another in the field of
infrastructure data management of transportation companies active in the public transport and rail freight
sector. Put simply, all ‘real’ components that are mentioned in e.g. as-completed documents or design
plans are called infrastructure objects. Itis a uniform, system-neutral basic data structure for the qualified
documentation and provision of data within the scope of the life cycle process (planning, building,
operation, maintenance and disposal) of the infrastructure of transportation companies.” [72]. The data

model is distinguished into several TOP-levels:

Network model, track system, power supply, control and safety technology, stations, structures,
cables and lines, telecommunications, real estate, depots, emergency facilities, general objects,

condition data, operational data, commercial data.

IDM enables the data exchange of the implicit data model and the objects contained therein and
arranged relative to each other between different modeling software, analogous to OKSTRA. Figure 10
schematically illustrates the possibilities for exchanging elements of the track body. It is possible to

describe railway specific objects like rails, sleeper and the cross section type.
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Figure 10: Graphical representation of IDMVU, based on [72]

Practical experience shows that IDMY is not used in Deutsche Bahn projects. Typically the data
exchange is based on IFC for 3D models. In context of alignment several formats are used, like
Verm.ESN or landXML.

In contrast to the detailed description of infrastructure elements like rails or sleepers, there are high level
exchange formats available which focus on railway operations. “Many different topological infrastructure
data models and interfaces have been created over the years, either to fulfil national railway needs or
to support EU directives” [73]. “RailTopoModel is a logical infrastructure data model aimed at
international standardization for the description of railway systems (network topology, infrastructure and
the whole lifecycle of operations). It is the result of continuous collaborative work of the UIC
RailTopoModel Expert Group, in which various infrastructure Managers from all around Europe take
part” [74]. During the development of the RailTopoModel, various national and European models for the
description of railway operating data were examined. The investigation has shown that 95% of the
respective model features are compatible with each other, which is due to the similarity of railway




infrastructure in the various nations. It was also found that different levels of detail have to be taken into
account (see Figure 11). Four levels of detail are distinguished: microscopic, mesoscopic, macroscopic
and corridor. Furthermore, it becomes clear that the microscopic level is also structured as a node-edge
model, which can be sufficient for the operation of railway infrastructure (see also [75]). The detailed
description of structures, as is possible with IFC, OKSTRA, IDMVU, cannot be defined by this. RailML
is a data exchange format for railway infrastructure data that has been closely related to RailTopoModel
since version 3 [76]. Itis structured as an independent markup language. With railML, timetable, vehicle,
infrastructure data and interlocking logic can be transmitted in a standardized way [75,77]. railML aims
to standardize the exchange of data between different software in the area of railway operations
planning. An application example for the use of railML is shown by Rahmig. This refers to the exchange

of schematic track plans on a microscopic level [78].
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Figure 11: Topology of railway infrastructure, original from [71]

Control and safety aspects are described in the microscopic level of topological model shown in Figure
11. The link between operational data models and BIM oriented data exchange formats is developed
with the domain specific data model “PlanPro”. The research project was initiated by DB Netz AG with
the aim of digitizing the planning process in the area of control and safety technology [79]. PlanPro is
an XML-based data model [79] that can be written or read by various specialized applications, such as
ProSig and BEST [80]. In addition to a standardized data exchange format for control and safety
technology, PlanPro also represents a system for rule-based checks. For this purpose, generally valid
test rules are formulated by means of Schematron [81]. With the help of appropriate translation
mechanisms (XML parsers), the data models stored in the XML schema are checked for compliance

with the Schematron rules. As a result, result reports are generated automatically [82,83].




In addition to the software-neutral data formats presented, there are numerous proprietary formats that
are not listed here.

2.5 Compliance checking of models

In order to be able to determine whether a building model meets the requirements, the model must be
checked accordingly. In context of BIM projects this process is known as model checking. “The term
Model checking or Code Checking refers to the automated examination of the model on the basis of
rules” [61]. For every check and the associated process, regardless of the BIM method, the central
guestion “Who checks when, what and how?” must be considered.

According to ISO 9000:2015 an audit is a “systematic, independent and documented process for
obtaining objective evidence and evaluating it objectively to determine the extent to which the audit
criteria are fulfilled. [...] The fundamental elements of an audit include the determination of the
conformity of an object according to a procedure carried out by personnel who are not responsible for
the object audited” [47]. In the context of models, auditing is also referred to as checking. In the context
of the dissertation, the term “checking” is used. This means that model checking must in principle be

carried out by a person who did not create the model.
2.51 Necessity of checks

According to I1ISO 19650-2, a common data environment with integrated workflows and status
information should be used for project implementation. The status of information can be defined as “work

in progress”, “shared” or “published” [84]. Furthermore, 1SO 19650-2 requires a quality check before

each status change of information, e.g., from work-in-progress to shared.

The creation of a building model can have different objectives. This can be seen in the various use
cases that are pursued in projects. An excerpt for possible BIM-based use cases is given below on the
basis of [85]:

= Design Coordination

= Clash Detection

= 4D construction process animation
=  Structural engineering

= Energy analysis

= Code Compliance Checking

= Quantity Take-Off

= 3D printing

From this it can be deduced that different tests are necessary depending on the objective pursued. “The
geometry, semantics, and linked information of the model are assessed in order to check for compliance
with certain planning principles, customer requirements, or building regulations (codes)” [61].




According to ISO 19650-2, the requirements for models should already be defined in the BIM execution
plan. It represents the central document for BIM project and contains requirements for models.

Using the example of the City of Vienna, Fiedler [86] states that both the submission of plans and the
subsequent building permit procedure are still paper-based and proposes modernizations for this
process. The scenarios initially envisage the digital, paper-based handling of the procedure, followed by

a computer-based partial or overall review of the digital models.

Eastman et al. [87] divide the design compliance checking process into four phases (see Figure 12),

which have been adopted in the dissertation.

(1) Rule interpretation and its logical representation
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(3) Rule execution
(4) Rule check reporting
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Figure 12: The four phases of a rule checking system by Eastman et al. [87]
2.5.2 Ruleinterpretation and representation

The interpretation and logical, machine-readable representation of rules is an essential preparatory task
for model checking. “As a central element, the rules to be checked are to be phrased in such a manner

that they can be interpreted by computers” [61]. Examples of logic-based approaches are propositional




logic, predicate logic, and deontic logic, where propositional logic is the basis for other logical
approaches (see [4,87,88]).

In addition to logic-based approaches to representing rules, there are also language-based approaches,
such as the Extensible Markup Language (XML) [89]. These are characterized by the flexibility to be
exchanged between different platforms, regardless of the programming language in which they were
developed [87]. Another language-based approach is represented by RASE (Requirement, Applicability,
Select, Exception). “RASE is a semantic based concept for transforming normative documents into a
single well-defined rule which can be implemented into BIM / IFC based model checking software” [90].

The application of the method is limited to text-based rules and is a predominantly manual process, see

[4].

The automated translation of human-readable into machine-readable language is part of the research
area "Natural Language Processing". “While these methods have many benefits in terms of ease of use,
there is usually far too much leniency in the written language, which makes it impossible to process
automatically and accurately; as a result, these methods are fundamentally limited in their capacity to

capture” [91].

The translation and representation of human-readable language into machine-readable language can
also be done with the help of ontologies. An ontology is the “formal definition of concepts and their
relationships as the basis for a common understanding. [...] Ontologies should improve or enable
communication between computer applications, between computer applications and humans, but also
between humans.” [92]. Studies related to BIM and ontologies can be found, among others, in [93-95].
According to Sydora & Stroulia ontologies are also increasingly used for model checking.

Especially for users without in-depth programming knowledge, it can be difficult to understand the
program logic. This in turn can lead to a decrease in trust in test routines, see [4]. Applications whose
program logic is not visible are also called black boxes [4,91,96,97]. The opposite are white-box
solutions [91,98]. Visual programming languages pursue the approach of increasing the transparency
of the program code through graphical elements and are therefore to be classified as white-box solutions.
“A VPL has a high degree of user-friendliness and typically lowers the hurdle for normal end-users to
enter the field of programming. Thanks to its visual representation and means for intuitive interaction,
VPL programs are simpler to create and to understand than its textual counterpart” [99]. Analogous to
text-based imperative programming languages, visual programming is used to explicitly define the
sequence of instructions.

Declarative languages like SQL [91], SPARQL [100,101], QL4BIM [99,102] represent another approach

to represent rules in a machine-readable way. These are also referred to as query languages.

Figure 13 shows selected representation methods as examples.
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Figure 13: Different representation of rules; RASE [90], visual programming [4], XML-schema [82] and
ontology [92]

2.5.3 Technical solutions

Eastman et al. define “Automated Rule Checking” as software that does not change the building model,
but evaluates the objects placed within it, their relations to each other, and the information they contain

[87]. There are several technologies available to set up such rule checking tools:

»= as an extension for authoring software, enabling the designer to check the model at any time,
» as stand-alone software,

= as a web-based solution.

The steps for preparing building models and rule checking depend on the software solution used.
Various software solutions have been developed and tested in various projects worldwide which are
predominantly focused on buildings. In Singapore, for example, the CORENET project was set up as
early as 1995. According to Eastman et al., CORENET goes through a three-step process to check

building models:

(1) Checking rules with current IFC information,
(2) Checking rules with property set extensions to IFC, and

(3) Checking rules with derived information from IFC.




Further approaches are described by Eastman et al. [87], which are only mentioned here as keywords:

= SMARTcodes (North America)
= Design Check (Australia)

= General services administration design rule checking (USA)

Amor & Dimyadi cite some more developments [103]:

= Express Data Manager (Norway)

= Residential Compliance — ResCheck und Commercial Compliance — ComCheck (USA)
= Design++

= Solibri Model Checker (Finland)

According to Amor & Dimyadi, all the used systems are based on checking mechanisms that are hard-
coded in the source code. A detailed description of the systems and developments can also be found
in [4].

The LicA system and the associated LICAD user interface were developed specifically to meet the

requirements of the Portuguese regulations for domestic water supply (see Figure 14).
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Figure 14: Workflow of LicA und LiCAD [104]

Here, both the geometric model and the rules are converted into an SQL database. Subsequently,
preliminary checks, hydraulic calculations and the actual rule check are performed against the preceding

calculations. The results are output as a report in various presentation forms.

Preidel develops an approach to check building information models using a visual programming
language called VCCL [4]. Dimyadi et al. use a graphical notation called BPMN to develop processes
for the automated checking of building models [105-107]. BPMN is standardized in ISO/IEC 19510.

While the approaches described so far are limited to the checking of a 3D model, Daum & Borrmann

are developing the first approaches to also include 4D models in the checking process [108]. For this




purpose, the IFC data structure is used, which makes it possible to define so-called IfcTask or
IfcTaskTime information in addition to the geometric representation. With the help of the specially
developed query language Live LINQ, building models can be queried and checked for logic over the
construction period. The query language, which was continued under the name QL4BIM, was also used
by Daum & Braun to automatically generate schedules from IFC data models [109].

2.5.4 Reporting

Documentation of check results is the final step of the four step process. Eastman et al. [87] show how
reports can be presented using various examples. These range from simple text-based documents in
Word format or as PDF, through HTML or XML, to graphical feedback on the model. The BIM
Collaboration Format standardized by buildingSMART International is available to support model-based
communication. It “allows different BIM applications to communicate model-based issues with each

other by leveraging IFC models that have been previously shared among project collaborators” [110].

According to Preidel [4], a check can basically be concluded with the results ‘passed’, ‘failed’, ‘warning’

or ‘unknown’.




2.6 Knowledge Based Engineering

The aim of the considerations presented in the previous sections is to check existing models for their
correctness or compliance. This approach represents a downstream quality check, which in turn means
that detected problems, errors, clashes, etc. must be corrected in an iterative process. Subsequently,
the newly generated model information is repeatedly checked. Although automatisms can be used to
speed up the checking process, this does not affect the iterative process for post-processing the models.

The downstream checking of models merely detects the symptoms of a faulty model creation process.

One goal of the work is the early, preferably automated minimization of errors. For this purpose, it is
necessary to include the model creation process in the quality assurance strategy. Knowledge Based
Engineering is a recognized synonym for automated model creation and is defined by Stokes as follows
[111]: “The use of advanced software techniques to capture and re-use product and process knowledge
in an integrated way.” At present, however, the construction industry lacks suitable methods for digitally
mapping existing knowledge in such a way that it is machine-readable, so that it can be evaluated and
reused. This is where knowledge-based engineering comes in. “Knowledge-based engineering (KBE)
stands at the intersection of diverse fundamental disciplines, such as artificial intelligence (Al), computer
aided design (CAD) and computer programming” [112]. KBE systems can be applied to achieve a variety
of goals, the most important of which is to increase efficiency by using automated systems for routine

tasks, as described, for example, in [111].

According to Abulawi [113], the following motives exist for the application of automated design
processes: (1) process acceleration, (2) quality management, (3) knowledge management,

(4) ergonomics, (5) increased efficiency, (6) increased safety or increased reliability of decisions.
According to Singer & Borrmann [114], the use of KBE applications is useful in the following situations:

= a high degree of similarity between product versions exists,

= alarge number of customization options exist,

» alarge number of design processes exist,

= many competing or conflicting requirements exist,

= knowledge from many different sources is available and has to be considered,
= the design is affected by many disciplines,

= many iterations are performed towards the final design,

= a high amount of resembling time-consuming but primitive design tasks exist,

= many decisions during the design process have to be made.

“Compared to traditional CAD usage with approximately 80% repetitive tasks, this percentage can be
significantly decreased by applying KBE. This reduces the overall product development time and allows
the engineer to focus on the true technical challenges” [114].




As far back as 1988 Adeli & Balasubramanyam developed a KBE application for the design of bridge
trusses and noted: “The entire design process involves many decisions to be made by the designer
based on rules of thumb, heuristics, and previous experience. [...] Intuition, judgment, and previous
experience have to be used to select the right values of the design parameters. Further, since design is
an open-ended problem, that is, in general there are numerous design alternatives satisfying all the
specified constraints, the selection of the ‘best’ design becomes an extremely challenging problem”
[115]. Chassiakos et al. developed a maintenance planning KBE-system of highway concrete bridges
[116]. Singer also applies KBE methods in the field of bridge design [117]. According to Stjepandic et al.
[118], practical examples of KBE applications outside the building industry exist in the following fields

Automotive, Aerospace, Space, Shipbuilding, Electrical Engineering, Dentistry and Manufacturing.

There are many studies related to the optimization of road alignment. The investigations are based on
different optimization algorithms and methods, e.g. geographic information systems (GIS) [119],
intersections [120] or bridges and tunnels [121] can be considered during path finding. Zhao et al.
combine the use of BIM, GIS, and optimization methods for road design. [122]. More recent studies
such as those by Li et al. [123], Pu et al. [124,125], Song et al. [126,127] adapt the considerations to
railway alignments. Even if this topic is not explicitly mentioned in connection with KBE, there are some
similarities. For example, design parameters are used as input variables to automatically obtain different

solutions for a problem based on algorithms.

Based on a literature review, Verhagen et al. [128] formulate five shortcomings in the development of

KBE applications:

(1) Case-based, ad hoc development of KBE applications: [...] instead of using a structural framework
or methodology to develop KBE applications, it seems that developers identify a problem and
improvise a KBE solution based on a custom development process.

(2) A tendency toward development of ‘black-box’ applications: There is no explication of formulas and
the actual meaning and context of the captured knowledge, let alone provisions for capturing design
intent.

(3) A lack of knowledge re-use: Case-based black-box KBE applications do not particularly invite
knowledge re-use.

(4) A failure to include a quantitative assessment of KBE costs and benefit: Case studies [...] do not
mention the resulting time or cost advantages associated with KBE adoption, let alone the more
sensitive information about KBE development cost.

(5) A lack of a (quantitative) framework to identify and justify KBE development: [...] no solid framework
or method using both qualitative and quantitative aspects is available to determine whether a design

task, product or process is suitable to develop a KBE application.

There are numerous approaches to commercial KBE applications, see Figure 15. According to La Rocca
only GDL and AML are true KBE applications, “[...] all the others are basically KBE-augmented CAD

systems, where a true KBE language (e.g., Siemens NX Knowledge Fusion) or some sort of KBE




capabilities (e.g., Dassault Systemes CATIA V5 Knowledge-ware) have been integrated to augment the
core CAD functionality” [112]. Other automation solutions not shown are being developed by Lino [129],
Tacton [130], or Autodesk for their product family [131]. The solutions focus predominantly on areas of
mechanical engineering or product design. Autodesk also offers a product-specific solution in the area

of civil engineering by linking Design Automation to Revit.
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Figure 15: Timeline of KBE-systems, original from McGoey [132]

The definition of requirements for a KBE application is related to the definition of KBE itself. Verhagen
et al. states that “older definitions are more narrow and technology-oriented; for instance, the notion of
KBE as a combination of CAD and Al techniques. More recent definitions of KBE are wider and less
restrictive; they for instance do not contain the geometry focus that often seems to constrain KBE
applicability. Instead, newer definitions focus on the automation of repetitive engineering tasks while

capturing, retaining and re-using associated knowledge” [128].




2.7 Summary

Quality assurance in construction planning and especially in the BIM context is a multi-layered topic. A
distinction must be made between downstream quality assurance and quality assurance during model

creation.

Eastman presents a four-step model checking process that has been adopted in numerous studies. This
process is also adapted for the present dissertation. It becomes clear that models have to be tested
depending on the use case to be implemented and that there is no single criterion for quality. In the
literature there are mainly examples of model checking in the context of building design. The literature
shows that the developed approaches are focused on single aspects of the possible range of model
checking. Cross-domain approaches are not found in the literature. The criteria referred to as data
quality by Preidel are not considered in this thesis. The other approaches are adapted as best as

possible to the design of railway structures within the scope of the dissertation.

In particular, various methods exist for the representation of rules. Visual programming languages have
a high degree of transparency due to the graphical representation of the code, which increases user-
friendliness. The notation BPMN, standardized in ISO/IEC 19510, covers this advantage, but is
developed for the purpose of business process modeling. BPMN is not a notation designed specifically
for the design industry. By combining it with DMN, sophisticated process and decision logics can be
developed and represented in a user-friendly way. There are only a few studies from building design for
model checking using BPMN. DMN has not been used for model checking to date. The combination of

BPMN and DMN for checking railway models therefore represents a new approach.

There are several reasons for the development and use of KBE applications. The reasons relevant to
this dissertation are: Process acceleration, quality management and knowledge management. The
development of a KBE application is understood as a quality assurance measure accompanying 3D
model creation. However, there are also negative phenomena in the development of such applications,
which are to be excluded in the present dissertation: ad hoc development, black-box solutions, lack of
knowledge re-use, missing assessment of costs and benefit. Analogous to the downstream model
checking, the graphical notation BPMN is used in combination with DMN. This represents a novel

approach to the development of KBE applications.

Chapters 3 to 5 present a more detailed review of the state of the art.




3 Model-based quality assurance in railway infrastructure planning
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Abstract

A primary motive for adopting the methodology Building Information Modeling (BIM) in planning
processes is to improve planning accuracy, cost security, and in turn quality. Up to now, however, a
generally applicable, standardized means of validating design quality has been lacking. To address this
shortcoming, this article presents 14 quality parameters in the domains of clash detection, semantics as
well as quantities and costs that apply to the field of infrastructure planning. The sets of rules outlined

in the article are adaptable and extendable in order to respond flexibly to different model structures.

The investigation focuses on how important and recurring tests can be carried out automatically and
how to make the results analyzable in a transparent and standardized manner. The proposed concept
thoroughly extends well-known methods such as attribute testing and clash detection analysis of the 3D
model. Doing so, the paper presents a set of novel methods for quality assurance, including 4D clash
detection and checks for semantic-geometric coherence. The paper discusses in detail: the influence of
modeling errors on clash detection, the difference of 3D and 4D clashes, formal methods for checking
the correct linkage between 3D BIM and the bill of quantities, formal approaches for checking the

semantic-geometric coherence of BIM objects.

The quality assurance concept presented in the article concludes with a standardized evaluation for the
individual quality criteria using a school grading system, traffic light, and percentage scale. Finally, the
concept is applied in a comprehensive case study on a large-scale infrastructure project and the results
of the formal quality assessment are presented.




3.1 Introduction

The construction industry promotes and develops modern and efficient technologies in an effort to
respond to the increasing complexity of construction projects. Of these, the digitalization of the
construction process using Building Information Modeling is one of the most well-known. The Reform
Commission for Major Projects (Reformkommission Grof3projekte) set up by the German Federal
Ministry of Transport and Digital Infrastructure (Bundesministerium fir Verkehr und digitale Infrastruktur)
recommends that building owners should “make greater use of digital methods such as Building
Information Modeling (BIM) in all phases of the project process” [3]. With the introduction of a staged
implementation plan for digitally-mediated planning and construction (the “Stufenplan Digitales Planen
und Bauen”) the German Federal Ministry of Transport and Digital Infrastructure has committed itself to
the digitalization of projects within its area of responsibility in three successive steps:

=  Set-up phase (2015 — 2017)
= Extended pilot phase (2017 — 2020)

= Broad implementation for all new projects (starting in 2020)

According to [1], “Design and coordination with 2D CAD systems is error-prone, labor intensive and
relies on long cycle — times. BIM addresses these problems [...]. The benefits of BIM for subcontractors
and fabricators include: ....] reduced cycle-times for detailed design and production; elimination of
almost all design coordination errors; lower engineering and detailing costs [...].” Bryde et al. [133]
compares 35 projects and identifies various criteria that aim to demonstrate the influence of BIM on the
course of the project. The study revealed that the use of BIM was of particular benefit for the criteria of
project costs and positively influenced the criteria of time, communication, coordination, and quality. The
influence of the BIM methodology on project costs and project duration is the focus of various studies
[134-136]. Each compare different projects with one another and find that in all the examined projects,
the BIM methodology has a positive influence on project costs and project duration. As they employ
different methods, the results are not directly comparable. Berg [137] considers five Norwegian projects
and identifies the reasons why the actual construction deviated from the original plans, and how this
impacted on construction costs. The results showed that the rate of contract deviations due to incorrect
or insufficient basic information ranged from 2 to 26% depending on the project. In 23 to 48% of the
cases evaluated, planning errors were identified as the reason for contract deviations during
construction. The projects that employed model-based planning tended to cause fewer necessary
deviations from the contract: the impact of subsequent amendments on the construction costs lay
between 4 and 10% of the original cost estimate for model-based planning compared with approx. 19%
for conventional planning. While these values are of limited general validity due to the small number of
projects compared, they do provide a good indication of the benefits of BIM for construction projects —

a finding that is also borne out by other publications in the field.

One of the most important clients driving adoption of the BIM methodology for infrastructure projects in

the German construction sector is currently Deutsche Bahn AG. “No other client in Germany invests as




much in infrastructure projects and their operation than Deutsche Bahn AG” [138]. German railways has
defined a comprehensive BIM implementation strategy covering both, stations as well as infrastructure
network. In this context, a set of 13 pilot projects have been conducted and scientifically analyzed. In
2022, all construction projects of German Railways are supposed to be executed as BIM projects. This
involves the implementation of the procedures defined in 1ISO 19650 [139].

3.2 Current best practice in quality assurance

ISO 19650 demands the implementation of quality checks when project data is transitioning from one
status to the other, i.e. from Work in progress to Shared or from Shared to Published. As part of the
current best practice of BIM project execution, basic model quality checking is implemented already
today, mainly in the context of model coordination and data handover to the client. However, the tests
applied are limited to basic clash detection and simple checks for the provision of the attributes
demanded by the client. Executing only these basic checks does not exploit the full potential of
automated quality assurance that becomes available when using comprehensive geometric-semantic
models of infrastructure assets. For example, there is currently no best practice for implementing high-
level consistency checks of 4D (geometry + time) and 5D (geometry + time + costs) models. The lack
of quality checking can result in severe errors with significant impact on project costs and project
duration. This paper addresses this issue by providing an in-depth analysis of quality analysis in railway
BIM projects. It presents comprehensive methods with which 3D, 4D, and 5D models can be

systematically examined for possible errors.

The quality assurance mechanisms currently used for BIM infrastructure projects are generally limited
to attribute checks and clash-detection. During clash detection, the model is often checked against itself,
which can lead to the detection of numerous but insignificant clashes that are not the product of planning
errors but can be attributed to inaccuracies in the respective software for infrastructure planning on the

German market, which sometimes fail to automatically output entirely clash-free objects.

The fact that the BIM model created is not computer-tested completely represents a break in the digital
chain of infrastructure planning. Errors in 3D models inevitably lead to errors in scheduling (construction
sequence) and in the calculation of quantities and costs. The overall objective of “increasing planning
accuracy and cost reliability”, as outlined in the staged implementation plan, implies a heed to improve
the quality of planning processes. “High quality results and efficient workflow in the construction phase
can only be achieved if the data basis is accurate” [102]. To achieve this, a quality assurance system

tailored to model-based working processes is necessary.

Various software products are already available on the market to carry out corresponding quality checks.
Examples are Navisworks Manage, Solibri Model Checker and Desite MD Pro [140-142].




3.3 Current state of research

“Project performance control can be defined as the identification of deviations between the desired and
the actual performance of a project.” [143] or model. Navon states that “a comparison between the
desired and the actual performances is the beginning of the control procedure”. The fact that an efficient,
information-rich model-based working method requires standardized input data is, however, hard to
reconcile with the often intuitive and rather unstructured planning process in early planning phases [144].
To exploit the potential of model-based working methods, it is therefore necessary to develop automated,

standardized procedures for quality control.

Various approaches to digitally evaluating the quality of planning and models have been discussed in

current research. Solihin and Eastman classify the possible quality criteria as follows [49]:

= Checks for well-formedness of a building model, i.e. the syntactic properties of the digital model
= Building regulatory code checking

= Specific client requirements

= Constructability and other contractor requirements

= Safety and other rules with possible programmed corrective actions

» Warrantee approvals

= BIM data completeness for handover to the facilities management

“The building industry uses numerous engineering standards, building codes, specifications, and
regulations (henceforth, all are referred to as “regulations” for the purposes of brevity), and a diverse
set of industry vocabularies to describe, assess, and deliver constructed facilities. These building
regulations are available as hardcopy and searchable digital documents. Some building design software
applications (e.g., building-energy analysis and fire-egress assessment) are available that include
computer-interpretable representations of the logic and rules from relevant building regulations” [145].
A significant amount of research work has focused on verification of the 3D model with regard to
compliance with standards and guidelines. Methods such as ‘Automated Code Checking’ or ‘Code

Compliance Checking’ “allow speedier, dematerialized and more transparent review processes” [146].
An overview of work conducted in this area is outlined in [87,103]. Charles gives an overview of research
dealing with code compliance checking and presents an approach on how to check for rule conformity
using RDF [147]. The research presented by Getuli et al. uses code compliance checking in the context
of health and safety on the construction site [148]. Preidel et al. [96] use a visual programming language

to check for code compliance.

An important method for checking the constructability of objects is clash detection. “The goal of collision
detection (also known as interference detection or contact determination) is to automatically report a
geometric contact when it is about to occur or has actually occurred” [149]. “Collision detection between
rigid, and/or soft bodies is important for many fields of computer science, e.g. for physically-based
simulations, medical applications [...]" [150] and also for civil engineering. Schauer and Nichter illustrate
different clash detection procedures by means of two point clouds using the example of a railway wagon

in a section of a tunnel [151]. Staub-French [152] describes the added value of 3D and 4D modeling




and possible clash detection, but also points out that clashes cannot yet be detected automatically over
the course of the construction project on site. Mawlana et al. [153] developed a method in conjunction
with the planning of large motorway junctions with several flyovers for generating optimal construction

sequences and avoiding clashes over the course of time.

The research conducted by Leite [154] and Zhang et al. [155] examines the model-based verification of

safety risks on construction sites.

By integrating a so-called “POP quality model” and a 4D model, Chen and Huo [156] demonstrated that
the processes and quality parameters of a construction site can be represented in an integrated model-
based system. Alongside scheduling deadlines, the quality parameters also included the manufacturing

tolerances of the respective structures.

The literature review shows that various approaches and systems for checking BIM models have been
addressed in research, although in most cases they focus on individual aspects of building models.
While they provide a basis from which to derive individual quality criteria, “Quality criteria are difficult to
use [...], if they become too abstract. A typical approach to rectify this issue is to disaggregate the
complex criteria into a series of more understandable criteria of lower conceptual difficulty. A problem
arises when a compact list of abstract or dense criteria is replaced by a long list of simpler ones, which
in many cases can make them impractical and time-consuming“ [157]. Johansson et al. [158]
recommend using model qualities with the help of the scoring system detailed in [157]. Here too,

however, the research only pertains to the checking and evaluation of the CAD model structure.

In summary, a review of research shows that scant research work has been undertaken on model-based
guality assurance in infrastructure planning. For the most part, current research activities have focused

on individual rule classes and are not integrated into an overall quality assurance concept.




3.4 Quality assurance concept

While quality assurance mechanisms in the field of infrastructure planning are currently only applied on
a random basis and several quality criteria are needed, which can be impractical and time-consuming
compared to Company et al. [157], the model-based quality assurance concept proposed here is
designed to be efficiently applicable and to use recurring rule types. Solihin and Eastman [49] categorize

the rule types as follows:

(1) Rules that require a single or small number of explicit data
(2) Rules that require simple derived attribute values

(3) Rules that require extended data structure

(4) Rules that require a “proof of solution”

In this paper, rule types 1 and 2 are considered in more detail.

The individual work steps involved in model-based infrastructure planning are shown schematically in

Figure 16.
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Figure 16: Procedure of model creation from 3D to 5D

The concept assumes that errors can occur in each of these steps. As such, it is necessary to have
appropriate test routines in place in order to detect any errors that occur as part of quality assurance.
Quiality assurance checking can take place during the individual planning phases.

Eastman et al. [87] divide the inspection process into four phases, which have been adopted

analogously in the present concept.

(1) Rule interpretation and its logical representation
(2) Building model preparation

(3) Rule execution

(4) Rule check reporting

Garrett et al. [145] define three steps for developing computable representation of regulations which are

taken into account while creating the presented quality assurance concept. These principles are:

(1) Developing a simple understandable representation syntax for building-regulation writers and
software developers

(2) Providing computerized support to enable regulation organizations to easily develop, test, and
maintain these regulation representations

(3) Testing the sufficiency and implementability of the digital representations




“One of the key criteria [...] is to be independent of any specific model-checker software used to check
regulation compliance of building information models” [145]. Following these principles an independent
model checker serves as the basis for model-based quality assurance. A database is linked to the
program system, which contains both the test rules and the test results. The system design is shown in

Figure 17.
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Figure 17: Software configuration, an independent model checker is linked to a database which

includes both checking rules and checking results.

As part of literature research as shown in chapter 3.2 and 3.3, five domains have been identified for

which various quality review mechanisms are assigned (see Figure 18) These are:

(1) Construction

(2) Clashes

(3) Semantics

(4) Construction sequence
(5) Quantities and costs
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Figure 18: Quality assurance concept, the concept focuses on five domains. Each has their specifics
aspects and needs for quality checks. To evaluate model quality, it is necessary to establish a
generally applicable evaluation scheme.

Solihin et al. [159] is dealing with quality criteria of IFC exchanges and concludes that there is “an urgent
need to define robust and rigorous test criteria, processes and tools.” This conclusion is not only valid

for IFC exchanges but also for the quality for modeled infrastructure designs.

A 3D model must be considered in terms of its basic components of geometry and semantics. The
geometry in turn comprises that of the construction itself and the resulting clashes when several objects

are superimposed.

Most of the software products used for infrastructure planning offer a drawing-oriented view — split into
site plan, cross-section and elevation — although these are stored internally as a three-dimensional
model in the program. This type of model is referred to as implicit geometry description, since the
parameters for creating the objects are saved, not the volume objects and their coordinates. The
volumetric models are then generated from these parameters. As such, one should distinguish between
volumetric 3D models that are the result of planning and the implicit models (2.5D models) used at the
time of planning (see Figure 19). With implicit models, the governing design parameters become
significantly more accessible than with explicit models. An example is the objects and parameters
defining alignment. Accordingly, checking these parameters against codes and guidelines is more easily

realizable with implicit models.




Figure 19: Comparison of implicit and volumetric 3D models, while implicit models (drawing-oriented

view) are used at the time of planning, explicit models are used in the context of BIM-analysis

The quality of the 4D model, which comprises the 3D model, semantics and a schedule, is influenced
by the “collisions” and “semantics” domains as well as by “construction process”. While the quality of

the 5D model is largely informed by the domains “semantics” and “quantities and costs”.

The “construction” domain as well as the examination of a 4D model for “safety” will be dealt with in a
subsequent step of the research project and will not be elaborated on in this paper. In the “semantics”,

“construction sequence” and “quantities and costs” domains only volumetric models are considered.

To evaluate the model quality, it is necessary to establish a generally applicable evaluation scheme.
This is referred to as Quality level.

The following sections explain the checking methods for the individual domains in more detail. In all the
test methods, the aim is to minimize the work involved in preparing, carrying out and evaluating the

results in order to achieve a time- and resource-efficient working method.
3.41 Model and database structure

Knowing the models’ structure is crucial for checking them. The concept presented here assumes that
the model structure corresponds to a representation of built structures established in practice. In this
example, it takes the form of the hierarchy shown for the “rail transport system” trade in Figure 20 and
is described in detail by [8,160]. The trade is divided into different groups, each of which consist of
different objects. Each object can be identified by specification features. For example, there are various
rail shapes (e.g. S49, S54, UIC 60) which have an effect on the geometry of the object. This component
logic is represented relationally in the database used.
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Figure 20: Building structure — the example of a rail transport system
3.4.2 Domain clashes

Clashes can occur in particular when merging different specialist models and thus plans from different
specialist planners. There are several software products available, which offer good support for the
automatic detection of such clashes. The BIM Center distinguishes between the following types of

clashes [161], which are also considered in our concept.

= Hard Clash (HC) 2 two or more objects overlap each other
= Soft Clash (SC) 2 two or more objects come too close to each other, i.e. do not adhere to
minimum distances between them

= 4D-Clash 2 Clash during construction time

The software products for infrastructure planning currently available on the market have only limited
ability to correlate different geometries with one another, producing clashes that do not exist in reality.
These program-related clash detection errors are flagged up by the model checker but do not actually
correspond to planning errors. The following irrelevant clashes (IC) are known examples of modeling

errors:

» sleeper and ballast




= subgrade and manhole
= subgrade and mast of catenary or signal post

3.4.2.1 3D clash detection

Irrelevant clashes — produced by software and not by users — are often hard to avoid. But systematic
clash detection errors can be avoided by explicitly specifying the objects that need to be checked for
clashes. However, this entails both more preparatory work before undertaking the check and also
introduces the risk of forgetting to include all the necessary checks. This approach is also not terribly
efficient, since the process has to be repeated for each model.

The more common method of testing the model completely against itself for collisions is fairly quick, as
no significant preparation is necessary, but requires a means of reducing the effort of evaluating the
large number of clashes resulting from program-related modeling errors to a minimum. This can be
partially automated with the help of a clash matrix that indicates the significance of collisions (see Table
3).

Table 3: Example of a clash matrix, HC — Hard Clash, IC — Irrelevant Clash

Object | Rail Sleeper Bedding

Rail HC HC HC
Sleeper | HC HC IC
Bedding | HC IC

The clash matrix comes into play once clash detection has been undertaken using the model checker.
Objects that clash are then checked against the matrix for permissible clashes and classified where
appropriate as irrelevant. This therefore reduces the evaluation work necessary in the post-processing.

An example is shown in Section 3.4.2.3.

The fact that the clash matrix can be updated and used across models also means this method is more
efficient and sustainable. If necessary, it is also possible to define irrelevant clashes at group or
specification level or across levels. The evaluation result is written to the results database, and the

results can also be imported back into the model checker’s clash detection.
3.4.2.2 4D clash detection

With 3D clash detection, a model can only be checked at a fixed pointin time. However, itis also relevant
to consider the construction sequence in clash detection. This is particularly important for objects that
do not exist at the beginning or at the end of the project phase, for example temporary constructions
such as supporting scaffolds or shoring systems. In the literature, there is little evidence of approaches
to this aspect.




For this, it is necessary to identify the status of individual objects of the 3D model over the course of the
construction process. The following categories are relevant here (see Table 4):

Table 4: Categories during construction process

Category Description
Existing Objects that already exist at the beginning of the process
Deconstruction Existing objects that will be dismantled and removed over time
New Construction Objects that will be constructed over time
Temporary Construction Objects that are erected at a time x and dismantled at a time y

To detect potential clashes, the various processes of the schedule are mapped as static clash detection
instances. For each of the above categories, the relevant test sets of the project (the so-called “left” and
“right” test sets) must be determined. An example illustrating the principle is shown in Section 3.4.2.3.

Logic dictates that at the start of construction (t=0), all existing objects are available. These are assigned
to the left test set. Time t=1 marks the point after which the first work measures take place: for example
some existing objects may have been deconstructed and removed or alternatively some new objects
have been erected. If existing objects are deconstructed and removed, they should be removed from
the left test set, since they cannot cause a clash. If new objects are created, they should be added to
the right test set. Clash detection analysis can then be performed after both test sets have been created.
For the next clash detection analysis at time t=2 after the next work measures, the objects from the right
test set (newly created) are assigned to the left test set and the right test set is changed according to

the work done, and so on.

As the objects that exist temporarily during the construction period can only be sensibly assigned to one
category, they should be represented as “new during construction” and “removed during construction”
and the point at which the change takes place recorded in the schedule. The assumption is that time
objects in the schedule also contain details about the changes made to an object, so that these can be
evaluated during clash detection. Where objects belong to “new during construction” at a defined point
in the schedule, they are assigned to the right test set while those belonging to “removed during
construction” removed from the left test set.

The clash detection analysis, its evaluation and the recording of the results in the database is carried

out as described in Section 3.4.2.1.

Since with this method, the dynamic process of the construction site is reduced to individual points in
time, the situation can arise where two processes take place simultaneously but are checked one after
the other. This can lead to problems, in particular when an object that is deconstructed and removed in

one of the two processes clashes with the objects from the second process. In certain circumstances,




these clashes may not be recognized correctly. In such cases, the granularity of the 3D objects,
processes and schedule times has a key impact on the result.

3.4.2.3 Case examples — Clash detection

The 3D models shown in the case studies were created with ProVI [162], and the 4D and 5D models as

well as the test mechanisms were realized with Desite MD Pro [142].

The case of 3D clashes is demonstrated on the example of sleepers that have been bedded in ballast

for better track stability (see Figure 21).

Figure 21: Irrelevant clash of sleeper and bedding caused by superimposition, clash due to missing

recess in bedding

The planning software used generates the volume object for the bedding independently of the sleepers.
As a result, clash detection analysis flags clashes at every point where the bedding and sleeper objects
overlap. These are merely irrelevant clash detection errors and not actual project clashes. If one
assumes a normed sleeper spacing of 0.6 m, this results in at least 1,667 clashes per kilometer of track

that will require manual evaluation.

Figure 22 shows an example of how a hard clash and 4D clash can differ for a situation in which a road
bridge is to be built over a railway line at a point where a mast for overhead lines stands. A time-
independent clash detection analysis of the 3D model flags a clash. However, once the temporal
development of the construction schedule is considered, a clash situation (4D clash) will only occur if

the mast still stands at that position at the moment in time when the road bridge is built.




Figure 22: An existing mast structure and a new road bridge: a hard clash or a 4D clash?
3.4.3 Domain semantics

The following checks outline means of verifying the coherence and correctness of the semantic model.

Various test routines are required which examine the semantics from different perspectives.
3.4.3.1 Attribute testing as per project specifications

The definition of attributes that a model may contain is a vital part of working successfully with models.
They can range from relevant project information to the geometric properties of the objects, the materials
used or operation-relevant data. Alongside the collision-free 3D and 4D models, these coordinated
results represent a further quality parameter. In the field of building construction, standardized
specifications already exist in the form of OmniClass [163], UniClass [164] or the buildingSMART Data
Dictionary [165]. Corresponding software extensions for modeling software make it relatively easy to
employ this data. Bdger et al. [166] demonstrate how the buildingSMART Data Dictionary can be
accessed right from the model creation phase with the help of a specially developed plug-in for the
modeling software Autodesk Revit [42]. Although this method is not in itself a quality checking system,

it contributes to limiting possible sources of error already at the model creation stage.

The existing classification instruments are, however, at present of little applicability for infrastructure
planning. In Germany, several industry representatives have meanwhile joined forces to develop a
similar standard within the framework of buildingSMART for the infrastructure construction sector in
Germany. Up to now, each contractor in the Deutsche Bahn AG’s pilot projects has drawn up its own

definition. And, as mentioned earlier, the verification of the models is rarely automated.

Although the various quality assurance tools offer corresponding test routines, they are not easily
integrated into the concept described here. For this reason, an independent algorithm was developed
that checks the attribute definition in the 3D model. The use of an open data schema such as mvdXML

is also conceivable but has not been implemented here.




All objects are checked against the specifications according to the project specifications. During the
check, the following status messages are returned with details of the object and attribute:

The object exists with the required attribute (value)
The 3D object found is not present in the project specifications

The required attribute is not defined in the 3D object

w N P O

The attribute value of the 3D object does not correspond to the specified value range

In order to check value lists, a corresponding check rule must be formulated for each object. The
functionality is explained in Section 3.4.3.2.

3.4.3.2 Checking link models

Technical project management encompasses construction design, scheduling, and cost planning. In
conventional project management, these aspects are stored in independent documents (e.g. 2D plan
and schedule) and require manual, cognitive input by the project manager to link them. The model-
based working method presents a major advantage in that this information is linked digitally and logically
through the 3D model via properties to the corresponding information in the time schedule (4D) and the
guantity and cost calculation (5D). The linking of different information sources or specialist models is
also referred to as a multi-model. “The basic idea of the multi-model is to combine selected specialist
models from planning and project management in a single information resource and to map their
dependencies through additional explicit link models” [167]. Studies at Stanford University “have shown
that more project stakeholders can understand a construction schedule more quickly and completely
with 4D visualizations than with the traditional construction management tools” [168]. The uses and
benefits of 4D and 5D models are discussed by Fischer et al. [168,169].

The method of linking different sources of information is also called nD modeling and “is not limited to
the domains represented in the building model. It concerns instead a concept for the integrated use of
technical and building data. The aim is to create a multidimensional computer model to support the
entire planning and construction process” [170]. These digital relationships are created with the help of
link models. The 3D objects are filtered via their properties and linked to the processes of the 4D model
or cost positions of the 5D model. “When filtering, a subset of the data is formed that corresponds to a
predefined criterion, e.g. all processes in the month of May, all walls higher than 3 m or all specified
services for concrete work. The criterion can be as complex as required, the only proviso being that they
are calculable so that they can be executed automatically” [170]. Figure 23 shows the linking logic of
the models and the necessary checks.
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Figure 23: Linking logic of models. The correctness and completeness of these links should be
considered as quality parameters. A model will only be of a high quality when the filters in a link model

are correct and complete.

Since the interlinking of the various model objects is elementary for the BIM methodology, the
correctness and completeness of these links should be considered as quality parameters. A model will

only be of a high quality when the filters in a link model are correct and complete.

In the following, the procedure in principle is explained, although the process is identical for 4D and 5D
models. In principle, the following situations must be distinguished in the evaluation and assessment

(see also Figure 24):

(1) The filter of the link model is used several times with identical attribute values
(2) The filter of the link model is used several times with different attribute values
(3) There are several filters with identical attribute values

(4) There are several filters with different attribute values
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Figure 24: The different distinct filtering situations: the blue line describes link rule 1, orange line
describes link rule 2 and letters a-z describe attribute values. A link rule can be used several times

with the same or different values (situation 1 and 2).

In situation 1, the check rule is created only once, avoiding the need for multiple and identical check
runs. In situations 2 to 4, several check rules must be created, since these are formally several filters

that differ in at least one criterion. Corresponding case examples are presented in Section 3.4.3.3.

As with attribute checking, all objects are checked according to the project specifications (Section 3.4.3.1)
against the same status messages. To filter the objects to be checked, all suitable checking rules that
match a given criterion, e.g. object type, are determined and the check is carried out. In situation 2, this
can mean that some objects within a filter may evaluate both positively and negatively. To correct this,
a post-processing routine is necessary that checks whether objects in the negative check results also
evaluated positively with the same filter number in the same attribute, and in such cases removes the

object from the negative result set to ensure that the check results are evaluated correctly.

In addition, it can also be useful to create the same formal filter with the same properties but different
filter numbers (situation 3), even if the same object types are queried. In this situation, the post-
processing routine described above is not sufficient as it only searches for positive results with the same
filter number. A second post-processing routine therefore queries the model structure described in
Section 3.4.1 and checks whether the attribute value is a valid alternative value at the various levels. If

it is found to be a valid alternative, the apparent error check is corrected.

After the above checks, what remains is the set of negative results. From these those objects that are
not addressed by a filter in the link model can be identified. In addition to recognizing non-functioning
links, it can also be an important indicator of missing processes in the scheduling plan or missing service
items in the bill of quantities. An overview of the possible results situations is shown in Figure 25. On

the left, the service items are shown with the link criteria (prop 1 to 4) and the corresponding property




values (a to d). The right-hand side shows the objects of the 3D model with the respective attributes and

their values.
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Figure 25: Overview of the results situations. On the left, the service items are shown with the link
criteria (prop 1 to 4) and the corresponding property values (a to d). The right-hand side shows the
objects of the 3D model with the respective attributes and their values. The green line (without flash)
describes working links, red line (with flash) describes non-working links or links without a service

item.

By the same token, in addition to checking the correctness of the link model against the 3D model, it
also makes sense to check the filters against the process descriptions or service items. If, for example,
object A (e.qg. ralil) is filtered from a 3D model, but object B (e.g. overhead line mast) is described in the
respective linked position of the 4D or 5D model, a technical error occurs because the 3D object and
the process or service position do not correspond. Although the filter finds the corresponding 3D objects,
their content does not pertain to the linked position. The system checks per item or process whether the
attribute values of the linking rules appear in the long texts or process descriptions. Because the system
undertakes an exact string match of the attribute values against the descriptions, the terms contained
in the descriptions must be written identically. If synonyms are used or the term itself is not used at all
in the text, the check will flag an error. Synonyms can be identified with the help of a post-processing
routine to reduce the degree of subsequent manual evaluation. For this, a corresponding synonym

dictionary was created in the connected database that can be extended as required.

3.4.3.3 Case examples — Link models

The procedure explained below uses the example of a bill of quantity, but the process is identical for

filter to the construction schedule.

To check the several filters in a link model, the linking criteria are first read and stored in a table. In
certain cases, the same filter can be used for several service items (situation 2), usually when similar
object types are specified in different service items. One example might be the posts of a noise barrier:

depending on the structural calculations, different post profiles may be used for a noise barrier, e.g. HE-




B 180 and HE-B 200 wide flange profiles. While these must be listed separately in the bill of quantities,
their semantic logic follows the same structure with the exception of the property value for the profile
series.

An example for situation 3 might apply when the posts of the noise barrier have different foundation
forms: for example, deep foundations could be driven or bored piles. To clearly delimit the service items,
each is given its own independent filter. However, when searching for suitable objects only one criterion
(here object type) is used for comparison in the course of property checking. Since both bored and
driven-pipe piles match the “Foundation” object type, a driven-pipe pile will also be selected for checking

when comparing against the rules for bored piles.

A case example for checking a filter to the 5D model can be illustrated by the following: The Deutsche
Bahn AG provides model bill of quantities and prescribes their use when submitting tenders. For the
practical tests carried out as part of the project, the model bill of quantities for noise barriers are
examined. Based on the model structure shown in Figure 20 the various levels of connection logic were
taken into account. Each filter begins with the object group (here “noise barrier”), followed by the object
type and then a list of various specifications. While the Deutsche Bahn AG stipulates the use of their
model service specifications as the standard for invitations to tender, checking the terminology used
reveals non-standard inconsistencies in the wording of the service descriptions. Noise protection
barriers are also referred to as sound insulation barriers and some long texts also explicitly state that
these are descriptions of noise barriers, while others do not. When synonyms are used or even when
terms are not used at all, the check will flag these up as errors, which increases the effort required for

subsequent manual evaluation of the test results.
3.4.3.4 Logic checks for geometric properties

In addition to evaluating the coherence and consistency of semantics in the form of text values, it is also
necessary to check the geometric properties of the 3D objects and derive corresponding quality
parameters. To this end, various logic checks for geometric properties have been developed, which are

stored in the database and can be extended or changed.

In some circumstances, it can happen that the export or import of 3D models via exchange format
interfaces does not function perfectly. Typical problems are gaps between objects, surfaces that are not
closed or vectors with incorrect orientations. This usually becomes evident when trying to evaluate the
objects in the analysis software and often results in the geometric properties, especially the volume,
being set to zero. With the help of the first logic check, all objects can be automatically checked for
properties equal to zero. This quality check makes it possible to identify faulty objects and avoid incorrect

evaluations.

The various authoring programs often also store the object’'s geometric properties, such as volume,
length, width, height, etc., as an attribute of the object. Analysis and evaluation software can

independently determine these properties using their own calculation methods to verify the details and




compare authoring and evaluation software. The second logic check therefore compares the individual
geometric properties of both calculation sources with globally valid rules for each 3D object and saves
the results in an object-specific manner. When comparing values such as height, length and width, the
oriented bounding box is used because it describes the limits of the 3D object. The result is output as
one of three possible statuses:

0 The comparison values agree
1 The comparison values differ from each other

- There is no comparison value from the authoring software

The effect that the bounding box has on the comparison result is explained in a case example in Section
3.4.3.5.

In addition to the two logic checks mentioned above, one must also verify that the dimensions given for
a 3D object are also correctly modeled. In research, this principle is described as semantic-geometric
coherence and is sometimes used in 3D city models in combination with CityGML. “In the context of
geodata, spatial-semantic consistency [...] describes the consistent relationship between spatial and
semantic information” [171]. Daum and Borrmann extend the method to IFC models using the query
language QL4BIM [102]. In the concept presented here, it is possible to link the rules database with the
model structure and to store specific geometric properties at object or specification level. The value of
these checks lies in detecting differences in the data in the geometric and semantic models. “High quality
results and efficient workflow in the construction phase can only be achieved if the data basis is accurate”
[102]. Correcting inconsistencies at this stage avoids errors further down the line, for example in the 5D

modelling.

In the logic tests presented, a tolerance value in percent can also be specified in order to allow minor
deviations between the comparison values. This tolerance value can also be used to map the different
accuracy requirements within the individual work phases.

3.4.3.5 Case examples — Logic checks

To test for semantic-geometric coherence, it is possible to store specific geometric properties at an
object or specification level linked to the model structure described in chapter 3.4.1. The oriented
bounding box is used to compare geometric data against the respective checking rules. This can be
determined by the model checker to differing degrees of accuracy and indicates the maximum
dimensions of a 3D object (see Figure 26). The resulting degree of accuracy has implications for both
the measurement results as well as the quality inspection. In Desite MD, for example, calculation
accuracy is specified as a numerical precision with a standard value of 0.01. This means that the

bounding box in all three coordinate directions is determined precisely to the second decimal place.




Figure 26: Bounding box (grey) with different degrees of accuracy: the left side is imprecise, the right

side is precise.

To counteract any resulting inaccuracy, a tolerance value in percent can be stored in the database for
the comparison test. For the tests performed on the wall and base elements of the aforementioned noise
barrier, a permissible tolerance of 1.00% was set. The geometric property of the wall element and base
thickness (d_req =0.12 m), which is defined by the bounding box as “cpOOBBWidth”, did not test
positively to a numerical accuracy of 0.01 (bounding box calculation) and a permissible tolerance of
1.00% (n=1699). The deviations determined ranged from 1.0 to 19.5%. The measurement results of
these objects are shown in Diagram 1.

In this case, the numerical accuracy for calculating the bounding box must be set to at least 0.001 in
order to pass the control test with a tolerance of 1.00 %. Otherwise, the measurement results cannot be
used as a quality criterion because system inaccuracies impact negatively on the apparent quality of the
model.
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Diagram 1: Percentage deviation of the “thickness” of wall and base elements that tested negative. The
geometric property of the wall element and base thickness (d_req =0.12 m), which is defined by the
bounding box as “cpOOBBWiIdth”, did not test positively to a numerical accuracy of 0.01 (bounding box
calculation) and a permissible tolerance of 1.00% (n=1699). The deviations determined ranged from 1.0
to 19.5%.

It is also possible to carry out the corresponding tests at the specification level. Using the example once
more of the noise barrier posts, the different profile series are characterized by different dimensions. For
example, a post with a HE-A 160 profile has the dimensions h x w = 0.160 x 0.152 m, whereas a HE-A

180 profile has the dimensions h x w=0.180 x 0.171 m. These rules can also be checked automatically.

Diagram 2 shows the results for the geometric property “post width” (w = 0.152 m), which were
determined by the analysis software using a bounding box (numerical accuracy 0.01). Only standard
posts were evaluated, since corner posts have irregular dimensions and cannot be tested by the logic.
The deviation of the target from the actual dimensions (bounding box) lies between 0.0 and 0.5% for all

the evaluated objects (n=188).
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Diagram 2: Evaluation of the attribute “post width” for standard posts, shows the results for the
geometric property “post width” (w = 0.152 m), which were determined by the analysis software using

a bounding box (numerical accuracy 0.01).

The properties for post height and width therefore tested positive with a permissible tolerance of 1.00%
and a numerical accuracy of the bounding box of 0.01.

A key problem of this approach is the difference between global and object-oriented coordinate systems.
While in the model checker, the three coordinate planes X, y, and z describe the geometrical properties
length, width and height in global terms, the coordinate system in the infrastructure software is object-
oriented. When the geometric information in the 3D model is object-oriented (Figure 27, right) but the
coordinate system used in the evaluation software is global (Figure 27, left), it is necessary to formulate
several rules. For example, the condition height (global) 2 length (object-specific) applies to the post,
whereas length (global) = length (object-specific) applies to the wall element. For the check, it is
therefore advisable to formulate independent rules for the necessary combinations. This inevitably
produces false checks, which can, however, be determined and filtered out with a post-processing
routine.

Height

Length of wall element

Length of post

\/\)e‘i\@\
Width

Figure 27: Difference between global and object-specific coordinate systems




Alongside orthogonal objects, as shown here using the example of a noise barrier, infrastructure
constructions frequently have objects arranged along a three-dimensional curved path and that are
rotated around their coordinate axes, as is the case with railway tracks. To test the influence of alignment
parameters on three-dimensional object formation, test models were developed under standardized
boundary conditions and tested using the same mechanisms. The curved path is essentially the product
of the superimposition of axis and gradient. The axis is constructed as straight lines, circular arcs, and
transitional segments. The axis also defines the cant of the rails, which in the transitional segment leads
to a twisting of the objects around the longitudinal axis. The gradient in turn consist of straight pieces
and rounding arcs. The latter results in a bending of the objects around their transverse axis, but this
was not considered to simplify plausibility checking of the results. For the test models, a fictitious route
was designed. For its design, discretionary limits were used as discussed in [172] that in real-life layouts
are not permissible in such combinations but here make it possible to generate objects that are as
twisted as possible in order to verify the measurement method. The parameters of the alignment for the

test case are given in Table 5.

Table 5: Test case parameters for testing the influence of alignment parameters on three-dimensional
object formation

Length of straight section 100 m
_ Cant of straight section 0 mm

0 % Length of Bloss transition arc 105 m
2 % Length of circular arc 100 m
e Radius of circular arc 300 m
Cant of circular arc 160 mm

g Longitudinal gradient 1 0 %0

S % Longitudinal gradient 2 5 %0
§ % Longitudinal gradient 3 10 %0
e Longitudinal gradient 4 12,5 | %o

- Calculation interval 1 m
'% < Calculation interval 2 5 m
E g Calculation interval 3 10 m
8 B Calculation interval 4 20 m

Object formation in infrastructure planning frequently involves the extrusion of a cross section, with new
cross sections calculated at regular intervals and connected linearly with each other. This step of model
creation therefore also influences the accuracy of the objects created. The effect of different calculation
intervals on the resulting 3D objects is shown in Figure 28. The figure shows the calculation results for
tracks with the same underlying alignment (axis and gradient with longitudinal gradient 1) at different
calculation intervals. While the rail tracks on the left side (calculation interval 1) follow the real situation




well (continuous course), also in the curved section, the rail tracks on the right side (calculation interval
4) clearly deviate from the real situation.

wl
&

Figure 28: Calculation results of 3D objects at different intervals. The calculation results for tracks with
the same underlying alignment (axis and gradient with longitudinal gradient 1) at different calculation
intervals (1m and 20m) are shown. While the rail tracks on the left follow the real situation well
(continuous course), also in the curved section, the rail tracks on the right clearly deviate from the real

situation.

The interaction between the calculation interval and the cant influences the calculation of the bounding
box. To illustrate this, Figure 29 shows an example of a superelevated rail. While the rail has no cant at
the beginning of the section of track (left) and the bounding box perfectly matches the base of the rall,
the rail at the end (right) tilts due to its cant. The bounding box, however, follows the maximum expansion
of the 3D object and does not exactly fit the base of the rail profile. The situation is reversed at the top
of the rail. The bounding box is therefore higher than the rail profile itself for the section where the rail is

elevated.

Figure 29: Effect of the elevation on the bounding box. The bounding box follows the maximum
expansion of the 3D object and does not exactly fit the base of the rail profile in segments with an

elevation greater than 0.




Taking into account the axis, the four gradients and four calculation intervals, 16 test cases result. The
rail height of a S54 rail (h =0.154 m) and the rail foot width (w = 0.125 m) are evaluated. As per
description the accuracy of the bounding box has a decisive effect on the test, the numerical accuracy
was set to 0.0001 so that the fourth decimal place of the bounding box adapts exactly to the 3D object.
The two geometric properties were then evaluated and compared with the target values. The mean
deviation of the objects that flagged as negative in testing is shown in Diagram 3 and ranges from 0.02%
to 1.20%.

1.40%
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1.00%
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Diagram 3: Average deviation of objects inspected with errors. The rail height of a S54 rail
(h = 0.154 m) and the rail foot width (w = 0.125 m) are evaluated. The mean deviation of the objects
that flagged as negative in testing ranges from 0.02% to 1.20% depend on the four gradients (0 — 12.5

%o) and four calculation intervals (1 — 20 m).

The minimum and maximum deviations of the negatively tested objects per test case are shown in Table
6. As expected, the greatest deviations occur at a calculation interval of 20 m: in combination with a high
longitudinal inclination, the maximum deviation increases to 5.0%. This applies particularly to the objects

in the transition curve, where the twist is greatest.

Table 6: Maximum and minimum deviation per test case. The greatest deviations occur at a
calculation interval of 20 m: in combination with a high longitudinal inclination, the maximum deviation

increases to 5.0%.

Longitudinal gradient
0 5 10 12.5

Property |Interval
[m] [m] Max Min Max Min Max Min Max Min
1 0.064% | 0.000% | 0.067% | 0.003% | 0.049% |-0.001% | 0.049% |-0.002%
5 0.258% | 0.000% | 0.282% | 0.026% | 0.315% | 0.042% | 0.261% | 0.014%

h=0.154 10 0.562% | 0.000% | 0.594% | 0.056% | 0.520% | 0.100% | 4.703% | 0.016%
20 1.333% | 0.000% | 1.300% | 0.056% | 4.847% | 0.100% | 5.032% | 0.049%
1 0.053% | 0.000% | 0.054% | 0.000% | 0.052% | 0.000% | 0.051% | 0.000%
W=0.195 5 0.241% | 0.000% | 0.248% | 0.000% | 0.255% |-0.002% | 0.251% | 0.000%

10 0.508% | 0.000% | 0.512% | 0.000% | 0.516% | 0.000% | 0.572% |-0.010%
20 0.931% | 0.000% | 1.028% |-0.046% | 1.099% |-0.034%| 1.043% |-0.040%




In addition, it is noticeable that the minimum values lie in the range of -0.04 to 0.1%. The minimum
values shown at 0.00% only deviate in the third decimal place. A total of 3,304 objects were checked.
With a tolerance value of 1.20%, 100% of the objects passed the test in terms of rail foot width and 99.3%
of the objects with respect to rail height.

3.4.3.6 Consistency check: component semantics

Since constructions follow a structure established in practice (see Section 3.4.1), one must also check
that the model corresponds to the expected structure. To this end, the 3D objects or their semantics are

compared with the expected model structure (see Figure 20 for an example).

Deviations or erroneous results indicate either that the digital model structure in the database is
incomplete or that the expected value has actually been violated. This makes it possible to detect

inconsistencies in the semantic model and in turn to avoid evaluation errors.
3.4.4 The domain “quantities and costs”

In addition to checking the various aspects of the geometric and semantic models, the results of the
5D modelling likewise need checking. For the most part, this concerns quantities and cost evaluations,
and corresponding test methods were devised and incorporated into the overall concept as described

below.
3.4.4.1 5D model — Quantity checking

In the context of ensuring a continuous digital chain for model-based construction planning, it is
necessary to develop a checking mechanism for validating the quantities determined. A 5D model is
created from the building blocks “3D model”, “link model”, “quantity formula”, and “unit” and these must
therefore also be considered in any verification procedure. In a first step, those service items in the
specification that have a link to 3D objects are determined. The quantity recorded and the unit of
measure is likewise retrieved for each item. The connected database contains rules for the individual
units of measure, which reference the independently determined properties of the evaluation software.
A tolerance value in percent can be specified in the rule definition, which is taken into account during
the check.

Where evaluation programs allow the flexible input of mathematical functions using factors/quotients or
similar when creating 5D models, these too must be validated and taken into account when checking

the quantities.

In cases where the same unit is used — for example the square meter is universally used to denote areas
—itis currently not possible to automatically recognize which area is concerned. It could be the footprint,
the elevation surface or the entire surface of the tested object, each of which has a different absolute
value. In the database, all surface attributes are defined as rules, which entails several test runs and

therefore produces more erroneous results. A post-processing routine can, however, determine whether




a service item unit that was flagged as incorrect was identified as being correct for another attribute or

area value. The error code of the “wrong” area value is then automatically adjusted.
3.4.4.2 5D model — Cost checking

In addition to checking the model-based quantity determination, it is necessary to validate the unit prices
for each service item. An object can, however, have multiple different unit prices depending on the unit.
It must therefore be possible to define separate cost calculation rules specific to the object and to the

unit. This is possible in the rule database.

It is also necessary to be able to define unit prices according to model’s level of detail. While the model
and object structure may still be quite rough in early work phases and detailed only as far as the object
level shown in Figure 20, the objects must nevertheless be costed at specification level as part of the

preliminary planning and tendering.

This requirement is likewise supported by the relational database. For better user-friendliness, the

permissible upper and lower limits of the unit prices can be defined as absolute values.

The method was developed conceptually and tested on a theoretical example. While the determination
of the lower and upper cost limits at object level was not carried out on the basis of real projects, this
data can be determined, for example, according to Sajadfar and Ma [173], where the historical data was
evaluated using both regression analysis and data mining methods. These can, however, also be

determined for a specific project using a unit price catalog.




3.5 Quality metrics and evaluation

The aim of the evaluations is to compare the elaborated quality criteria according to a standardized
scale and in turn to identify those criteria which meet the project requirements and those which still need
improvement. There are various ways of conducting this assessment. The following systems have been

implemented in the concept presented here:

= Percentage scale
= Grades

= Traffic light scale

To define the correctness of a BIM model in a qualitative manner, the concept of “Quality Level” is used.
A quality level describes the ratio of false results to checks conducted and so the quality of the BIM
model for each quality parameter can be determined on a percentage scale. The concept considers six
“Quality Levels”, as outlined in Table 7. The ratios used for each level are freely definable but should at
least be defined consistently across a project. For cross-project comparisons, it is advisable to determine
the ratio ranges once and apply them consistently to the different projects. A possible approach for a
cross-project comparison method is outlined by Choi and Leite [174] although in that case the
comparison parameters do not describe the digital correctness of the model components — as

implemented here — but compare the results of different planning projects (costs, time, equipment, etc.).

The verbal description of the individual levels is based on the school grading system. Each “Quality level”
is also given a corresponding color that follows the pattern of a traffic light scale. Green corresponds to
levels A and B, with a slight color shift from green to yellow-green. Level C is assigned the color yellow,
followed by orange for D, red-orange for E and red for F. This same concept for data quality visualization
was used by Lee et al. [175] to verify the data integrity of IFC models.

Table 7: Evaluation metrics based on the ratio of false results to checks conducted and determined on
a percentage scale. The ratios used for each level are freely definable. The verbal description of the

individual levels is based on the school grading system.

Quality level | Ratio of false results to Description Corresponding
checks conducted [%] color

A 0 very good model quality A

B 0<x<5 good model quality B

C 5<x<10 satisfactory model quality C

D 10=x<25 sufficient model quality D

E 25<sx<50 poor model quality

F 50 = x insufficient model quality




3.6 Validation

The concept presented in this paper was applied to a large-scale German project and tested for
feasibility. Due to the degree of progress of the project, it was only possible to conduct tests that apply
to the 3D and 4D model. Likewise link models could not be tests as the project does not employ them.
The linear transport infrastructure project has an overall length of approximately 16.0 km and comprises

108,976 3D objects in the model. The results of the validation are presented below.

At the beginning of the project, a catalog of attribute definitions was agreed with the client and the project
was then initially tested for compliance. 42 different attributes were defined, to which the model objects
must adhere in different combinations, and a total of 1,511,279 checks were carried out. The check
revealed that the agreed definitions had not been implemented consistently throughout the model as
errors were identified in the semantic model in 32% (absolute 483,445) of the check runs. In this test,

the model only reached quality level E.

In a second step, various logic tests were performed to check the semantic correctness of the model.
To begin with, the geometric properties supplied by the authoring software in the attributes were
compared against the evaluations of the model checker. Here, 762,832 checks were performed, and
errors were detected in 15.36 % of the checks (absolute 117,190). In this test, the model achieved

quality level D.

When checking the geometric properties determined by the model checker, 2,870 erroneous results
were found (435,904 tests in total), indicating that some objects are not evaluable. This corresponds to

an error ratio of 0.66% and a quality level of B.

In the object database as described in chapter 3.4.1, the standardized geometric dimensions of the
elements of a noise barrier as well as of rails and sleepers were stored and checked for consistency in
the model. According to the building logic, a distinction must be made between testing at object level
and testing at object specification level. The test yielded a total of 33 false results for 7,634 inspections
at object level (0.43% and quality level B). The test at object specification level yielded 2,105 incorrect

results in 19,916 tests, which corresponds to an error rate of 10.57% and a quality level of D.

As described in chapter 3.4.3.6, the consistency of the model was also checked against the expected
building logic described in the comparison database. 108,976 3D objects and their semantic logic were

tested. In 15.81% of the tests, the expected value was not met, which is sufficient for a quality level of D.

The 3D model was also subjected to a collision check. First, the static model was examined: 103,528
collisions were detected. In order to filter out irrelevant collisions, the collision matrix described in
Chapter 3.4.2.1 was extended and the results of the collision check re-verified. 64,997 of the collisions
could be classified as irrelevant, so that the remaining error rate was 37.22%. The model therefore
achieved quality level E in the “3D collision” check. In addition, the time schedule was also included in

the collision check, taking the time dependencies into account. A total of 31,501 collisions were detected




in the 4D collision check. After evaluating and discounting the irrelevant collisions, 92 % (absolute
28,935) remained, corresponding to a quality level of F. In total 28,633 clashes were identified between
rails and sleepers, which follows from sleepers modeled in wrong height.

The validation process made it possible to evaluate and identify inconsistencies within the BIM model.
The results helped to improve the subsequent processing of the model and have had a lasting positive
influence on the quality of the model.

3.7 Conclusion

The application of the BIM method aims to make the entire process of a construction project more
efficient. Initial studies have confirmed that BIM has a positive influence on the course of a project in
terms of costs, time, communication, coordination, and quality. With the help of the BIM method, errors
and their sources can be detected better and earlier. However, new error sources can arise in the
process, which can have an impact on the model quality and in turn on all subsequent processes. This
paper has presented a method with which 3D, 4D, and 5D models can be systematically examined for

possible errors. This method was explored in the context of model-based rail infrastructure planning.

An overall quality assurance concept has been developed drawing on current best practice. A total of
14 quality parameters were developed for the three domains of “clash detection”, “semantics”, and
“quantities and costs”, each of which were examined in more detail. Infrastructure planning, and model
creation in infrastructure planning in particular, exhibit some special characteristics — as shown by the
example of rail objects that are dynamically defined by route alignment — which were considered in the
investigation. Finally, an evaluation metric was presented which allows model quality to be measured
based on previously defined threshold values for the individual criteria. The quality assurance concept
was applied on a large-scale infrastructure project. Depending on the selected quality parameter the

quality of a model can vary considerably.

While the investigations described here were limited to explicit volumetric models, implicit models (2.5D
models) will also be considered in future research, since these are an important pillar of digital project
design for infrastructure planning. Further research is also needed in the domain of “construction”.
Considerable research work has already been conducted in the field of building construction and it will
be necessary to examine their applicability and feasibility for use in the field of infrastructure planning.
A further benefit of model-based design is the possibility to carry out simulations. In practice, the focus
here is usually on simulating the construction sequence. The aspects of safety checks and simulations

will therefore also be a focus of future research activities.
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Abstract

Code compliance checking has been the subject of scientific research for more than four decades and
has been put into practice in numerous projects. To date, however, no universally valid, sustainable
approach to the rule-based compliance checking of models has been established. Visual programming
languages are easier to understand and thus more transparent than textual formats. The study
presented here analyzes the requirements specified in the guidelines of the Deutsche Bahn AG
regarding the technical design of structures in railway construction and examines the feasibility of
implementing these rules using BPMN and DMN. The rules analyzed are categorized into 12 different
classes. Depending on the guideline subset, the BPMN/DMN approach was found to be useable in 37%-
75 % of the 943 rules examined. Considering only those rules that are relevant for the digital railway

model, 68 % of the rules can be represented and automated using BPMN and DMN.

4.1 Introduction

Digital methods like building information modeling (BIM) offer considerable advantages in the
construction industry over the conventional methods that still largely prevail in current practice. “BIM
makes a new level of optimization possible. Most notably, it can afford greater planning, scheduling and
cost certainty through transparency over the entire life cycle of a built asset. It simplifies risk
management and provides better control of planning quality and industrial manufacturing processes.
For the client, the main advantage of BIM is the creation of comprehensive, openly accessible building
information that can be used by many different parties” [58]. The key motives for introducing BIM at a
national level are therefore planning quality, cost minimization, risk management and increased
efficiency (see also [3]).

The quality assurance concept for infrastructure planning presented in [176] identifies five domains to
be considered over the course of model validation. While the domains ‘Clashes’, ‘Semantics’,
‘Construction Sequence’ and ‘Quantities and Costs’ have been examined in detail, the ‘Construction

Design’ domain has not yet been addressed. This aim of this study is to fill this gap.

On the basis of [176], the ‘Construction Design’ domain is defined as the phase of creating a 3D digital
building model taking into account the regulations set by the authorities. The domain is relevant for

designers in the preliminary, conceptual and detailed design stages.




DIN EN ISO 9000-2015-11 defines ‘quality’ as the “degree to which a set of inherent characteristics of
an object fulfils requirements” and “can be used with adjectives such as poor, good or excellent.” The
term ‘requirement’ is defined as a “need or expectation that is stated, generally implied or obligatory”
while “a specified requirement is one that is stated, for example in documented information” [47]. If the
specified requirements are not met, EN ISO 9000-2015-11 speaks of non-compliance or errors. In
relation to the design of building structures, compliance with the documented requirements for a building
type at the design stage means that the design can be described as error-free and of excellent quality.
“In the Architecture, Engineering, and Construction (AEC) industry, building projects must be checked
against numerous building codes for compliance. They are allowed to be executed only when
compliance with all applicable rules of the building code has been guaranteed. Failure to correctly
assess projects for compliance can also have negative effects on building performance and allow errors
that are expensive to correct.” [5]. The aim must therefore be to employ quality assurance measures
that minimize both errors in design and, in turn, additional costs that may arise through deviations from
the defined requirements. According to [4], ‘efficiency’ is defined as the relationship “between the result
achieved and the resources used”. In the context of digitalization, this means that increasing automation
of building model checks will result in a more efficient planning checking process.

The field of rail design, in particular, is subject to a large number of rules that must be complied with to
ensure the functional and safe operation of railway infrastructure. Although, in contrast to many other
fields, these rules are generally already elaborated in a highly formalized manner, they mostly exist as
human-readable text and not in a machine-processable form. As such, the introduction of code
compliance checking procedures is highly desirable, especially in railway engineering, so as to improve
planning efficiency and ensure the necessary high level of planning quality. An essential prerequisite for
code compliance checking is that the planning data is available in a digital form, preferably as a digital
building model, also known as a ‘building information model’ (BIM). As this is now increasingly the case,

this paper focuses on the digital description of rule sets and checking processes.

Code compliance checking has been the subject of scientific research for more than four decades [177]
and has been put into practice in numerous projects. However, most studies have focused on building
design and not on infrastructure projects. To date, no universally valid, sustainable approach to the rule-
based compliance checking of models has been established [6]. Black-box solutions with hard-coded
hidden, implementations of rules in vendor-specific solutions hamper the broader adoption of checking
mechanisms [7,8]. To overcome this limitation, recent research has focused on the development of open
and transparent methods of rule encoding, based on general-purpose programming languages or
domain-specific solutions [179-182]. However, while textual programming languages tend to be
challenging for AEC practitioners, visual programming languages enjoy increasing acceptance and
widespread use by domain experts, as “information systems which are described by a visual language

can be interpreted much faster and easier by humans” [96,183,184].

In contrast to previous studies, which are either software-specific or describe the development of a

proprietary visual programming language, this study investigates an approach based on known and




standardized elements of business-process modeling and makes use of Business Process Model and
Notation (ISO/IEC 19510:2013). Alongside the visual, process-based representation of guidelines, a
workflow engine was used to execute the processes developed and check existing models. In addition,
the study investigates the extent to which existing definitions of linear reference systems already exist
in the Industry Foundation Classes (IFC) data exchange standard that can be employed for checking
purposes. The paper focuses on the automated checking of building information models representing

the design of a railway project, in accordance with the quality assurance concept described in [176].

Thus, the research questions that this paper aims to answer are: (1) Are the standardized Business
Process Model and Notation (BPMN) and Decision Model and Notation (DMN) sufficiently expressive
for encoding the regulations of railway engineering in a manner that enables automated code
compliance checking? (2) Do the railway BIM models presented in the IFC format provide all the required

information?

The paper is organized as follows: Section 2 provides an overview of the state of the art on the subject
of code compliance checking, before going on to describe and discuss the BPMN and DMN standards
in more detail. While Section 3 introduces the relevant guidelines issued by German Railways (Deutsche
Bahn AG), Section 4 discusses the representation of these rules by means of BPMN and DMN to
achieve the desired automation of the code checking process. Section 5 investigates in detail to what
extent the DB guidelines can be implemented using the developed approach. In Section 6, three
representative case studies are examined, before Section 7 briefly presents the front end of the

developed system. Section 8 concludes the paper and discusses its main findings.




4.2 Related work

4.21 Code compliance checking
Overview

Automated checking of standards and guidelines has been a focus of scientific research for many years,
which is no surprise given the central role of regulations in the building industry: “As part of the design
process, building designers ensure that every aspect of their design adheres to various regulatory
requirements. The design is then subject to formal audit by the consent processing authority as part of
the approval process” [103]. “The building industry uses numerous engineering standards, building
codes, specifications, and regulations [...] and a diverse set of industry vocabularies to describe, assess,
and deliver constructed facilities. These building regulations are available as hardcopy and searchable
digital documents. Some building design software applications (e.qg., building-energy analysis and fire-
egress assessment) are available that include computer-interpretable representations of the logic and
rules from relevant building regulations” [145]. “Legal knowledge, in particular, is conveyed in

voluminous paper-based documents in natural language text written for human interpretation” [106].

Until now, “the conventional practice of code compliance checking in the industry has largely been a
manual process, which is laborious, costly, and error prone” [103]. In most countries throughout the
world, conventional practice is based on drawings rather than semantically rich building models:
“Nowadays the checking process is performed to a large extent manually based on two-dimensional
technical drawings and textual documents by the responsible planning consultant as well as the building
permission authorities” [98].

According to the McGraw-Hill Construction SmartMarket Report, compliance checking took 25 hours or
more in 39% of the cases investigated, and in 11% of the cases more than 100 hours. On average,

between 49 and 60 hours were spent on compliance checking [185].

The automated checking of models against guidelines, standards etc. is called ‘automated code
checking’ or ‘code compliance checking’ and can result in “speedier, dematerialized and more

transparent review processes” [146].

A large number of studies have been conducted on the subject, the majority of which focus on
applications in building designs. Building models can be examined according to a variety of aspects,
and therefore different quality criteria can be defined. Solihin and Eastman classify the possible quality

criteria as follows [49]:

» Checks for the well-formedness of a building model, i.e. the syntactic properties of the digital
model

» Building regulatory code checking

» Specific client requirements

» Constructability and other contractor requirements




= Safety and other rules with possible programmed corrective actions
= Warrantee approvals
= BIM data completeness for handover to facilities management

Phases of automated compliance checking

Eastman et al [87] identify four phases of the review process, which have also been adopted for this
study:

(1) Interpretation and logical representation of rules
(2) Building model preparation

(3) Rule execution

(4) Rule check reporting

Garrett et al. [145] define the translation and implementation process of review procedures as follows:

(1) Development of a simple and easily understandable representation syntax for building-
regulation writers and software developers

(2) Provision of computerized support to enable regulatory organizations to easily develop, check,
and maintain these regulation representations

(3) Checking the sufficiency and implementability of the digital representations

The three steps described by Garrett et al. focus on the design of digital representations. It is a more
detailed view of the first phase of Eastman et al., who describes the necessary steps for the whole

checking process.

“One of the key criteria [...] is to be independent of any specific model-checker software used to check

the regulation compliance of building information models” [145].

Digital representation of regulatory rules

An important requirement of automated code checking is that it must represent the rules that a regulation

or guideline contains in a form that lends itself well to computer processing.

Various software products exist for digitally checking building models, but as yet, none of them offer
comprehensive functionalities for user-driven rule definition: “With the exception of SMC [Solibri Model
Checker], none of the existing tools deals with the geometry and spatial operations that frequently adorn
the BIM-based rules, especially in building codes” [49,186]. “While some model-checking software
systems exist, they either require that their users possess good software-programming knowledge to
configure them with rules of interest, or they are black boxes, and not configurable at all” [91]. “This
‘hard-coding’ of design standards into design programs is a major barrier to the general acceptance and
evolution of computer-aided engineering, as it does not provide designers having to make professional
judgments with the ability to view and understand the representations of the design standard on which

the computations are based” [178].




When developing automated checking methods for building models, it is important to consider the user
and thus the practicability of the method: “Countries such as Singapore, USA, and Australia have begun
a new era that utilizes BIM for an automated, flawless administrative building permit process. However,
most studies are focused on a script language-based result. This type of result has a high threshold for
the user, who requires a building rule-checking process but has little understanding of the computer-
based process and the programming language. This causes the rule-checking process to require
professional human resources. Therefore, the above users always require a rule-checking process with
computer-related experts” [187]. “Most of the existing approaches [are lacking,] because of the
insufficient transparency and visibility of the processing steps for the user. Many methods focus too
much on the automation of the checking process and do not consider the incorporation of the user and

therefore the practical applicability” [98].

The unavailability of digital regulations is also an obstacle to the sustainable use of automated checking
methods. “The encoding of norms into rules is currently a manual process. It is expected that the
development of [...] representations of legal documents is to be undertaken by the same government
agencies responsible for authoring the legal documents in the first place” [106]. A common approach
for translating plain text into digital representations is to use RASE technology, which appends regulation
texts with tag markups (requirement, applies, select, exception) [90,188]. “Other attempts at automated
model checking have taken the Natural Language Processing (NLP) approach and aim to automatically
transform rules from human-readable specifications into programmatic executable code. While these
methods have many benefits in terms of ease of use, there is usually far too much leniency in the written
language, which makes itimpossible to process automatically and accurately; as a result, these methods
are fundamentally limited in their capacity to capture the requirements around compliance checking”
[91]. To tackle these limitations, Zhang & EI-Gohary used machine learning methods to examine
different NLP approaches [189]. Despite the progress achieved, significant research still remains, in

order to make the approach suitable for use with a large set of different standards.

Regardless of the method used to translate natural language into machine-interpretable language,
various types of rules must be considered when checking building models. Solihin and Eastman [49]

categorize the rule types as follows:

(1) Rules that require a single piece or small number of explicit data
(2) Rules that require simple derived attribute values

(3) Rules that require extended data structures

(4) Rules that require a “proof of solution”

This study focuses on rules of type 3.




Rule encoding approaches

The numerous approaches in the field of code compliance checking are summarized in [87,103]. Charles
presents an approach to performing compliance checks using RDF [147] while Xu & Cai investigate how
RDF, ontologies and SPARQL GIS-based data on utilities networks can be checked for compliance
[190].

Bus et al describe the applications of Semantic Web methods for BIM checking [191,192] and Zhang &
El-Gohary use Semantic Web as the basis for implementing their NLP approach [193,194]

Various investigations have focused on checking models with regard to safety aspects, for example
safety on construction sites [148], in the context of fire protection regulations [98,195] or in connection

with the structural design of buildings [196].

Both the interaction of the different actors in a construction project and the building model check itself is
a gradual and thus process-based procedure. “The conventional compliance audit process is procedural
in nature, which lend itself to automation. However, there are still roles in the process that are best
played by human experts such as specifying what information to retrieve from which sources and how
to process them. Machines excel in executing instructions efficiently and accurately and so should be

given such a role to play in the process.” [106]
Visual programming languages

Myers investigated visual programming languages (VPL) as early as 1990 and declared them to be an
interesting subject area, concluding that they “show promise for improving the programming process,
especially for non-programmers” [197]. “The construction of programs is probably easier in VPLs than
in textual languages” [198]. “A VPL [...] describes a system of signs and rules on the syntactic and
semantic level with the help of visual elements. Through the visual presentation of the elements, the
language may be interpreted more quickly and easily” [99]. Green et al. “believe that in many respects
VPLs offer substantial gains over conventional textual languages [...]. Improvements in secondary
notation, in editing and in searching will greatly raise their overall usability” [198]. Catarci and Santucci
also conclude from their investigations that visual programming languages (in this case QBD) have
advantages over classical query languages (in this case SQL), since users find the visual language

more accessible and are therefore less bogged down by programming [199].

Preidel et al. are developing a query language called QL4BIM, which is available in both text-based and
visual-language versions [99,102]. In [98,200,201], Preidel et al. are also developing a ‘visual code
checking language’, which “is intended to perform compliance checks automatically or semi-

automatically [and] increases the efficiency and quality of the overall process significantly.”




Ghannad et al. investigate the possibility of mapping the contents of regulations and standards on an
xml basis as LegalRuleML notation using NLP methods and checking them using VPL. Currently,
translation from LegalRuleML to VPL is done manually [202].

Ritter et al. examine the state of the art of visual programming languages in civil engineering and sum

up the fields of application of visual programming languages as follows [203]:

= |nquiry languages

= Geometric modeling

= Knowledge-based design
= Design decision support
= Code checking

= Modeling of systems

The areas ‘Design Decision Support’ and ‘Code Checking’ are especially relevant for this study.
“Information systems which are described by a visual language can be interpreted much faster and more
easily by humans” [96]. “However, the state-of-the-art ACC systems cannot achieve full automation
because they rely on the use of hard-coded, proprietary rules for representing regulatory requirements,
which requires major manual effort in extracting regulatory information from textual regulatory

documents and coding this information into a rule format” [193].

Numerous studies have been undertaken in the field of code compliance checking, and a recurring
challenge is how to deal with the many regulations, norms and standards available only in human-
readable form. ‘Natural language processing’ provides methods for translating these into a machine-
interpretable form. The studies undertaken up to now have been limited to text-based regulations, which
represent only a part of the content. However, the effort required to prepare texts for translation is
currently still high. Instead of first writing regulations in their present form and then translating them, they
should be designed in a machine-interpretable form from the outset.

The majority of the published approaches for code compliance checking focus on building designs and
not on infrastructure projects. Many of the tools available on the market are ‘black box’ solutions, which
makes it difficult for users to ascertain how checks are conducted and therefore how correct they are,
in turn hampering their adoption. ‘Visual programming languages’ (VPLs), on the other hand, have the
advantage that the checking process can be displayed graphically, which significantly increases
readability. They also enable users to design inspection routines without any previous programming
knowledge.

Both text-based and visual programming have advantages and disadvantages. This study aims to
combine the advantages of both variants: comprehensibility, traceability, simplicity, automation, and
adaptability. To this end, it examines the potential of a pre-existing notation taken from business process

modeling to ascertain its applicability in the area of code compliance checking.




Building information models and the IFC standard

A prerequisite of automated code compliance checking is the availability of design information in a
semantically rich representation, i.e. a building information model. Most of the existing checking systems
make use of information provided in the Industry Foundation Classes (IFC) data format, which is a
standardized vendor-neutral format for representing and exchanging geometric-semantic building

information models.

The SEEBIM project, for example, investigated whether and how IFC models can be automatically
enriched with additional information so that more extensive compliance checks can be performed.
Predefined operators are available for rule creation, which in turn reduce programming complexity to
the benefit of the user [204]. The suitability of the IFC data model for code compliance checking in the
railway domain has not yet been investigated. Only recently has the IFC-Rail project published a first

extension of the IFC data model to cover the railway domain [205].

Solihin et al [159] examine the quality criteria of IFC exchanges and conclude that there is “an urgent
need to define robust and rigorous test criteria, processes and tools.” In this study, this is extended to
include the technical checking of infrastructure models. Zhang et al. present a method for checking the

conformance of IFC models using mvdXML [2086].
4.2.2 BPMN: Business Process Model and Notation

VPLs are of particular interest when it comes to the interdisciplinary development (software development,
civil engineering, and quality inspection) of automated inspection methods, due to their better
comprehensibility. “In many enterprises, there is a need to facilitate smooth communication between
business experts, software engineers and other people with technical knowledge. There are several
methods of business knowledge representation, such as business rules or business process models.
Both these representations can describe how the company works. Some issues, like constraints or
detailed regulations, are better represented as rules, while others like procedures or workflows are better
represented as process models” [207]. “The sequence of steps in a typical compliant design procedure
can be represented as a series of activities, events, and sequence flows in a process model such as the
open standard Business Process Model and Notation (BPMN)” [106,208].

BPMN is an international standard (ISO/IEC 19510) that is maintained by the Object Management Group
[208]. Dimyadi et al. use BPMN to develop processes for the automated checking of building models
[105-107]. In contrast to the work of Dimyadi et al. the study presented here focuses on railway projects
and dedicated regulations, which are significantly more formalized than in the building domain. The
BPMN-approach is additionally supplemented by the Decision Model and Notation (DMN), which will be

in introduced in the next section.

The BPM notation provides a means of graphically representing processes in a formal manner. Various

standardized node and edge elements are available, as illustrated in Figure 1.




Recker et al. describe BPMN as a “[..] structured, coherent and consistent way of understanding,
documenting, modeling, analyzing, simulating, executing, and continuously changing end-to-end
business processes and all involved resources in light of their contribution to business performance”
[209]. And Janssens et al. state that “Business process management (BPM) and decision management
(DM) are being used to improve the efficiency and effectiveness of organizations. Companies are
interested in running effective and competitive processes, and use BPM to describe and improve these
processes” [210].

In the AEC context, BPMN is often used to visualize the processes of model creation, collaboration and
data exchange during planning (Information Delivery Manual or IDM) and larger development tasks, as
shown in [211,212]. ISO 29481-1:2016 recommends the use of BPMN for the creation of IDMs [213], as
implemented for example in [214,215]. The elements of BPMN used most frequently for creating IDMs
are described in [216], which goes on to elaborate a proposal, based on the investigations, for which
BPMN elements should be used for the creation of IDMs (see Figure 51). “The most frequently used
BPMN elements for representing business processes in the AEC industry were sequence flow, pool,
lane, task/activity (exclusive), gateway, and message flow, which are all basic BPMN modeling elements”
[216]. “One important type of activity in a BPMN-compliant process model is the script task, which allows
the embedding of computer scripts that convey user-specified instructions such as where to retrieve
which information and how to use the collected information to perform specific calculations” [106]. Many
“modeling software systems also assist the user in developing processes using graphical specifications.
In particular, the option to use BPMN in the context of workflow management systems as an

implementation language [...] is an important criterion for use in construction projects” [217].
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Figure 30: Proposal for the ‘Essential Subset’ of BPMN for IDM Development [216].

How the process itself can be subjected to a compliance check is explained in more detail in [218-220].
Awad presents a method of querying process diagrams using query language (BPMN-Q) to identify

similar patterns in different process diagrams [221].

Recker states that “Classical’ process management applications such as documentation, redesign,

continuous improvement and knowledge management dominate the application areas of BPMN, while




more technical application areas such as software development, workflow management or process

simulation are not (yet) widespread” [222]. This a significant gap, which this study aims to help fill.

In addition to visualizing a process, it is possible to execute it automatically once generated, using a
workflow engine that performs the process step by step and in accordance with the modeled logic and
can react to events during runtime as well as trigger events itself. Such an event might be a data input
by the user, the calculation of mathematical formulae, a decision resulting from an if-then condition, or
the execution of text-based source code. By virtue of its ability to automate the developed processes by
means of a workflow engine, BPMN can be classified as belonging to the category of visual
programming languages. BPMN has already found its way into the construction industry, in particular
for IDM development, but there are now also initial approaches to using the method in the area of code
compliance checking. This is promising because, besides graphical notation, it also enables the
development of individual extensions using script tasks to address aspects not covered by the notation.
A script task makes it possible to incorporate individual instructions, such as formulae, in the process,

using script languages like Javascript or Groovy.

The utilization of BPMN for automating code compliance checking is something that is rarely addressed.
Among the few published approaches, Kog et al. use Petri nets to check BPMN-based construction
processes [223] and Zolfagharian and Irizarry use BPMN to visualize the process for the automated

checking of construction site equipment models [224].
4.2.3 DMN: Decision Model and Notation

As discussed in the previous section, it is possible to represent processes visually by means of BPMN
and execute them with the help of workflow engines. BPM notation’s gateway elements can be used to
map simple decisions (in if-then-else relationships), but if several criteria within these relationships need
to be evaluated, the process quickly becomes confusing. To simplify this situation and to present
decision options more clearly, the ‘Decision Model and Notation’ (DMN) was developed, version 1.3 of
which was published in December 2019. “The primary goal of DMN is to provide a common notation
that is readily understandable by all business users, from the business analysts needing to create initial
decision requirements and then more detailed decision models, to the technical developers responsible
for automating the decisions in processes, and finally, to the business people who will manage and
monitor those decisions. DMN creates a standardized bridge for the gap between the business decision
design and decision implementation. DMN notation is designed to be usable alongside the standard
BPMN business process notation” [225]. “The separation of Decision Modeling from Business Process
Modeling is a good principle, whatever the models, notations and languages are. It will enhance agility
when changes are required, in reducing their impact, among them the risk of failure, and in increasing

the resilience of the Information System” [226].

As early as 1969, Fenves et al. described a method of automating decision paths with decision tables

[227]. Huysmans et al. compared several methods of presenting decision paths in a machine-readable




form and validated them against their comprehensibility for users. “The results showed that, on the
aspect of comprehensibility, decision tables provide significant advantages. For each part of the
experiment, the respondents were able to answer the questions faster, more accurately and more
confidently using decision tables than using any of the other representation formats” [228]. “The use of
DMN for modeling the requirements for automated decision-making is similar to its use in modeling
human decision-making, except that it is entirely prescriptive, rather than descriptive, and there is more
emphasis on the detailed decision logic. For full automation of decisions, the decision logic must be
complete, i.e., capable of providing a decision result for any possible set of values of the input data”
[225].

The DMN is therefore a useful supplement to the BPMN that makes it possible to keep process
representations clear, understandable and easily comprehensible. With the help of DMN, process
representations can be reduced to their essential parts. Like workflow engines, so-called decision
engines enable automated decisions to be made. By integrating DMN into BPMN, the decision engine
can be triggered by the workflow engine. This study shows how DMN and BPMN are integrated to

achieve a high level of automation of code compliance checking in railway design.
4.2.4 BIM in railway design and construction

BIM is being increasingly adopted in the railway domain worldwide. A number of national railway
organizations have declared BIM as the obligatory way forward in improving quality in design and
construction while reducing project costs and delays. To reach these goals, such organizations publish
master-plans and/or define mandatory standards. These include China Railway [12,13], Korean railways
[16], French railways [18], Swiss railways [19], Italian railways [20], Swedish, Danish, Norwegian and

Finnish railways [22,23] and German railways, among others.

BIM has been mandatory for DB Station & Service AG projects since 2017 [9]. It is the first company
within the Deutsche Bahn AG Group to issue standardized “Guidelines for the Application of the BIM
Methodology” for the provision of model-based planning and construction services. While the guidelines
also mention checking methods for the quality assurance of models, including collision detection, visual
inspection and compliance with regulations, they do not describe any concrete implementation
strategies. Most of the quality assurance criteria are organizational criteria, for instance, concerning
adherence to deadlines. The quality assurance concept developed by the authors, on the other hand,
defines strategies for implementing and deriving model-based quality assurance criteria [176]. To check
the digital building model, it is necessary to scrutinize both the model creation process and the transfer

of model data.

4.2.4.1 Geometric modeling

This paper examines methods for checking the compliance of 3D infrastructure models and the
underlying route mapping with the respective guidelines. To begin with, it is necessary to differentiate

between “two fundamentally different approaches to modeling the geometry of three-dimensional bodies:




Explicit modeling, which describes a volume in terms of its surface [...]. Implicit modeling by contrast
employs a sequence of construction steps to describe a volumetric body, and is therefore commonly

termed a procedural approach” [62].
Borrmann et al. [62] outline the following procedures in detail:

= Explicit procedures
- Boundary representation method
- Triangulated surface description
= Implicit procedures
- Constructive solid geometry
- Extrusion and rotation processes
- Parametric modeling

- Freeform curves and surfaces

“Most of the software products used for infrastructure planning offer a drawing-oriented view — split into
site plan, cross-section and elevation [...]. This type of model is referred to as an implicit geometry
description. [...] With implicit models, the governing design parameters become significantly more
accessible than with explicit models. An example is the objects and parameters that define alignment.
Consequently, implicit models offer a better basis for checking these parameters against codes and
guidelines” [176].

Figure 31: Comparison of implicit and volumetric 3D models: while implicit models (drawing-oriented
view) are used during the design process, explicit models are used in the context of BIM-based

analysis [176].

In addition to the pure parametric description of digital building models, some software systems also
keep a history log of the individual modeling steps and enable the modification of individual steps, which
is an improvement over the drawing-based method. “The [...] important concept provided by parametric
CAD systems is the explicitly available construction history. The system records each single construction
operation [...]. All operations are parameterized, for example, the height of an extrusion is an explicitly
available parameter. The maintenance of the construction history stands in strong contrast to
conventional systems which typically only store the result of the construction operations as an explicit

boundary representation. The procedural approach provides the user of the system with the possibility




to easily modify an existing model by going back in the construction history and adapting the
corresponding parameter [...]” [32]. “Explicit parameters of building elements are one of the merits of a
building model and resolve difficulties in interpreting code checking” [87]. “[...] It is equally important to
have efficient access to the building data as it is having good, transparent, and maintainable computable
rules. Efficient access to the building data is important since rule checking potentially has to iteratively
go through almost the entire data set with a large number of rules. [...] Another critical issue that has
been absent in the discussion so far is the support for geometry and spatial operations on the BIM data.
Studies of building codes show that the majority of rules involve geometry and spatial operations” [186].
“A parametric modeling system will require careful engineering judgment and responsibilities in setting
up the input and reviewing the output and a method to specify the requirements in an unambiguous way”
[229].

While planning and modeling tools used for railway design employ implicit data models, they support
the generation and export of explicit geometries using the boundary representation method or
triangulated surface descriptions. This information can then be transferred using data exchange formats

such as Industry Foundation Classes.
4.2.4.2 Industry Foundation Classes

The vendor-neutral data model Industry Foundation Classes (IFC) allows the high-quality exchange of
geometric-semantic models. Over the past few years, it has been continually extended for use in the
model-based data exchange of infrastructure facilities. The ‘Overall Architecture’ project and the
IfcAlignment extension (also known as IFC4x1) first introduced a set of classes for the exchange of
alignment axes and digital terrain models [230]. These initiatives aimed to provide basic concepts that
are now supplemented by domain and subject-specific requirements. In the context of railway design,
Reifenhduser et al. have expressed the criticism that although horizontal and vertical parts of an
alignment geometry can be mapped with IFC-Alignment classes, comprehensively representing a
railway line also requires that cant is taken into account [231]. This shortcoming has since been
recognized and has recently been corrected in the extension project IfcRail. Similarly to the completed
IfcBridge extension project [232,233] in the context of bridge design, the IfcRail project deals with the

domain-specific requirements of vendor-neutral data exchange for railway design.

Even though IfcRail development is still in progress, the IFC4x1 version of IFC instance models (the
most recent final schema version) can already be used for numerous automated rule checks in railway
design. For example, an alignment is described in the IFC data model by its horizontal segments in the
xy-plane and the corresponding vertical segments in the projected coordinate system (s,z) [234]. In
addition, it is possible to place IfcReferent objects at specified locations along an alignment axis and to
attach user-defined property sets to them. The parameters in these property sets are not defined in the
data schema and provide the modeler with a very flexible method for transferring project- or
organization-specific attributes. The downside is that any flexibility in a data schema also requires

specific processing of user-defined, non-standard properties must also be specifically addressed for




import processes, which makes automatic interpretation considerably more difficult. Nevertheless, this
ability to dynamically extend the schema with additional semantics is a useful feature of IFC, making
additional rules testable.

In many parts of the IFC data model, it is possible to choose between different representations and
dynamic semantic extensions. This flexibility, however, inevitably means that not every instance model
can be used for every check routine, since the data cannot be extracted in a consistent form. To
counteract this, the model to be checked must comply with additional specifications [49] that can be
defined through the mechanism of a model view definition (MVD). An MVD defines a subset of the entire
IFC data model and thus restricts, for example, the geometric presentations that may be used [235]. At
the time of writing, there are no internationally defined and published MVDs that reflect the correct use
of IfcAlignment instances or related concepts such as IfcLinearPlacement for the description of positions
along an alignment element. Nevertheless, the schema definition contains so-called concept templates,
which represent specific rules of a complete MVD and can be assembled in a modular fashion. An MVD
for specifying the required input data can be elaborated using the IfcAlignment Concept Template and

defining any additional necessary parameters.

The latest candidate standard extension is called IFC4x3 and includes the extension proposals of
IfcBride, IfcRoad, IfcPortsAndWaterways and IfcRail projects [236].




4.3 The DB Netz AG guidelines

Due to the very stringent safety requirements that apply to rail facilities, numerous guidelines are in
place that strictly regulate design as it relates to rail infrastructure facilities. While aesthetic aspects of
the structure are important for the individual expression to the respective building designs, infrastructure
facilities are on the whole characterized by a high degree of standardization both with components and

geometric dimensions.

The study henceforth takes the guidelines of Deutsche Bahn AG as an example, but the principle can
be extended to other countries with similar guidelines of their own. Comparable regulations also exist

for road infrastructures.

The guidelines are presented in a clearly defined structure. In the context of code compliance checking
with building information models, it is the construction engineering guidelines, in which most of the rules
for design and construction are defined, that are the most interesting. The main groups are divided by

trade into sub-groups. The guidelines examined in this study are as follows:

Table 8: Assignment of trades or sub-groups to guideline numbers.

Trade/sub-group Guideline number
Network infrastructure technology design 800
Basics of superstructure 820
Earthworks and other geotechnical structures 836

Guideline Group 800 defines the parameters for track routing and sets out the basis for the entire track
system. It includes definitions for switches and crossings as well as for track cross-sections and
regulates the dependencies between individual objects. It also sets boundary conditions such as the
design speed. Guideline Group 820 defines the design of the superstructure, such as the rail form and
sleeper type, while Guideline Group 836 specifies the conditions relating to the required civil engineering
measures, for example, earthworks, drainage, etc. These three groups set out the most relevant
guidelines for the planning, construction and operation of a railway infrastructure and are therefore
examined in detail in this study. Further guidelines exist that deal with technical equipment (e.g. control
and safety equipment and overhead catenary lines) and structural engineering (e.g. bridges and tunnels)

but are not considered here.

Particular attention must be paid to the modal verb formulations used in the guidelines, as they are used
to indicate specifically whether the item in question is a requirement, permission, recommendation or
possibility and capability. Table 9 shows the terms used and their implications based on the guidelines
and DIN 820-2 [160,237,238]. As these are relevant for both planning and manual quality control, it is

essential that they are used accordingly in model-based quality assurance.




Table 9: Meaning of auxiliary modal verbs in DB Netz AG guidelines according to [160,237,238].

Auxiliary modal verb Meaning
Shall _
Requirement
Shall not
May -
Permission
Need not
Should .
Recommendation
Should not
Can
Possibility and capability
Cannot

4.4 Rule representation using BPMN and DMN

Building information modeling is used increasingly in practice for designing buildings. The quality
assurance concept presented in [176] has therefore been taken as the basis for the concept presented
in this study. Our concept additionally considers the domain of ‘Construction Design’, which is concerned
with checking digital building models during the design stages. An essential aspect here is the ability to
perform a digital and machine-evaluable representation of the existing guidelines for automated model
checking. “Case examples and requirements in guidelines [...] can be presented in many different ways,
ranging from simple and clearly structured tables with limiting values to graphical representations or
written descriptions” [98]. This also applies to the guidelines of Deutsche Bahn AG. For the purpose of
the concept, the process of checking models against guidelines involves performing calculations and
comparisons and making decisions. The process-based description of the guideline content is
represented by BPMN and DMN. The following section begins by formulating the general requirements
for automation before going on to describe the logic of translation into a machine-interpretable form. The
translation is done manually, but supported by the RASE methodology [90], which is a semi-formal

process for analyzing regulatory text in natural language and marking it up for further processing.
441 General requirements for automation

BPMN, as a node-edge model comparable to visual programming languages, provides a set of process
elements to enable the representation of policy content or rules. Node elements include events (e.g.
start, end), tasks (e.g. user tasks, script tasks, or DMN tasks), and gateways (e.g. exclusive, parallel)
as shown in Figure 51. Edge elements (e.g. sequence flow) connect the respective nodes into a
continuous process. In addition, it is possible to aggregate sub-processes into a higher-level process to
enable the hierarchical organization of processes.




To facilitate automation, the following conditions apply when creating processes:

(1) Every process has a start and an end event.

(2) Events, tasks, and gateways are connected by flow elements.

(3) Alltasks are addressed and initiated by a start event.

(4) All tasks are integrated into the process in such a way that they are connected to an end event.

(5) Gateways have at least two output edges, but there may be a default path.
4.4.2 Principles of process modeling

As discussed by Preidel & Borrmann in [98], regulations can be presented in various ways, for example
as continuous text, tables, graphics, or formulae. This section describes the principles of process

modeling and explains how guidelines are represented in this concept using BPMN and DMN.

Textual descriptions place a rule in an overall context and describe decision paths, individual parameters
and entire parameter sets. They also contain embedded formulae as well as references to graphics,

tables, attachments, etc. Typically, the superordinate process description is textual.

Graphics are used to clarify the content of a textual description and illustrate component
interdependencies as well as parameters and boundary conditions that need to be considered. Because
they can be part of an aggregated representation, graphics can describe both individual as well as
multiple rules.

4.4.2.1 Translation of regulations

RASE-syntax [90] is used to support the translation of regulatory texts into workflow diagrams. The
regulations are structured with the tags requirement <r> or <R>, applicability <a>, select <s> and

exception <e>,

The following section illustrates the process of translating a rule using the example of the routing element
‘arc’ and a chosen radius. The resulting process and its individual steps are shown in Figure 33, along
with the textual descriptions.

Guideline 800.0110 8§ 6 No. 3 defines the following requirement:

The arc radius (r) of a track curve is calculated by the formula [Equation 1] taking into account the speed

(v), superelevation (u) and superelevation deficit (u)) and shall not be greater than 25.000 m.

2

r =11,8 x
u+u,

Equation 1: Determination of the arc radius of a track curve according to Guideline 800.0110.




The marked rule following the RASE-syntax looks like this:

<R>The <a>arc radius</a> (r) of a track curve is calculated by the formula <r>[Equation 1]</r> taking
into account the speed (v), superelevation (u) and superelevation deficit (uf) and shall <e>not be greater
than 25.000 m</e>.</R>

The rule does not contain any selection.
4.4.2.2 Representation with BPMN and DMN

In principle, all notational elements described by ISO/IEC 19510 may be used, but in this study, the
elements shown in Figure 32 (script task, gateway, DMN task) were found to be particularly suitable and

therefore play a focal role.

Guideline specifications in the form of calculation formulae (requirements) are incorporated in the
workflow by means of a script task (see Figure 32, number 1). The calculation formula is written in

Javascript.

Both text and tables can describe decisions (select-tag in RASE) that can usually be resolved into simple
if-then-else relationships. Such decisions can be represented in the process by a gateway or as a DMN
task. If the result of the decision is described with formulae, representation by means of a gateway (see
Figure 32, number 2) and the following script task is chosen, since DMN tasks do not accommodate
formula-based evaluations. The if-condition is formulated using the flow elements assigned to the
gateway. A gateway can also be used to compare individual parameters with the model independently

of other boundary conditions.
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Figure 32: BPMN elements: 1 — Script task used to represent formulae; 2 — Exclusive gateway used to

represent simple decisions/branches; 3 — DMN task used to represent complex decisions.

Remark to the published paper: The RASE-marking of the shown rule (Section 4.4.2.1) must be

corrected to:

<R>The <a>arc radius (r) </a> of a <s>track curve</s> is calculated by the formula <a>[Equation
1]</a> taking into account the <a>speed (v)</a>, <a>superelevation (u)</a> and <a>superelevation

deficit (u))</a> and shall <r>not be greater than 25.000 m</r>.</R>

The rule does not contain any exception.




A DMN task (see Figure 32, number 3) is used if the decision result depends on several input variables
(if-conditions) and is expressed as a static value (no formula). When creating a decision table, the
necessary input variables and results must be defined. Table 10 shows a schematic decision table.
Compared with a succession of humerous gateways, the tabular representation of several decision
paths is both clear and easily understandable. There is no limit to the number of input or output variables

or rules to be considered.

Table 10: Schema of a DMN decision table, in which any number of rules can be created. To generate

a decision, the necessary input and output variables, including associated values, need to be defined.

Rule Input Output
number
Input Input Input Output Output Output
variable i; variable i, | variable variable variable variable
in 01 0, o,
1 value i, 4 value i,, | valuei;,, | valueo;; valueo,, valueo,,
2 valuei,; valuei,, | valuei,, | valueo,, valueo,, valueo,,
3 value i;;  valueiz, | valueis,, | valueos;,; valueos, value oz,
n value i,, valuei,, | valuei,, | valueo,, valueo,, valueo,,

In this way, rules are broken down into the smallest constituent units so that the process representation
is comprehensible and can be easily followed. Consequently, complex calculations or observations are
divided into multiple tasks. To ensure that the method is accessible and comprehensible to users without
programming knowledge, only simple formula and variable definitions are used in the process. Textual
descriptions of individual elements and additional text annotations can be used to provide explanations

of the process modules.

Mapping into BPMN is described in this section on the basis of a marked paragraph, following the RASE-
syntax described in Section 4.4.2.1 (compare also Figure 4). The paragraph of the guideline begins with
a description of the input variables (velocity, superelevation, superelevation deficit) necessary for
calculating the arc radius and then describes their interdependency in terms of a formula. Therefore, to
enable automated checking of the digital building model, it is essential that the necessary input variables
are made available for processing (Step 1). Alongside the quantities declared in the guideline, the
modeled radius must also be passed as a parameter. The process can then be started (Step 2). It is
necessary to confirm that the model data will be checked by the appropriate rules, e.g. that an arc will
be checked by rules dealing with arc information. This is taken care of by a gateway in Step 3 which
represents the RASE-tag applicability. The radius calculation formula according to the guideline is
represented by a script task (Step 4), and the result of the calculation is stored as an independent
variable. The model’s compliance with the guideline is checked by comparing the modeled radius with

the radius calculated according to the guidelines. This takes the form of a simple if-then condition in the




form of a gateway (Step 5), whereby the two sequence flows contain the corresponding decision logic

for the subsequent process path. The flows also contain the exception to the rule. Depending on which

path is automatically selected, the check result is set (Step 6) to either ‘passed’ or failed’. At the end of

the process, the result is returned to the user (Step 7).
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Figure 33: Process definition of a simple rule: Guideline 800.0110 — calculation of the arc radius and

validation of model data.

From the example described, it is possible to formulate generally valid steps for the creation of a process:

1)

()

®3)

(4)

(%)

(6)
(7)

The model data to be checked is transferred to the workflow engine. Information that is not
defined in the model but is essential for correct execution of the process is defined by the user
and passed to the workflow engine together with the model data to be checked for compliance.
In a pre-processing stage, the data is prepared for the workflow (transfer to variables, adaptation
of dot-comma notation, etc.) and passed to the start of the checking process.

The workflow engine selects objects and parameters from the submitted data set to be checked
for compliance. If the workflow is not usable for checking submitted objects or parameters, the
process is skipped.

The workflow engine determines the target parameters based on the guidelines for the defined
boundary conditions of the model and other information.

The workflow engine compares the target parameters with the transferred model data (actual
parameters).

The workflow engine defines whether the check has passed or failed.

The checking process is terminated, and the results are made available to the user in the form

of a report.




4.5 Evaluating guidelines for implementation with BPMN

Studies of norms and standards in England and Wales have shown that 20% of the rule sets examined
are declarative and thus directly computer-interpretable, while 47% need additional human intervention
to make them computer-readable. In 33% of the cases examined, automation is not possible [239].

The extent to which models can be checked for compliance with the guidelines of Deutsche Bahn AG
using BPMN and DMN was checked using Guideline Groups 800, 820 and 836 and analyzed for a total
of 943 rule sets. Of all the rules analyzed, 486 (52 %) can be generally classified as automatable. A rule

is classified as automatable if all of the following criteria apply (necessary conditions):

(1) All necessary input variables have been described.
(2) Boundary conditions/decision paths to be considered have been described.
(3) All required output variables have been described.

To be able to automate the content of guidelines, the rules must have a deterministic description. Policy
contents are classified as non-automatable when at least one of the three criteria is not met or the

contents aim to describe the readability and structure of the policy.

As described in Section 5.2.6, BIM models in infrastructure planning are created with the aid of
parameters (e.g. length, height, width of objects) using an implicit data model. Analysis of the guidelines
includes examining the extent to which guidelines describe the parameters that are required for

modeling. A total of 460 rules (49%) were classified as ‘parameter-oriented’.

A total of 437 rules (46%) were classified as ‘BPMN implementable’, while 3% of the rules (32 in absolute

terms) were evaluated as only implementable by means of higher-level quality tests, such as simulations.

A comparison of the evaluation results at policy level (see Table 11) reveals that Policy Group 800 in
particular is predominantly parameter-oriented (82%), so here, models can be checked to a great extent
using BPMN (75%). The rules contained in Guideline Groups 820 (38%) and 836 (39%) are far less
parameter-oriented, and consequently have significantly lower potential for implementation with BPMN
(37% and 39%, respectively).

Overall, the potential for implementing automated rule checking by means of BPMN was deemed
sufficiently high (46% of the analyzed rules), which is a valuable basis on which to continue with the

method, despite the unequal distribution across the individual guidelines.




Table 11: Evaluation of feasibility of Guideline Groups 800, 820 and 836 for checking models for

guideline compliance.

Guideline | Number of | Automatable? Parameter- Realizable | Simulation

group paragraphs oriented? with BPMN? | necessary?
800 223 187 (84%) 182 (82%) 168 (75%) 19 (9%)
820 203 85 (42%) 80 (39%) 80 (39%) 1 (0%)
836 517 214 (41%) 198 (38%) 189 (37%) 12 (2%)

Over the course of the detailed analysis, the examined rules were divided into 12 different classes.
These rule classes are defined in Table 12. Figure 34 shows a graphical representation of the classes
2, 4 and 7. Rule classes are mainly defined by their typology. In the case of distance definitions, the rule
classes are subdivided, depending on the influence they have on direction in a 3D-coordinate system.

Table 12: Definition of rule classes and their respective descriptions.

No. | Rule class Description
1 Not relevant for Specifications that have no influence on the modeling of buildings,
modeling e.g. procedural processes in communications with the client or
specifications for document structures such as explanatory reports.
2 Distance definitions: Definitions (horizontal distances) that can be derived from the
transverse direction cross-section of the building model (see Figure 34).
3 Distance definitions: Site plan view in the sense of a 3-panel projection: distances
position between elements.
4 Distance definitions: Definitions (vertical distances) that can be derived from the cross-
height section of the building model (see Figure 34).
5 Component definitions | Specifications determining the component or component type to be
used.
6 Definitions for Definitions that define parameters for vertical and horizontal
alignment elements alignment elements (straight line, arc, transition arc).
7 Slope definitions Definitions (slope distances) that can be derived from the cross-
section of the building model (see Figure 34).
8 Directional definitions: | Orientations of components in the layout plan.
Longitudinal direction
9 Clearance tests Rules for ensuring clearance along railway lines.
10 | Other definitions Rules that do not correspond to the other rule classes but still have
an impact on the building model.
11 | Construction process Rules that define temporal components of a construction site.
12 | Dimensioning Rules for dimensioning components, such as hydraulic calculations.
specification
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Figure 34: Standard cross section of a single-line railway alignment incl. corresponding distances

(drawing adapted from [240]).

Table 13 shows the detailed evaluation of the analysis. No distinction is made with respect to the
underlying guideline; rather, the results shown are cumulated for the examined guidelines. Column 2 of
Table 13 shows the number of evaluated rules. The large proportion of rules classified as ‘not relevant
for modeling’ (33%) is striking, and consequently column 3 shows the distribution with rule class 1
factored out. Column 3 shows the number of rules per rule class that can be implemented using
BPMN/DMN. When the rules not relevant to model creation are factored out, the proportion of rules that
can be implemented using BPMN increases from 46% of all those reviewed to 68% of those in rule
classes 2 to 12. The three most frequently occurring classes that can be implemented with BPMN are
2,4 and 5.




Table 13: Detailed evaluation of the guideline analysis according to the rule classes defined in

Table 5. The top three rule classes are highlighted.

1 2 3 4
Rule class Number of Ratio Ratio not
rule sets convertible convertible
examined with BPMN/ with BPMN/
DMN, without | DMN, without
rule class 1 rule class 1
Total 943 | (100%) | 432 | (100%) | 202 | (100%)
1 Not relevant for modeling 309 | (33%) - - - -
) D-istar-lce definitions: transverse 77 (8%) - (17%) 3 (1.5%)
direction
Distance definitions: position 46 (5%) 43 (10%) 3 (1.5%)
Distance definitions: height 69 (7%) 69 (16%) (0%)
L (12.5%
5 Component definitions 166 | (18%) | 141 | (33%) 25 )
6 Definitions for alignment elements 10 (1%) 10 (2%) 0 (0%)
Slope definitions 33 (3%) 32 (7%) (0.5%)
8 Direc.tion.al def.initic.ms: 9 (1%) 8 (2%) 1 0.5%)
Longitudinal direction
(10.5%
9 Clearance tests 24 (3%) 3 (1%) 21 )
10 Other definitions 72 (8%) 25 (6%) 47 (23%)
11 Construction process 1 (0%) 1 (0%) 0 (0%)
12 Dimensioning specification 127 | (13%) 26 (6%) 101 | (50%)

Column 4 shows the ratio of rules that cannot be implemented with BPMN and DMN. The rule classes
‘Dimensioning specification’, ‘Other definitions’, ‘Component definitions’ and ‘Clearance tests’ are the
four most common ones whose rules cannot be implemented with BPMN and DMN. These rules or rule
classes account for 30.6% of all rules relevant to the model. Reasons for being classified as ‘not
implementable with BPMN and DMN’ are:

= Rules and their descriptions do not fulfill the necessary conditions for automation
» Sophisticated software for structural analysis or simulation is necessary
» Clearance tests are better performed as clash detection

The remaining rule classes thus account for 1.3 %. The rule class ‘Component definitions’ is an
interesting case, as it is also the class whose rules can be automated most often with BPMN and DMN.

This is due to the comparatively large number of rules that this class contains.




Diagram 4 shows the relationship between the total number of rules checked and the rules that can be
implemented with BPMN and DMN. With a rate of between 12% and 35%, the rule classes
‘Dimensioning specification’, ‘Other definitions’, and ‘Clearance tests’ are much less frequently
automatically verifiable with BPMN and DMN than the other classes, whose rates range between 85%
and 100%.

Diagram 4: Ratio of ‘total’ rules to ‘rules implementable with BPMN/DMN’.
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The following section considers the three rule classes ‘Component definitions’, ‘Distance definitions:
transverse direction’, and ‘Distance definitions: height’ in more detail, as they contain the most frequently
occurring rules. These are discussed in case studies. A further example highlights the importance of

vertical and horizontal alignment in infrastructure planning.




46 Case studies

4.6.1 Software configuration

Various software products were used to develop and validate the case studies detailed in according to
BPM notation (see also Figure 35).

To automate the process of checking the compliance of model data with guidelines, both models and
guidelines need to be available in digital form. ProVI [162] software was used to generate the models
for checking. For the purpose of alignment, the model data was transferred using IFC. Model data that
cannot be represented in IFC schema version 4x1 is transferred in Comma-Separated Value (CSV)
format, implementing a table structure listing stations (rows) and the corresponding parameters of the
model (columns). For example, with a railway superstructure, the exported CSV will include a list of rail
types, sleeper types and distances between sleepers per station. The advantage of the CSV format is
that it is the most straightforward way of exporting the parameters of the implicit data model from ProVI.
However, as this representation is not vendor-neutral, it is strongly recommended that the IFC schema

is used as soon as it is extended to cover railway designs.

As discussed in the previous Sections, BPMN and DMN were used to implement automation. Camunda
Modeler [241] was used to model the guideline contents in these notations. The translation and
representation of the guidelines as BPMN and DMN were performed using the rules described in Section
4.4.2. In addition to Camunda Modeler, Camunda Community Platform was also used as a workflow
engine. Together with the supplied database, they represent the back end.

The IFC and CSV data were evaluated using programs written in Javascript. A front end was developed
to transfer the model data to the workflow engine using web technology (web page: HTML, CSS,
Javascript) and display the results of the check accordingly. A Rest APl was used to facilitate data
exchange with the back end.
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Figure 35: Software configuration (representation according to BPMN).

For the purpose of model preparation, in addition to the technical mapping of the rules and regulations
in BPMNSs, an information extractor was used to extract the required input data from an IFC model and
make it available to the downstream checking process. Only IFC 4x1 models were used in the prototype
extractor, since this version — unlike its successors — had already attained ‘final standard’ status. The
Ifcinfra proposals collected in IFC4x3, by comparison, are tested in a validation phase before granted
as the next “Final Standard” version of IFC. As a result, the example models used do not contain all the

required parameters available from the proprietary database of the BIM route modeling tool ProVI.
4.6.2 Case study: Alignment

Given the importance of alignment in the planning of infrastructure facilities, the following section
describes the process of checking alignment elements for their compliance with the guidelines. The
checks relate to Rule Class 6 ‘Definitions for alignment elements’. Figure 36 shows the elements that

occur along an alignment: straight lines (black), transition arcs (red), and circular arcs (green).




Figure 36: Different types of segments along a horizontal alignment: straight elements in black,

transition curves in red, circular arc in green [234].

The description of a track or route alignment (three-dimensional space curve) with IFC 4x1 and used for
verifying the here presented approach. Table 14 provides an overview of the parameters that are either
available or can be derived in the authoring software or in the IFC model. It shows only those parameters
that are relevant for the subsequent analysis. Up to version 4x1, no specifications for superelevation
and velocity exist in the IFC schema. The importance of this information is apparent in the checking

routines described below.




Table 14: Comparison of available information in the ProVI authoring software and the neutral data
format IFC 4x1. While all information in ProV1 is explicitly available, some information in IFC can only
be derived through additional calculation. No information on superelevation or velocity is defined in the

data schema.
Parameter / characteristic Brovi IFC 4x1 — explicitly IFC 4x1 —implicitly
ro
value defined derivable
Entry station of an element v v
Element type, with exact
yp v v
subtype for transition curves
Element length v v
Radius for circular arcs v 4
Superelevation v X X
Superelevation deficit v X X
only if velocity is the
Velocity 4 X Y Y
same for all segments

Guideline 800.0110 specifies that the radius of a circular arc should be in the range 150 m to 25,000 m
[172]. Figure 37 presents the logic employed for checking arc radii according to Guideline 800.0110.
Since an alignment can consist of different element types (see Figure 36), the first step (1) is to verify
that the element to be checked is an arc. A BPMN exclusive gateway is used for this purpose. If the
element to be checked is a straight line or a transition arc, the process is terminated immediately. The
directional description of the radii is specified in the alignment modeling software as positive (right-
curved) or negative (left-curved). For this reason, the second step (2) calculates the absolute value of

the radius to be checked, using a script task containing the following code:

Code 1: Calculating the absolute value of an arc radius in Groovy notation [242]. The code is

integrated into the process as a script task.

Radius = Math. abs(Radius)

Now it is possible to check whether the radius is within the range 150 m to 25,000 m, as defined in the
guideline. Here, too, an exclusive gateway is used, returning ‘check passed’ when true, or ‘check failed’

when false.
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Figure 37: Process flow: Check the radius of an arc element of an alignment, represented as a BPMN

process.

According to Guideline 800.0110 § 6 No. 2, the regular and minimum length of track curves and straight
lines must be determined according to the details given in Table 15. Different formulae for determining
the minimum length of straight lines and circular arcs apply, depending on the velocity. For the regular
length, a single formula not subdivided into different velocity groups applies.

Table 15: Planning values for the lengths of track curves and straight lines according to [172], grouped
by velocity classes, showing formulae for calculating minimum length and regular length (with no

differentiation by velocity).

Minimum length
v £70 km/h Imin 2 0.10 x v [m]
70 <v <100 km/h Imin = 0.15 x v [m]
v > 100 km/h Imin 2 0.20 x v [m]

Regular length
lreg 2 0.40 x v [m]

The checking process is shown in Figure 38. As in the process described above, the first step is to
determine whether the element is a straight line or an arc (Gateway 1). If the element to be checked is
a transition arc, the checking process is terminated without any further steps. If the element is a straight
line or an arc, the next process module — a parallel gateway — is executed. This enables the process to
be split into two or more paths, so that both the regular length and the minimum length can be
determined within a process run according to the formulae specified in Table 15. An exclusive gateway
is used to apply the respective formula to the corresponding velocity. The calculation of the minimum or
control length is carried out using different script tasks. The calculated target value is then compared
against the model value using an exclusive gateway in which the status of the ‘regular length’ is set to

‘check passed’ if the condition




lModel 2 lregular
is fulfilled. The status of the ‘minimum length’ check is set to ‘check passed’ if the following condition

applies:

lModel 2 lmin

Otherwise, the status of the checks is set to ‘check failed'.
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Figure 38: Process: Check the regular and minimum lengths of straight and curved arc elements of an

alignment represented as a BPMN process.




In addition to the minimum lengths of straight lines and curved arcs, the guideline also describes the
minimum length of transition arcs. The guideline describes three different types of transition curves:
clothoid, Bloss-type, and s-shaped. The minimum length again depends on the velocity (v) and the
difference of the superelevation deficits of two successive elements (Aug). In our case here, itis assumed
that

Auf = uf

Table 16 shows the formulae needed to determine the minimum length of the transition curves according
to [172].

Table 16: Minimum length of transition curves according to [172].

Transition curve
Clothoid Bloss-type s-shaped
] 4 xXvx Auf ) 4,5><vauf ) 6 X v X Auf
mlnlU = W min lUB = W mmlus = W

The respective BPMN process is shown in Figure 39. Here, too, the first step is to determine whether
the element type to be checked is a transition curve. If the check is negative, the process is terminated
without any further steps. The second gateway splits the process based on the transition curve type
(clothoid, Bloss, s-shaped) and passes the process to the respective script task, which then calculates
the required minimum length using the relevant formula according to [172]. The third gateway then

checks the result against the model and returns either ‘check passed’ or ‘check failed’.
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Figure 39: Process: Check the minimum length of transition curves represented as a BPMN process.




In line with the four model checking phases of Eastman et al [87], the time needed for checking data
manually is compared to that of automated checking. The first phase describes the steps needed to
interpret and represent the rules given by the regulations. For the manual working process, the auditor
needs due training to be able to check designs correctly. Since it is a subjective process, itis not possible
to measure the training time needed. The comparison therefore does not take this phase into
consideration. The time required for the manual process in phases two to four is approximated. The time
needed to create a process definition for the automated checking process depends on the level of
difficulty. A simple rule, as shown in Figure 37, can be created in two days, including the time needed
for researching the guideline, creating the BPMN/ DMN, and writing the model analyzer for extracting
the parameters. An axis of a total length of 9.5 km is used as test data. In total, the axis contains 45
elements (arc, straight, transition curve) and 259 parameters that describe them. Table 17 presents the
results of the measurements. The automated checking process takes 20 seconds (measured) to perform
model preparation and rule execution. It is assumed that doing the same manually will take 20 min.
Because the tool creates the report automatically, the results have to be validated and the report has to
be sent to the designer. Itis assumed that this phase will take 5 to 10 min. Following the manual method,
the auditor also has to write a report, which takes approximately 15 min. In total, the ratio between

manual and automated checking is approximately 24 %.

Table 17: Comparison of manual and automated checking and the time needed to check the axis test

data

Phase Description Time needed for Time needed for Ratio
manual checking automated checking

(approximation)

1 Interpretation and logical - -

representation of rules

2 Building model 5 min 10 sec

preparation

Rule execution 10 min 10 sec

4 Rule checking report 15 min 7 min
Total 30 min 7 min 20 sec 24%




In addition to the checking routines described above, further processes can be derived from the
specifications of Guideline 800.0110. These include:

= Determining and checking the exact radius according to 86 No. 3

= Determining and checking necessary track extensions according to 86 No. 5

= Checking track curve radii in platform areas according to 86 No. 7

= Determining and checking design values for superelevation and superelevation deficit according
to 87

= Determining and checking design values for superelevation ramps according to 88

= Determining and checking longitudinal inclination and changes in inclination in accordance with

810, including the design values for fillet radii and intermediate straight lines

The list shows that there is much greater potential for automating the checking of alignment elements
than just the processes shown above. There are many more possibilities for modeling checking

processes in the context of alignment elements.

4.6.3 Case study: Superstructure

Guideline 820 (“Basics of Superstructure”) summarizes the stipulations of general and overarching
importance that govern the design, construction and maintenance of the railway superstructure [8]. This
guideline is for use “within the area of DB Netz AG” for all railway superstructures up to a permissible
velocity of v = 300 km/h” [8]. The following examples refer specifically to Guideline 820.2010 “Standard
specifications for ballasted track for tracks and switches”. These serve as a basis for describing and
developing checking processes for the rule classes ‘Component definitions’ and ‘Distance definitions:
Height'.

Guideline 820.2010 “governs the application areas of superstructure components in tracks and switches
as well as the dimensions of the ballast bed cross-section according to technical/economic aspects. In
the following, the term ‘superstructure components’ is understood to comprise rails, sleepers, rail
fastenings, sub-ballast mats, insulated joints, ballast and switch components” [8]. Sub-Clause 1
Sentence 3 stipulates that the guideline applies “in the area of DB Netz AG in tracks and switches

travelled on with wheelset loads of up to 22.5 t" [§].

As such, the area of application of the guideline is clearly defined and the applicability of the guideline

can be summarized as follows:

(1) Only valid for ballasted track
(2) Only valid for wheelset loads up to 22.5 ton

(3) Only valid for the superstructure components defined above

The corresponding process logic checks conditions 1 and 2 at the beginning of each run (see Figure 40)

using two successive exclusive gateways: the first queries whether the model is a “ballasted track” and




the second whether the wheelset load is less than 22.5 t. In the current p

rocess, the user enters this

data, but if the data is stored in the model, it can also be used for the decision. If the conditions are met,

the system continues with the sub-process of the respective superstructure components. In Figure 40,

the sub-process is shown in a ‘collapsed’ state but will be explained in more detail shortly.

Weight per axis <
Ballasted Track? 22517 —

Check Type of
Sleeper

Use other
Guideline

End

Figure 40: Basic data check to ascertain applicability of the guideline: Does the model data meet the

requirements of ballasted track and axle load < 22.5 t (currently inputted manually by the user)?

The following parameters and characteristic values are available in the modeling software for station-

wise evaluation:

= Station

» Rail form

= Sleeper type

= Sleeper spacing

= Bedding thickness
= Ballast shoulder

The definition of the superstructure can be refined in the modeling software

using additional parameters

and definitions, opening up further possibilities for automated checking (that are not described here in

detail).

The guideline defines permissible superstructure components according to different parameters. “The

superstructure components are determined according to the track load per day (Lt/d) and the maximum

speed according to the List of Permissible Speeds (Hg VzG) or the local permissible speeds [...]” [8].




The guideline is supplemented by various appendices that define the superstructure components and
the respective dependencies. The process checks the sleeper type according to the logic of the guideline
(see Figure 41) using an exclusive gateway that selects the respective appendix of the guideline
depending on the track load. There are three categories for track loading:

(1) < 10.000 Lt/d
(2) > 10,000 and < 30,000 Ltd
(3) =30.000 Lt/d

The respective guideline appendix is integrated in the review process as a decision table in the “Decision
Model and Notation” (DMN) standard. Table 18 shows the content of this decision table in the original

format.

Check Type of Sleeper

— 3

==

 Type of sleeper

== 10.000 Lt/d

Checking
completed
Load — g succesfully

= 10.000 and =]
I
O—F<X = 30.000 Lud Type of sleeper checkSleeper

Start

== 30.000 Lt/d

 Type of sleeper

—_—

Figure 41: Process of checking the sleeper type represented as a BPMN process.

The example shown in Table 18 is an extract of the contents of the decision table for the selection of
sleepers at a daily track load of >= 30,000 Lt/d. A relevant input variable for the choice of permissible
sleeper type is speed. According to the table, three sleeper types, B70W, B70W-2,4 and B90W, are
available for speeds below 160 km/h. For speeds in excess of 230 km/h, only sleepers of type BO7W
are permissible. Each sleeper type has a corresponding rail fastening and a permissible condition. In
the example, only new material is permissible. Finally, the ‘annotation’ column contains notes on the

use of the materials and any restrictions in use.

As the table shows, there are situations where several outcomes are possible, i.e. several sleeper types
are permissible for the same speed. If there are no further restrictions, or none can be applied, all the
applicable results are equally valid. In the context of the model check described here, a model already
exists in which a corresponding configuration of superstructure components has been defined. Before
the process is completed, a script task compares the sleeper type of the model with the possible options




in the decision table, and the sleeper type in the model is checked to see if it matches one of the
permissible sleeper types in the decision table. If the check is positive, the check status is set to ‘check

passed’, and if it is negative, to ‘check failed’ (see Code 2).

Table 18: Decision table for sleeper types at a track load of = 30,000 Lt/ d according to [8] (extract).

Input Output
Type of Type of rail
Pace P P ) Condition Annotation
sleeper fastening
<160 B 70W W14K 686a/687a new
Only in crowded areas
<160 B 70W-2,4 W14K 686a/687a new )
(e.g. slim subgrade)
Only at railroad
<160 B 90W W14K 686a/687a new crossings and
connection areas
[160...230] B 70W W14K 900 new If radius > 800 m
> 230 B O7TW W21K 1000 new
Only at connection
=160 B O7TW W21K 1000 new
areas

Code 2: Pseudo-code for comparing the superstructure components with the results of the decision
table.

For (var index=0; index < decisionTypeOfSleeper.length; index++)

{
if (decisionTypeOfSleeper == modelTypeOfSleeper) {
setVariable("statusCheckSleeper", "check passed");
exit for-loop;
} else {
setVariable("statusCheckSleeper ","check failed");
}
}

The process configuration shown in Figure 41 can be used for all the track components mentioned
above. Alongside text values, a decision table can also hold numerical values for automatic evaluation.
The decision table shown in Table 19 describes the guideline specification for the ballast thickness of a
track with aload < 10,000 Lt/d. Depending on speed and sleeper type, the specified ballast bed thickness
is 0.20 m or 0.30 m for steel sleepers. At track loads < 10,000 Lt/d, speeds > 120 km/h are not regulated.

In addition, several input variables can be supplied to the decision table. The table also serves as an




example of how rules in the class ‘Distance Definitions: height’ can be defined with the help of BPMN

and DMN.

Table 19: Decision table for ballast bed thickness at a track load of < 10,000 Lt/d according to [8]. The

main decision criterion is sleeper type. Speeds greater than 120 km/h are not regulated.

Input Output
Pace [km/h] Type of sleeper Thickness of ballast [m] Annotation
<120 not("steel sleeper"”) 0.20
<120 "steel sleeper" 0.30

It takes 1-2 days to create a process as shown in Figure 41. A configuration of a superstructure with a
total length of 15.1 km is used as test data. In total, the dataset contains 49 stations with 250 parameters
that describe them. Table 20 presents the results of the measurements. The automated checking
process takes 40 seconds (measured) for model preparation and rule execution. It is assumed that
doing the same manually will take 25 min. The manual process takes approximately 40 min in total,

compared with 7 min 40 sec for the automated checking process, which equals a ratio of 19 %.

Table 20: Comparison of manual and automated checking and the time needed to check

superstructure test data

Phase Description Time needed for Time needed for Ratio
manual checking automated checking

(approximation)

1 Interpretation and logical - -
representation of rules

2 Building model 10 min 20 sec
preparation
Rule execution 15 min 20 sec
4 Rule checking report 15 min 7 min
Total 40 min 7 min 40 sec 19%

In addition to the checking routines described here, other processes based on Guideline 820.2010 can

be developed to check the compliance of track components, for example:

»  Check rail type (rule class ‘Component definitions’)
» Distance check for ballast shoulder (rule class ‘Distance definitions: transverse direction’)

» Distance check for sleeper spacing (rule class ‘Distance definitions: position’)




4.6.4 Case study: Distance between tracks

The second most common rule class is ‘Distance definitions: transverse direction’. The case study
presented here concerns a check of the distance between the track centers of double-track railway lines
according to Guideline 800.0130, Appendix 02.

The following parameters and characteristic values are available in the modeling software for station-

wise evaluation:

=  Station per track
= Speed per track
= Radius per track

=  Vertical distance between track centers

The process can be modeled using the same basic BPMN nodes as in the case study discussed above.

Decision tables are likewise integrated into the process.

The guideline distinguishes between different areas and different structural and operational conditions
when defining track spacing. Consequently, several decisions have to be taken to ascertain the

respective situation and allow the model to be checked correctly. These are as follows:

(1) Is the radius of the alignment element greater than 250 m?

(2) Is the model of an open section of track or a station area?

(3) Is the open section equipped for bi-directional line operation?

(4) Are catenary masts needed between the tracks?

(5) Is an inspection walkway needed between the tracks?

(6) Is the track a new line or an upgrade of an existing line, and are the routes regional or long-
distance?

(7) Are these main, secondary or passing tracks?

Irrespective of conditions 2 to 7, the question of whether the radius of the underlying elements at the
station is greater than 250 m needs to be clarified. According to the guideline, this is the first exclusive

gateway in the process (see Figure 42).

If the radius of the line element is greater than 250 m, the next step (Gateway 2) is to check whether
catenary masts needs to be provided between the two tracks. If no catenary masts are required, then
an inspection walkway is needed for the safe passage of railway personnel in the track area (Gateway
3). If the answer to this question is ‘No’, the required track spacing (without catenary masts or inspection
walkway) shall be determined by means of a decision table. At Gateway 5, the track spacing in the
model is checked against the result of the checking process and, if met, the status is set to ‘check

passed’, otherwise to ‘check failed’.




If the radius of the alignment element is less than 250 m, the checking process is diverted to the ‘No’
branch at Gateway 1. In such cases, Guideline 800.0130 stipulates that the track spacing must be
increased as specified in Table 21. The required increase in track spacing for different radii is given in
the table, and the guidelines specify that intermediate values should be interpolated linearly. In the
checking process, this table is modeled as a sequence of exclusive gateways, in combination with script
tasks. As the degree of spacing enlargement is not described by a uniform formula for all radius ranges
in Table 21, the interpolation formulae for each radius range are anchored in the process. The
calculation only concerns the necessary delta of enlargement. The decision path for the different radius
ranges cannot be defined as a decision table, because the DMN engine used does not permit the use
of formulae as values. Radii of less than 100 m are not covered by the guideline, and in such cases, the

checking process is aborted.

Alongside Gateway 3, Gateway 4 also represents a decision node that directs the process either to the
decision tables “Track spacing with intermediate inspection walkway” or “Track spacing without
intermediate inspection walkway”. The determined necessary enlargement is added to the result of the
respective decision table by means of a script task. Gateway 5 then compares the model value with the
criteria of the guideline and evaluates the result.
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Figure 42: Process: Checking track spacing, represented as a BPMN process.




Table 21: Required increase in track distance according to the radius pursuant to [240]. Intermediate
values should be interpolated according to the guideline.

Radius r [m] Required increase [mm]
250 0
225 50
200 120
180 180
150 300
120 700
100 1000

Table 22 presents the decision table for the distance between tracks without an intermediate inspection
walkway or catenary masts. Several input variables are needed, as determined by the questions above.
Both the line itself (‘open section’ or ‘station area’) and the two tracks to be checked must be defined.
Furthermore, the guideline defines speed specifications for the respective categories. For example, a
track spacing of 4.5 m must always be maintained within station areas. Along upgraded tracks, at least
4.0 m is required in the speed range 0 to 200 km/h. “When upgrading existing tracks, a track spacing of
4.00 m can be maintained up to a design speed ofve = 230 km/h, if this faster speed is restricted to trains
with favorable aerodynamic characteristics (such as the ICE)” [240]. Track spacings are also defined for

new lines and local lines with suburban trains.

Table 22: Decision table for distances of tracks without intermediate walkway or catenary masts.

Input Output
Type of Category Category Pace Distance of ]
Annotation
track Track 1 Track 2 [km/h] Tracks [m]
Outside Upgraded Upgraded
) Pd Pd [0...200] 4.0
stations track track
Outside
] New track New track [0...300] 4.5
stations
Short-
Outside Short- )
distance [0...120] 3.8

stations distance track
track

Only for trains with
[200...230] 4.0 aerodynamic

characteristics

Outside Upgraded Upgraded

stations track track

Inside
. 4.5
stations




In the case described, the track specifications are categorized from a construction point of view. Where
definitions for track spacings for walkways are made, the categorization follows operational concerns.
The terms main track, secondary track and passing track are used here. For this study, it has been
assumed that this information is not contained in the model and must be supplied manually by the user.
For the user, however, the problem arises that several descriptions are available, and it is not clear
which categorization is used for which decision table. A user might assign the track data ‘correctly’ from
his or her point of view — for example from a construction point of view — but the decision table requires
operational categorization. In such a case, the check would not be carried out correctly. This is a

limitation in the context of check and decision automation.

It takes 1-2 weeks to create a process such as the one shown in Figure 42. Two axes, each of a total
length of 9.4 km, are used as test data. The dataset contains 946 distance values in total. Table 23
shows the results of the measurements. The automated checking process takes 40 seconds (measured)
for model preparation and rule execution. It is estimated that performing the same checking process
manually will take approximately 35 min. As a result, the manual process takes approximately 50 min in

total, compared with 9 min 30 sec for the automated checking process, which equals a ratio of 19 %.

Table 23: Comparison of manual and automated checking and the time needed to check

superstructure test data

Phase Description Time needed for Time needed for Ratio
manual checking automated checking

(approximation)

1 Interpretation and logical - -

representation of rules

2 Building model 10 min 30 sec
preparation

Rule execution 25 min 2 min

4 Rule checking report 15 min 7 min

Total 50 min 9 min 30 sec 19%




4.7 The front end of the checking tool

To make the checking system more user-friendly, a front end using current web technologies has been
developed that echoes the four phases defined by Eastman in [87]:

(1) Interpretation and logical representation of rules
(2) Building model preparation

(3) Rule execution

(4) Rule check reporting

As explained in the preceding sections, the interpretation of the guidelines and their specifications and
their translation into process diagrams were undertaken manually in DM and BPM Notation. The user
can access the checking processes in the user interface using a BPMN viewer. The 3D model is
transferred to the checking routine by the user. Additional information which is required but not available
in the model can be supplied by the user via web input forms. The check is then performed automatically
by the workflow engine and the results passed from the back end (workflow engine) to the front end via
a Rest API.

The results are displayed in the form of a table showing each checked station and each checked
parameter. Figure 43 shows an example report of the checking procedure for the distance between two
tracks. The model contains a track distance of 4.0 m but the boundary conditions supplied by the user
(as described in Section 4.6.4) meant that the guidelines specified a track distance of 4.5 m. The model

check therefore returns a negative result throughout.
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Figure 43: Example of a report showing the result of a compliance check for the required track
distance. The distance in the model is 4.0m but the guidelines stipulate a distance of 4.5m. The report

also shows the ID of the checking process and the station where the two tracks are located.




The meaning of the modal auxiliary verbs (see Section 4.3) for the rules are simple to integrate into the
workflow using a script task for the entire workflow that defines a corresponding variable. Where the
weighting of a rule’s importance of needs to be represented in the context of decision tables, a variable
can be outputted. When displaying the results in the front end, the variable is then evaluated accordingly.
For example, violations of rules and prohibitions can be marked in red, as these are non-permissible.
Deviations from principles can be marked in yellow as these may still be permissible and do not
necessarily impact negatively on the model quality. The quality of the model can therefore also be
weighted in relation to these conditions.

4.8 Conclusion

In the construction industry, numerous standards such as norms and guidelines exist in written form that
can be read by humans but not processed by machines. The checking of plans and models against
such specifications is currently performed predominantly manually and is therefore a time-consuming
and error-prone process. This particularly applies to the railway domain, where numerous regulations

must be strictly followed to ensure the safety of rail traffic and passengers.

This study examined the extent to which the Business Process Model and Notation defined in ISO 19510
can be used to graphically represent guideline content and make them executable for model checking.
Although applying similar approaches to Dimyadi et al., who focus on buildings [243], the focus of the
study is on railway projects and their dedicated guidelines. In the railway domain, the BPMN approach
particularly benefits from the precision and clarity of rules originally written in natural language. The
BPMN approach was additionally supplemented by the Decision Model and Notation, which is also

divergent from other research.

The study presents an analysis of selected Deutsche Bahn AG guidelines and the capability to represent
and automate them with BPMN and DMN elements. The analysis showed that 52% of the rule sets
examined can be automated, and 46 % of the examined rules were classified as being implementable
using BPMN and DMN. By conducting a detailed classification, the rules were categorized into 12
different rule classes. By evaluating the frequency of occurrence of the individual classes, the top three
rule classes were identified, and corresponding case studies designed and tested for feasibility. A further
case study was also designed for elementary alignment planning within the infrastructure planning. To
allow data to be imported from railway modeling software, reference was made to the current state of

the IFC schema, and the use of IFC data validated.

Overall, the representation of guideline content using BPMN and DMN is a promising approach. Aside
from fulfilling the designated goal, the graphical representation of the process makes the process
transparent and enables the user to understand the checking process, which is a significant advantage
over hard-coded ‘black box’ solutions. Due to the standardized representation of the process elements
and the widespread use of the notation in the context of IDM, it is conceivable that this method could be

widely implemented in the construction industry.




In this study, existing guidelines were manually translated into process diagrams to make them machine-
readable. RASE-syntax was used to support the translation of regulation texts into workflow diagrams.
Natural language processing methods offer a promising alternative. Future studies could aim to combine
both methods, with a view to automatically translating guideline contents into process diagrams using
NLP. It is also conceivable that authors could specify future regulations from the outset as BPMN
processes, to facilitate the compliance checking of models. Currently there is no connection to a
graphical 3D-representation such as a BIM-Viewer. The realized tool analyzes the given parametric of
3D-geometries, but does not calculate e.g. distances between 3D-objects (clearance test). These
limitations could be interesting in future studies. Even if the visual representation of guidelines is more
a ‘white-box’ than a ‘black-box’ solution, workflow-developers have to have experience in programming.
BPMN is primarily a standard for modeling business processes. It is not meant to be a representation
for engineering aspects and it is not specific for any engineering design software, which means, it is
always necessary to develop import and analyzing functionalities. In this study, it is also shown that
BPMN and DMN cannot be used if sophisticated software e.g. for structural analysis or simulation is

necessary.

Although the current status of IFC in the field of infrastructure is not yet sufficient to carry out fully-
fledged model checks in the railway domain, the recent supplementary studies in the context of IFC-
Railway are promising and will likely provide all the information required to enable efficient checking of

railway models against current regulations.
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Abstract

Designing railway infrastructure is a knowledge-intensive task. Although there are a number of mature
design authoring systems available, their support for dynamically incorporating domain-specific
engineering knowledge is very limited. At the same time, a standardized digital representation of railway
engineering knowledge (such as building codes and best practice) does not exists. To overcome this
deficiency, this paper proposes the use of Knowledge Based Engineering (KBE) to automate routine
design tasks by considering multiple knowledge sources. In this scenario, KBE is used to support a
Railway design authoring system. To ensure maximum transparency in the design of the developed
KBE application, graphical ‘Business Process Model and Notation’ (BPMN) has been used in
combination with ‘Decision Model and Notation’ (DMN) to formalize the underlying engineering
knowledge. The KBE application has been developed according to the Methodology for Knowledge-
Based Engineering Applications (MOKA). An evaluation of the BPMN/DMN approach shows that it
meets up to 58% of the acceptance criteria found in the literature. In addition, BPMN and DMN can
already be used in the early capture phase of MOKA and its workflows can be developed into an
executable KBE application in the subsequent phases. The results of the test example discussed here
show that time savings of up to 97.5% can be achieved in the execution of the KBE application.

5.1 Introduction

‘Digital methods like building information modeling (BIM) offer considerable advantages in the
construction industry over the conventional methods that still largely prevail in current practice’ [244].
With conventional methods, we refer to workflows based on 2D drawings for design, handover to clients
and production on site. This applies both to compliance checking, as shown by HauRler et al., as well
as to the design of buildings and the associated model creation. Design authoring systems which
support object-oriented workflows combined with an parametric modeling approach (also referred to as
BIM modelers) are used widely for the design of built structures, see [63,245-247] . The systems on the
market already support design engineers by providing component libraries that also define a certain
building logic or interdependencies between components in the software, see also [34-39]. In the design




of infrastructure, there are numerous such dependencies. The most important element is typically the
alignment as nearly all other infrastructure facilities are aligned to it [231]. Railway design authoring
systems therefore already provide a framework within which the designer or specialist engineer can
work in the course of the design process.

The individual calculation and design steps are often based on knowledge that is already set out in
standards and guidelines in the form of rules, see [244]. At present, however, the construction industry
lacks standardized methods for digitally mapping existing knowledge in such a way that it is machine-
readable, so that it can be evaluated and reused, compare [5]. The extension of the standardized data
model Industry Foundation Classes (IFC) by railway infrastructure objects (IFC rail) recently reached
the candidate status [248]. While this standardized object-oriented description will provide a good basis
for representing and exchanging railway facilities with rich semantics, it does not provide capabilities for
representing and applying the knowledge required for designing them.

Especially the digital integration of different knowledge sources is where knowledge-based engineering
(KBE) comes in [111]. KBE stands at the intersection of diverse fundamental disciplines, such as artificial
intelligence (Al), CAD and computer programming [112]. KBE systems can be applied to achieve a
variety of goals, the most important of which is to increase efficiency by using automated systems for
routine tasks, as described, for example, in [111]. ‘Although various research approaches have been
developed in the area of KBE since the 1980s, there is no uniform and universally applicable description
for the industrial environment, with which a KBE application can be implemented and operated’ [249].
HauRler et al. present a promising approach to mapping guideline contents in a machine-readable form
with the help of ‘Business Process Model and Notation’ (BPMN) in connection with ‘Decision Model and
Notation’ (DMN) and demonstrate its use for code compliance checking. In this paper the extent to which

BPMN and DMN can be used as basis for a KBE application is investigated.

The paper is structured as follows: Section 5.2 gives an overview of the state of the art with regard to
the terms “knowledge” and “engineering”, and proceeds to discuss KBE as a technological symbiosis of
these two domains. Following on from this, the Methodology for Knowledge-Based Engineering
Applications (MOKA), as well as BPMN and DMN are presented. Section 5.3 describes the methodology
used in the present study and the separate MOKA phases: Identify, Justify, Capture, Formalize and

Package. Finally, Section 5.4 presents its use in a case study.




5.2 State of the art

KBE synthesizes aspects from the domains of “knowledge” and “engineering”. Both are first discussed
independently and KBE is presented afterwards.

5.21 Knowledge and knowledge management

ISO 30401:2018 defines knowledge as a ‘human or organizational asset enabling effective decisions
and action in context’ [250]. A common means of representing how knowledge arises is the DIKW
hierarchy (Data, Information, Knowledge, Wisdom) as described in [251] and depicted in the pyramid in
Figure 44. Information is created by processing and interpreting data. The processing and combination
of information creates knowledge, which in turn results in wisdom [251]. Bellinger et al. define the terms

as follows:

‘Data represents a fact or statement of event without relation to other things. Information embodies the
understanding of a relationship of some sort, possibly cause and effect. Knowledge represents a
pattern that connects and generally provides a high level of predictability as to what is described or what
will happen next. Wisdom embodies more of an understanding of fundamental principles embodied
within the knowledge that are essentially the basis for the knowledge being what it is. Wisdom is

essentially systemic’ [252].

According to Schreiber et al. [253] the definitions of data, information and knowledge are widespread,
as can be seen for example in Rezgui et al. [254], Premkumar et al. [255], Girodon et al. [256] and Roth
et al. [257]. From a philosophical point of view, the term “knowledge” is not as simple or clear-cut to
define as Bolisani & Bratianu [258], among others, have shown, but an epistemological study of the
philosophical basis of knowledge is not relevant in the context of this paper. Rather, the observations
made here are based on the interplay of data, information and knowledge, since there is consensus on
this in the literature [253]. In the literature there is only ‘limited discussion of the nature of wisdom, and
even less discussion of the organizational processes that contribute to the cultivation of wisdom’ [251],
as also confirmed by Liew [259].
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Figure 44: DIKW hierarchy (Data, Information, Knowledge, Wisdom) as described in [251]
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Storing knowledge and making it available is the subject of many studies. The works of Haller [260],
Premkumar et al. [255], Girodon et al. [256], Cheng et al. [261], Wu et al. [262] as well as research on
the topic of “Design Structure Matrices” (DSM) [263,264] are examples of this. A DSM can help clarify
dependencies, connections and interfaces of system elements. The integration of knowledge
management and BIM is the subject of the investigations of Liu et al. [265]. Chassiakos et al. describe

an approach of using a knowledge-based system (KBS) for the maintenance of bridge structures [116].
5.2.2 Engineering design process

Alongside the concept of knowledge, it is important to understand how engineering and the associated
design process works. According to Ertas, design can be investigative, creative, rational (logic-based)
or decision-oriented (value-based) [266]. According to Calkins et al. the design of a product is ‘an
ordered set of steps that are performed to accomplish a task. The design of a product traditionally
proceeds through a series of well-defined stages or phases including:’ [267].

= conceptual design (concept exploration and development)
= preliminary design
= detail design (production design)
The design process of products is a gradual and iterative process within which different participants

solve different tasks and design individual components of the product [215].
5.2.3 KBE

The preceding sections discussed knowledge and the engineering design process independently of one
another and placed them in the context of this study. KBE links the two domains and can be used to
automate the routine parts of the work steps. ‘A prevalent definition of KBE emphasizes “the capture
and systematic reuse of the product and process engineering knowledge” to automate “repetitive and
non-creative design tasks” and to support “multidisciplinary design optimization in all phases of the

design process™ [112,268]. La Rocca states that ‘Knowledge-based engineering (KBE) is a technology
based on the use of dedicated software tools called KBE systems, which are able to capture and
systematically reuse product and process engineering knowledge, with the final goal of reducing the
time and costs of product development’, see also [111]. In contrast to KBS, as used in the context of
KM, KBE applications have the capacity to influence the geometries of a design, see also [111,112].
‘The basic objectives that have to be supported by KBE are: solve a particular design problem using a
KBE application (short-term), and retain the domain knowledge required for solving design problems in

the same domain (long-term) [269].

According to La Rocca and Cooper et al. KBE systems have “generative” and “integrated” modelling
capabilities (see Figure 46), which means that ‘a set of input values is assigned to the parameters that
are used in the product model, the KBE system applies the rules to process the input values and, finally,
the engineered design is generated, with little or no human intervention’ [112]. ‘A generative model

differs from a geometric model, which is a typical output of advanced CAD systems. Where a geometric




model is a model of a designed product with fixed features (dimensions and configuration), a generative
model is a generic representation of the product. The generative model [...] is built on the basis of a

geometric model and is enhanced by the engineering rules that determine its design’ [270].

Inputs Generative model

. Engineerin Outputs
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Figure 46: The generative model of a KBE application takes input specifications, applies relevant rules

and automatically produces an engineered design (based on [112])

KBE systems can either be integrated directly into a design authoring system or be kept separate from

the design authoring system and coupled via interfaces, as shown in Figure 47.

Integrated approach Coupled approach

e T e —
DAS* + Knowledge base ‘ Knowledge base

* Design authoring system

Figure 47: Integrated and coupled approach of KBE and Design authoring system [249]

There are numerous practical examples of the development of KBE applications. These range from KBE
systems in the field of aerospace [271-273] or aerodynamics [269,274], for cost estimation [268,275],
building design [276], building operation [277-279], building analysis [280,281], sustainability [282],
safety planning [94], structural design [246,283] and bridge modelling [114,117,284—286]. Johansson et
al. present an approach to representing the knowledge contained in a KBE application using graph
theory [33,158]. The ability of a KBE system to support decisions is particularly important, as the
investigations of Chen et al. [287], An et al. [288], Egemen & Mohamed [289] and Wang et al. [290]

show.




Garcia & Ip-Shing [269] and Sainter et al. [291] state that long-term problems in development of KBE
systems exist. These are:

e Knowledge loss, due to poor modelling of the applications

o Knowledge loss, due to the development language

o Knowledge misuse, due to incorrect selection of the applications being developed

¢ Increased maintenance costs, due to the lack of standardization of applications, and

o Knowledge underutilization, due to the difficulties in sharing and reusing knowledge.

According to Sainter et al., many of these long-term problems can be mitigated using standardized

development and management methods, languages and frameworks [292].

According to La Rocca [112] and Tripathi [293] KBE systems are also referred to as expert systems.
Tripathi defines the components of a KBE system as follows (see also Figure 48): ‘A rule-based expert
system contains a knowledge base, inference engine, knowledge acquisition, explanation facility and

user interface’ [293].
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Figure 48: Structure of a KBE system according to Tripathi and Singer [284,293]




5.2.4 MOKA

MOKA was developed to reduce the risks and investment costs associated with the development of
KBE systems [111]. The method is a modular system consisting of six steps, as shown in Figure 49.

IDENTIFY

ACTIVATE JUSTIFY

PACKAGE CAPTURE

FORMALIZE

Figure 49: The KBE lifecycle [111]

The contents of the individual steps are described in detail by Stokes. In this paper the focus lies on

“Identify”, “Justify”, “Capture”, “Formalize” and “Package”.

MOKA provides a method for collecting and structuring knowledge from different sources (Capture) and
transferring it step by step into a formal representation (Formalize), so that a KBE application can be
developed from it (Package), as illustrated in Figure 50. The methodology also indirectly supports
communications between the active participants (e.g. expert, knowledge engineer, software developer).
Through its generic approach, the modules of the MOKA process, such as notations or forms of
presentation, can be exchanged or supplemented by equivalent elements if necessary.
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Figure 50: Assessment of the informal and formal model of human readability and computer
processability [111]

MOKA is used in numerous studies as a method for the development of KBE applications. There are
examples in aerospace [294], mechanical engineering [295] and architecture [296,297], and MOKA is
also used in connection with inspection and manufacturing [298-300]. In certain fields of application,
MOKA has gaps, which have been identified in various investigations and closed by domain-specific
extensions, for example for the automated planning of processes as MOKA understands a product
model as a physical object [301,302]. Chan has extended the method to develop simulation workflows
automatically with the help of KBE mechanisms [97]. Skarka has used Protégé to develop knowledge
ontologies based on MOKA, see [270,303]. Due to the use of MOKA in aerospace and mechanical
engineering, Dassault CATIA is often used as a software package for developing KBE applications using
MOKA, see [270,304,305].

Sandberg has examined literature in the field of KBE, MOKA and construction and concluded that while
individual MOKA phases are adopted, concrete details on their implementation are usually lacking: “[...]
Design automation research focuses too much on the application itself rather than describing the way
the application was developed” [306]. Among other things, the definition of acceptance criteria for the
successful implementation of a KBE application is criticized. With the help of acceptance criteria the

success or failure of the KBE application shall be judged [111].

The literature research revealed that the MOKA method is often used to develop KBE applications, but
the examples were predominantly hard-coded “black box” solutions. MOKA aims to minimize the
language barriers between Experts, Knowledge Engineers and Software Developers, but MOKA
focusses only up to the formal model and describes these steps detailed. The package and activation
step is not in focus of MOKA [111].

For the present study, the advantages of the basic principles (collecting and structuring knowledge) of
MOKA outweigh the disadvantages (need for domain-specific extensions). The literature research

shows that MOKA is generic and extensible, which means that the disadvantages of pure MOKA are




manageable. MOKA is therefore elected to be used but instead of developing a “black box” solution, an
approach based on a graphical notation is employed, as described in the next section.

5.2.5 BPMN and DMN

A primary objective of the MOKA method is the creation of the formal model, consisting of a product and
activity model. Stokes recommends the Unified Modeling Language (UML) for the development of
product models and the corresponding UML activity diagrams for the design process model [111]. The
focus of this research lies on the presentation of the design process model. MOKA does not detail the
transfer of the formal model into an executable KBE application in any detail and only recommends
converting the formal model into a neutral data format such as Extensible Markup Language (XML) to
standardize the transformation process. In contrast to the MOKA recommendation, this study instead

looks at how BPMN can be used in place of UML activity diagrams.

‘An activity diagram is a UML behavior diagram which shows flow of control or object flow with emphasis
on the sequence and conditions of the flow. The actions coordinated by activity models can be initiated
by other actions finishing execution, by objects and data becoming available, or by the occurrence of

some event external to the flow' [307].

Alongside the UML activity diagrams, workflows can also be formally represented with the help of the
BPMN. BPMN is an international standard (ISO/IEC 19510) that is maintained by the Object
Management Group [208]. Recker et al. describe BPMN as a [...] structured, coherent and consistent
way of understanding, documenting, modeling, analyzing, simulating, executing, and continuously
changing end-to-end business processes and all involved resources in light of their contribution to
business performance’ [209]. ‘BPMN gained popularity because it is a standardized graphical notation,
adopted by the Object Management Group (OMG), and it is easy to understand, also for non-IT experts.
Since version 2.0, BPMN also includes execution semantics and a standardized XML-based syntax’
[97].

Chan compares various process modelling languages and evaluates them in the categories ‘graphical
notation’, ‘designed for execution’, ‘standardized’, ‘widely adopted’ and ‘easy to use’ (see also Table 24).
Chan'’s results show that BPMN is better suited than UML activity diagrams due to the ability to make
workflows executable with the help of a corresponding workflow engine. A workflow engine ‘performs
the process step by step in accordance with the modelled logic and can react to events during runtime
as well as trigger events itself. Such an event might be a data input by the user, the calculation of
mathematical formulae, a decision resulting from an if-then condition, or the execution of text-based
source code. By virtue of its ability to automate the developed processes by means of a workflow engine,
BPMN can be classified as belonging to the category of visual programming languages’ [244]. In practice,
however, Chan only uses BPMN for visualizing the workflow but does not make it executable.




Table 24: Trade-off of various workflow modelling languages; score: 2 plus points (++), 1 plus point
(+), no point (0), 1 minus point (-), 2 minus points (--) [97].

Criteria Weight UML BPMN
Graphical notation 1 ++ ++
Designed for execution 1 +
Standardized 1 ++ T+
Widely adopted 1 ++ ++
Easy to use 1 + +
Score Max: 10 6 8

BPMN can be used in many ways. Recker states that “classical” process management applications
such as documentation, redesign, continuous improvement and knowledge management dominate the
application areas of BPMN, while more technical application areas such as software development,
workflow management or process simulation are not (yet) widespread’ [222]. In the AEC industry, BPMN
is used for the development of IDMs [211,214,215], which is also recommended by [213]. Alreshidi
combined UML diagrams with BPMN workflows to develop a cloud platform [212]. Dimyadi et al. and
HauRler et al. used BPMN with corresponding workflow engines to verify building data models in the

context of code compliance checking [105-107,244].

It is specifically the executability of BPNM workflows that set them apart from other methods, as
Borrmann et al. confirm: ‘In particular, the option to use BPMN in the context of workflow management
systems as an implementation language [...] is an important criterion for use in construction projects’
[217]. ‘The most frequently used BPMN elements for representing business processes in the AEC
industry were sequence flow, pool, lane, task/activity (exclusive), gateway, and message flow, which
are all basic BPMN modelling elements’ [216]. A graphical representation of the individual elements is

shown in Figure 51.
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Figure 51: Proposal for an ‘Essential Subset’ of BPMN for IDM Development, based on [216].

As discussed in Section 2.3, KBE applications must have the capacity to support decisions or even
make decisions independently. To this end, DMN augments BPMN. ‘The primary goal of DMN is to
provide a common notation that is readily understandable by all business users, from the business
analysts needing to create initial decision requirements and then more detailed decision models, to the
technical developers responsible for automating the decisions in processes, and finally, to the business
people who will manage and monitor those decisions. DMN creates a standardized bridge for the gap
between the business decision design and decision implementation. DMN notation is designed to be
usable alongside the standard BPMN business process notation’ [225]. With the help of Decision
Engines (comparable with Workflow Engines) DMN decision tables can be made executable. Through
the integration of DMN decision tables in BPMN workflows, decision paths can be incorporated directly

into the workflow engine, see also [244].

With the help of BPMN and DMN, knowledge, processes and associated decision paths can be
represented graphically and thus made more readily understandable than in text-based languages. The
special feature of both notations compared to UML is their executability. Compared to MOKA, where the
formal model, once complete, has to be manually translated into a specific KBE language by a software
engineer, BPMN and DMN do not require any further translation or transformation into text-based code.
Instead, the graphical notation can be used directly to develop the informal model in order to visualize
process sequences. In the course of developing the formal model, and ultimately also the KBE
application itself, the first draft can be developed further without having to switch between different forms
of presentation.




5.2.6 Designing in track construction

The aim of this study is to automate design steps in the field of rail infrastructure design with the help of
KBE. The focus lies on design of new buildings. According to Borrmann et al., a fundamental distinction
must be made between explicit and implicit modelling when creating three-dimensional models. ‘Explicit
modelling, [...] describes a volume in terms of its surface [...]. Implicit modelling by contrast employs a
sequence of construction steps to describe a volumetric body, and is therefore commonly termed a
procedural approach’ [62]. Of particular relevance for this study is parametric modelling, which Borrmann
et al. describes as a possible implicit approach. ‘Feature-based parametric CAD is currently the industry
standard technology to create geometric models and assemblies, and is widely used across many
engineering fields’ [63]. The importance of parametric modelling is also described by Tang et al. [308],
Brown et al. [309] and Zou & Feng [247].

For this research the term “design authoring system” is used as a synonym for software which provides
capabilities for the object-oriented and parametric design of geometric models in context of railway
infrastructure facilities. The term BIM is used as a synonym for the object-oriented workflow during the
building lifecycle, it is not considered as a specific software product. The tools used for this research are
presented in Section 5.3.5.

The definition of the parametric 3D-model in software products like Civil 3D [34], OpenRail Designer
[35], card_1 [36], Vestra Rail [37], ProVI [38] or Ferrovia [39] is managed with the help of a ‘drawing-
oriented view — split into site plan, cross-section and elevation [see also Figure 52]. This type of model
is referred to as an implicit geometry description. With implicit models, the governing design parameters
become significantly more accessible than with explicit models’ [176]. The description of the design of

railway infrastructure in the underlying guidelines is predominantly parameter-oriented [244].
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Figure 52: Comparison of implicit and volumetric 3D models: while implicit models (drawing-oriented
view) are used during the design process (parametric modeling), explicit models are used in the
context of BIM-based analysis [176].

‘The procedural approach provides the user of the system with the possibility to easily modify an existing
model by going back in the construction history and adapting the corresponding parameter [...]" [32].
This is a particular advantage in the context of KBE. For the automation of design steps, the use of a

design authoring system which supports the parametric modeling approach is indispensable, as this




offers the greatest degree of freedom compared to other modelling philosophies, especially explicit
modelling.

5.3 Methodology

In this paper, a KBE application is developed based on the BPMN and DMN notations standardized by
the OMG. The intention is to minimize the break that arises when developing an informal model into a
finished KBE application using the MOKA method. BPMN and DMN are used not just to represent
technical knowledge but also process flows graphically, making them transparent for those involved in
development as well as for later users. The ability to make BPMN and DMN executable using a workflow

engine makes this approach interesting for the development of KBE applications.

This section describes the following steps of the MOKA method: Identify, Justify, Capture, Formalize

and Package.
5.3.1 Identify

This paper focuses on the development of a KBE application to support the design of new buildings
along railway infrastructure. The suitability of BPMN and DMN for representing guidelines in the railway
design section was discussed in earlier work by HauRler et al. which concluded that up to 68 % of the
examined rules can be digitally mapped using BPMN and DMN. A commercially available Design
authoring system was used, and the KBE application aims to support the work steps of an engineer

using this specialist software.
The following key sources of knowledge can be identified:

e Expert knowledge (human sources)
e Contents of guidelines (documents)
e Requirements and modes of operation of the computer application (computer files)

The classified objectives for the development of a KBE system are as follows:

e The structure of a KBE system is fulfilled (very important)

e Use of a graphical notation to provide transparency (very important)

e Use of a standardized development language (very important)

e Combination of different knowledge sources is possible (important)

e Combination with commercially available Design authoring systems, the KBE system generates
parameters for Design authoring system which is done usually by users (important)

e The KBE system decreases design time and ensures design quality (important)




5.3.2 Justify

The lack of universal definitions for acceptance criteria has been criticized in the literature, most notably
by Sandberg. Stokes recommends the definition of (acceptance) criteria to verify the success or failure
of KBE systems. As a result, criteria are compiled and clustered for the successful implementation of
KBE applications in the course of literature research. These were then used to evaluate the approach
of a BPMN and DMN-based KBE system developed in this study. Taking the objectives of this work into
account not all criteria are necessarily equally important, the criteria were additionally weighted. The
criteria which meet the very important objectives are weighted three times, the important ones two times

and the one which are non-important compared to the objectives are weighted with one.

The criteria, their weighting, the corresponding sources, comments and evaluation result are shown in

Table 25. The evaluation was carried out as follows:

e Requirement not fulfilled “--" (2 minus points)

“

e Requirement is not sufficiently met “-” (1 minus point)
¢ Requirementis largely met “+” (1 plus point)

¢ Requirement is fully met “++” (2 plus points)

Table 25: Criteria for the successful integration of BPMN and DMN into KBE development

Criteria Source Note Evalua | Weighti

tion ng

System configuration

Separate knowledge base [112,271] BPMN and DMN + 3

Separate reasoning [112,271,284,293] W orkflow engine + 3

mechanism/ inference engine

Provides user interface [284,293] Graphical representation ++ 3
and possibility to interact
with webpages via

interfaces

Provides explanation facility [284,293] Graphical notation and ++ 3

reporting of process steps

is possible
Capability to capture, [271,284,293,310,311] Process knowledge with ++ 3
formalize and provide BPMN, decision support

knowledge with DMN




Criteria Source Note Evalua | Weighti
tion ng
Supported Features
Support of different rules types | [112]
) [112] Possible: JavaScript and ++ 2
- logic rules
java available
[112] Possible: JavaScript and ++ 2
- math rules
java available
[112] The parametric rules of - 1
- geometry
. . the Design authoring
manipulation rules
. system cannot be
(parametric rules)
manipulated, since the
KBE system is not
integrated. The geometric
rules have to be
developed in the coupled
KBE system.
. . [112] ++ 2
- configuration
selection rules (or
topology rules;
combination of
mathematical and
logic rules)
o [112] Possible, but interfaces + 2
- communication rules
) have to be implemented
(interfaces)
ReconFigure rules and outputs | [310] Possible, but only - 1
based on new inputs manually
Derive new rules automatically | [310] -- 1
from old rules based on input
changes
Intelligently control rule [310] ++ 1
sequencing and execution
Provides a mediating [311] Graphical notation ++ 3

language between experts,
knowledge engineers and
software developers, simple
yet expressive and preferably

graphical




Criteria Source Note Evalua | Weighti
tion ng

Expert/end user involvement [271] + 2
User extensible and [311] + 1
customizable
Formal enough to support [311] BPMN and DMN are ++ 3
code generation developed to be

executable
Allow models to be organized [311] + 1
according to local style
Automate processes in a [310] Is possible using workflow ++ 2
product development lifecycle engine
Verify designs against [310] Verification is limited to - 1
standards the designed process, no

additional checks are

executed automatically
Handle new known and [310] Unknown problems - 1
unknown problems cannot be solved
Provide high level commands [310] Due to the representation ++ 1
that invoke a number of sub- of workflows, it is possible
processes to invoke tasks and sub-

processes
Adequate definition of [111] ++ 3
activities
Benefits of KBE
Decrease time and costs for [111,128,271,272,310] ++ 2
new product development
Improve quality of design [271,272,310] + 2
analysis, decisions and ensure
consistent quality of outputs
Documentation
Personalization and [271] Graphical representation + 1

codification of knowledge,
“learning by doing” (the
knowledge must be
personalized: it must be

geared towards the end

makes it possible to
convey knowledge to the
end user in an
understandable manner. It

is also possible to update




Criteria Source Note Evalua | Weighti

tion ng

user(s), who must be able to the knowledge easily. It is
retrieve, understand and if not possible for the
necessary, update the system to update
knowledge used for design knowledge automatically.
and analysis)

Users can inspect the steps in | [271] ++ 3
the design or analysis
process, and can see the
associated knowledge through
the related knowledge

component(s)

Consistency of representation [1171] ++ 2

Methodology worthy becoming | [111] BPMN and DMN are ++ 3

a standard already standards

Provision of case reports [111,271] Standardized reports have + 1
(input, output and used to be implemented in the

knowledge is listed) system

Goes beyond “black box” [271,312] ++ 2
processes and applications by
supporting categorization,
accessibility, traceability and
subsequent sourcing of

knowledge

A total of 31 evaluation criteria were identified in the course of literature research and have been applied
to evaluate the approach tested in this paper. Comparing the evaluated score of 36 points against the
maximum achievable score of 62 points, the approach discussed in this paper fulfils 58% of the
requirements that are not weighted against each other. Taking into account the weighting of the criteria
applied for this study, the BPMN/DMN approach in this study fulfils 73 % of the requirements, which can

be considered a good value due to the large number of different requirements.
5.3.3 Capture

‘The capture step involves the collection of raw knowledge and transforms it into the first level of MOKA
representation — the Informal Model’ [111]. After the sources of knowledge have been identified (see
Section 5.3.1), the knowledge they contain must be compiled, analyzed and put into context. According
to Roth et al. there are different types of knowledge. As described by Tripathi [293] knowledge can be




collected using various methods, for example using interview techniques, through text analyses,

observation techniques and review techniques.

The types of knowledge were systematically examined with the help of interviews. Table 26 shows the
structure of the interviews conducted on the respective knowledge types. Open, unstructured interviews
were conducted with domain experts, but also with the software developers of the selected design

authoring system. The suitability criteria of the domain experts are described in Section 5.4.2.

In addition to the results of the interviews, the interviewees provided additional documents that can be

considered as further sources of knowledge.

Table 26: Structure of interviews and knowledge sources

Type of knowledge Interview Additional documents/tools
Practical Specialized Methodical Domain Expert
knowledge knowledge Software Descriptions concerning Design authoring
(‘Know- developer system, Design authoring system
how’) Normative (‘know-why’) | Domain expert Deutsche Bahn AG Guidelines
Factual (‘know-what’) Domain expert Deutsche Bahn AG Guidelines
Experience knowledge Domain expert -
Operational knowledge Software Descriptions concerning Design authoring
developer system, Design authoring system

The objective of the interviews with experts was to gather existing technical knowledge for the proposed
KBE application. This includes methodological, normative and fact-based knowledge, but also
knowledge from experience gained. No pre-existing documents could be provided for methodological
knowledge as well as knowledge from experience. In order to make existing knowledge usable for the
present study, a scenario for a designing task was developed and the experts were asked to explain the
processing and solution path of this step by step. This explanation served as the basis for a first version
of a BPMN diagram.

The interviews with the software developers served to understand the software used. They provided
insights into the methodical procedure during modelling, but also into the interfacing requirements for
connecting the design authoring system to the proposed KBE application (operational knowledge).

The documents made available were then screened and analyzed, and the designing tasks to be solved
with the help of KBE were extracted and grouped into knowledge types. Most of the guidelines examined
describe the “know-why” and “know-what” while the documents for the Design authoring system

describe the operational knowledge.

Based on the steps performed, one can state that the design of railway infrastructure and its associated

structures is very strongly parameter-oriented and that numerous geometric dependencies (vertical




distance, horizontal distance, height, length, etc.) exist between the individual component and/structures,
see also [244]. The most important basis for the design is the alignment, which serves as the defining
element for all associated structures. To determine the dependencies between components and
assemblies, DSM were developed in conjunction with the experts.

An essential aspect for structuring the collected knowledge is the so-called ICARE forms (lllustrations,
Constraints, Activities, Rules and Entities) in MOKA (see Figure 53). These can be used to represent
the informal model. All the information for proceeding forward towards the KBE application is thus
available. In the study, special attention is paid to how the Design authoring system and the KBE system

can be connected and which inputs and outputs are understood or will be generated.

Form Rule

Name

Reference
Objective
Context, information, validity

Description

Related activities

Linked rules

Linked constraints

Related entities

Related illustrations

Information origin

Author MH
Date 15.05.2020
Version number [1.0

Management

Status Final

Figure 53: An (empty) example of a rule form containing, for example, general information (hame,

reference number), rule description, and links to other ICARE forms
5.3.4 Formalize

MOKA distinguishes in the formal model between “Product Model” and “Design Process Model”. These
are derived from the ICARE forms and both are intended to be represented with the help of UML
diagrams. This means, however, that in the next “Package” step, the newly created formal model has
to be translated into a KBE language because UML is not developed for direct execution. The Design
authoring system used is already a domain-specific specialist application. The UML diagrams serves to
visualize the underlying product model and as a basis from which to develop the KBE application. This
study, however, focuses on automating the design steps, which can be represented by a “Design
Process Model”. This is created by the expert in the “Capture” phase and used and developed to support
the transformation process from the informal to the formal model as well as to be transparent for the

experts involved. To develop the process model, the contents of the ICARE forms are systematically




transferred into BPMN and DMN. In a first step, the Activity forms are evaluated in combination with the
created workflow diagrams. These contain links to the Rule and Entity forms. This procedure has been
corroborated by Stokes [111].

In the course of the expert interviews, numerous references to directives in the railway design sector
were communicated. The requirements were documented and recorded in the ICARE forms. For the
most part, these guidelines are only available in human-readable form and the requirements are
presented in various forms, e.g. continuous text, graphics, tables and formulae, see also [98,244]. To
translate them into a machine-readable language, the RASE syntax (Requirement, Applies, Select,
Exception) was used. This has been described comprehensively by Hjelseth & Nisbet [90] and Hauller
et al. also used it to translate the corresponding guidelines. This process has been adapted in the
present study using the BPMN elements script task, parallel and exclusive gateway, sequence flows
and DMN tasks. Sub-processes are used to visually summarize related activities. As far as multiple but
similar activities are included, the sub-processes are designed so that they can be executed several

times with the help of loop criteria.

Since the focus is the automation of the design process, it is important to depict not just the technical
content of the knowledge sources, but also the methodical approach of the experts and the necessary
procedure within the Design authoring system through the BPMN diagrams. An example BPMN diagram

is shown in Figure 54.
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Figure 54: BPMN-Process in the context of code compliance checking [244]

The A (Activities) and R (Rules) forms contain appropriate information. The main objective of the KBE
application is to process data from upstream processes in such a way that new data is generated through
the execution of the KBE application which can then made available to subsequent processes (see
Figure 46). As the aim is to support the user, the interface of the KBE application has been kept to a
minimum so that only native data of the Design authoring system is used. Although the interfaces are
defined during the formalization process, they are not developed. This is the content of the “Package”

step.




The resulting “Design Process Model” was then shown to the experts for joint verification of correctness
(see Section 5.4.3).

The advantage here is that no further steps are required to translate the created workflows and decision
tables into a neutral data format such as XML, as these are already saved as XML data. As such, this

step from MOKA is not required.
5.3.5 Package

In the “Package” step, the formal model is usually translated by a software developer into the
programming language of the target platform. Ideally, the formal model saved as XML is used as a basis.
Since BPMN and DMN are already designed as executable languages and are stored in XML format,
no further translation is required. The package step is therefore used to test the functionality and
interaction of the applications used. In particular, the definition of variables is validated and adjusted if

necessary.

In addition, a web-based user interface was developed as a direct connection to the KBE system along

with the necessary interfaces to the Design authoring system.

The individual components of a KBE application were described earlier in Section 5.2.3. In our case, the

following software components were used (see also Figure 55):

Knowledge base: Camunda Modeler [241]
Inference engine: Camunda Community Platform (workflow engine) [241]
Explanation facility: Web services — webpage and Camunda Community Platform [241]

User interface: ProVI 6.2 [38] and webpage (interface to KBE system)

3D-Modeler knowledge base

Prov/-* O

% Rest API l

workflow engine

KBE-System

native data

>

User Interface

front end

Web service

Figure 55: Software configuration

The communication between the user interface and the KBE system running on a server is facilitated
by a Rest API.




5.4 Case study: The design of noise barriers

5.4.1 Identify and justify

A key aspect in the design of railway facilities is to reduce the noise produced by rail traffic [313,314],
for example by erecting noise barriers alongside railway lines. The construction and the individual
components of noise barriers are highly standardized, which lends itself towards automation of the
design process. The KBE application proposed here as a case study is intended to support the
geometric design of a noise barrier by automating the steps that are carried out manually. Existing
automation steps already available in specialist applications do not need to be replicated. For example,
the specialist app already models the noise barrier as a parametric model so that the KBE application
only needs to determine the required input parameters. The KBE applications should nevertheless be
generic enough so that different variants of the same noise barrier can be generated, but also different

noise barriers for different projects and project areas.

The software configuration has already been described in Section 5.3.5, and the acceptance criteria for
this study were evaluated in Section 5.3.2. The evaluation discussed there applies unchanged for the

specific task at hand.
5.4.2 Capture

For knowledge acquisition, five domain experts from different companies were consulted in order to
ensure a cross-company approach. The domain experts have more than 5 years of professional
experience and are classified as senior engineers in their companies. In addition, a software developer

of the Design authoring system employed was interviewed for the capture phase.

The interviews took between two and three hours per domain expert (only one expert per interview).
The experts were asked to explain their design workflow without any interposed question first to get an
unaffected description. The experts described the constraints in design, used input data and desired
outcome. All of the experts use the same Design authoring system and expressed that no comparable
system for the design of noise barriers is known to them. The parametric logic of a noise barrier was
described as well as the interdependency to other facilities along railway tracks. In a second step, the
idea of a KBE system was introduced by the knowledge engineer and the experts were asked which
part of the design process is worth to automate. The experts provided different documents concerning
the design of noise barriers. For this study the same Design authoring system was used as the one
indicated by the domain experts. The interview with the software developer focused on the operation of
the Design authoring system, provided interfaces were discussed as well as possible extensions for the

software.

Based on the interviews, the relevant guidelines were reviewed.




Various disciplines are involved in the design of a noise barrier, such as sound calculations, structural
analysis and geometric design. The interviews showed that the result of noise calculations is a key input
variable for the geometric design of noise barriers. The calculation is carried out by environmental
engineers using specialized software and essentially provides information on the height and length of a
noise barrier. The structural analysis is a downstream process for the geometric design of the noise
barrier and is carried out by structural engineers. The aim of the test case outlined here is to support the

design engineers in the routine tasks of geometric design.

The main results of the knowledge acquisition are summarized below. A noise barrier consists of four
main components: post (1), wall element (2), base (3) and foundation (4), as shown in Figure 56. In
addition, the noise barrier is dependent on various input variables. The distance from the front edge of
the noise barrier relates to the alignment of the track as set out in Deutsche Bahn guideline 800.0130
[240]. An explanation is given in Section 5.4.3.2.
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Figure 56: Design of a noise barrier

Various structures exist along railway tracks that influence the design of noise barriers. These include
drainage, underground cable conduits, overhead line systems and components for signaling and
safety technology, as shown in Figure 57 situation 1. These can obstruct the continuous construction
of a noise barrier parallel to the track (Figure 57 situation 2). Table 27 shows the interdependencies at
the level of the installation in the form of a DSM. For all the subsections considered, the alignment
therefore serves as an input variable, and for the noise barrier in particular, the subsections listed are
likewise input variables. The design of a noise barrier must therefore be able to respond flexibly to
other subsections by means of so-called by-passes that avoid collisions with installations from other
subsections. Figure 57 situation 3 shows how that noise barrier steps back to avoid colliding with a

catenary mast and manhole.




Knowledge-Based Engineering in the context of railway designs by integrating BIM, BPMN, DMN and
the methodology for knowledge-based engineering applications (MOKA)

NG XN

Figure 57: Railway track model; situation 1 — railway with associated installations; situation 2 — railway

with installations and a parallel noise barrier; situation 3 — with installations and noise barrier by-pass.

Table 27: DSM for noise barriers

Output

noise cable
alignment | barrier | catenary | signaling | drainage | system

alignment X X X X

noise barrier

catenary

Input

signaling

drainage

cable system

The Design authoring system can work with parametric model data in software-specific formats for
alignment as well as for the installation of overhead line and drainage systems. For formalizing the
informal model, the approach discussed here is limited to the consideration of catenary masts and
manholes.

A methodical description of the procedure was developed in cooperation with the experts as a draft
BPMN workflow shown in Figure 58. The design engineer begins by evaluating the route alignment,
checking the constraint points and the distance of the noise barrier from the parallel track lines. In a
second step, the engineer checks the structural data of the influencing subsections (here: overhead line
and drainage), determines the positions of the overhead line masts and manholes, and plans any
necessary by-passes at these points. Since these work steps have to be carried out repeatedly for
numerous instances of these objects, the tasks must be conceived as a loop.
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Figure 58: BPMN workflow of the design process of a noise barrier, created by an expert

This workflow serves as a basis for the Activity forms, of which the “distance of a noise barrier” is shown
in Table 28 by way of example. In this study, the combination of standardized forms and the process-
related representation using BPMN proved to be helpful as a means of facilitating communication
between the participants.




Table 28: Example of MOKA activity form, definition of noise barrier distance

——

5.4.3 Formalize

The ICARE forms created above, along with the outline workflow are developed in greater detail in the
MOKA “Formalize” step. First, the product model is designed as a UML diagram. Two sub-processes
are derived from the workflow, both of which are based on the alignment data of the project, but can
also be viewed one after the other, as per the methodical procedure of the experts as well as within the
Design authoring system. The sub-processes “Determining the distance” and “Defining the by-passes”
are described in the following sections.




5.4.3.1 Product model

The product model of a noise barrier was developed as a UML diagram, shown in Figure 59. The UML
diagram shows the structural design of a noise barrier and its individual components (as per Figure 56)
and assigns attributes to the classes that need to be considered when designing a noise barrier. To
clarify the origin of the data, the attributes are given a color. In this paper, the focus lies on the

components relevant for the geometric design and their parameters, which are shown in red.

<<Product>>
- noise barrier
| alignment |
+length 4| sound calculation |
| track equipment | +heigth
+ getResults SoundCalculation() 4| structural analysis |
+ getResults StructuralAnalysis()
+ setGeometricDesign()
<<Assembly>> <<Assembly>> <<Assembly>> <<Assembly>>
wall element pole foundation socket
+length +ype +type +length
+heigth +ength +length +height
+distanceToTrack +diameter
<<Fictional Assembly>>
by-pass
<> +type <>
+lengthFrontSide
+lengthBackSide =
+offset

Figure 59: UML diagram of a noise barrier. Sound calculation (purple) and structural analysis (green)
are inputs for the geometric design (red). The blue attributes are calculated by the Design authoring

system automatically, and the red attributes by the KBE application.




5.4.3.2 Design process model: Definition of distance to track

The most important input variable for determining the distance of a noise barrier to the track is the track
alignment. The relevant reference object for determining the position is the axis which is comprised of

straight line, circular arc and transition curve segments as shown in Figure 60.

Figure 60: Different types of segments along a horizontal alignment: straight elements in black,

transition curves in red, circular arc in green (after an original in [315])

Directive 800.0130 Annex 07 defines the necessary distance between noise barriers and track alignment
axes, and this has already been recorded as a Rule form in the informal model. The table contained in
the directive is evaluated as a decision table based on its structure and the clear definition of input and

output variables, which makes it possible to formalize it as a DMN decision table shown in Table 29.




Table 29: Decision table for the distance between a noise barrier and alignment axis

Input Output
Cant Number of Pace Side of arc Distance
tracks

[mm] [km/h] [-] [m]
[0..160] 1 <= 160 - 3.3
[0..160] 1 > 160 - 3.8
[0..160] 2 <= 160 inside 33
[0..20] 2 <= 160 outside 33
[25 .. 50] 2 <= 160 outside 34
[55 .. 100] 2 <= 160 outside 3.55
[105 .. 160] 2 <= 160 outside 3.7
[0..160] 2 > 160 inside 3.8
[0..20] 2 > 160 outside 3.8
[25 .. 50] 2 > 160 outside 3.9
[55 .. 100] 2 > 160 outside 4.0
[105 .. 160] 2 > 160 outside 4.2

This was used as basis for checking the design input data, e.g. to determine if the necessary input
variables have been provided. The alignment data includes information on the cant and speed of the
axis elements, but the number of tracks can only be specified by the user as there are no other data
sources for this. A corresponding input interface was developed as part of the subsequent “Package”
step. By using the Activity and Rule forms as well as the decision table, it became clear that a further
key variable for automating the execution of the decision table was the position of the noise barrier in
relation to the axis, e.g. on which side of the arc the noise barrier lies (left or right of the track). This, too,
must be defined by the user. Figure 61 shows the possible situations. A special case in this context are
straight sections of track: these have no curvature and are thus not explicitly detailed in the guidelines.
The interviews with experts revealed that these are typically treated as “inside arcs”. As the route
alignment data also contains information on the direction of curvature, the following distinction can be

made:

o Radius < 0 — left curved
¢ Radius > 0 — right curved

e Radius = 0 — not curved
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Figure 61: Relation of noise barrier (red, broken line) to arc element (black, continuous line)
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These decision processes can be mapped using BPMN as shown in Figure 62, where the numbers
correspond to the different situations shown in Figure 61. The DMN task “Define necessary distance”
represents the decision table shown in Table 29 as a BPMN node.
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Figure 62: Workflow for defining the necessary distance at each alignment element
5.4.3.3 Design process model: Definition of by-pass parameters

Alongside determining the distance between the noise barrier and the track alignment axis, the “Capture”
phase and the DSM also made it clear that design of noise barriers is subordinate to other subsections
such as the design of overhead lines or drainage. These must therefore also serve as input variables
for the design of the noise barrier. The next step in the design of noise barriers is therefore to ensure it
does not collide with existing installations along the railway line.

The logic of drainage systems means that the data provided by the Design authoring system includes
the entire sewer network. Manholes do not necessarily have to collide with the noise barrier. The same
also applies to catenary masts for overhead line design. The masts and drainage elements can be
positioned on either side of the track and in some cases may not clash with the noise barrier at all. The
first step is, therefore, to filter out only those objects that may influence the course of the noise barrier,
i.e. those elements located on the same side of the tracks as the noise barrier (see Figure 63).
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Figure 63: Sketch of a noise barrier with by-passes. Four situations are shown: 1) without obstacle, 2)

collision with a manhole, 3) collision with a mast, 4) by-pass around several obstructions.

The next step is to check which of the filtered objects actually influence the design of the noise barrier
and to what extent. The Design authoring system can provide the following parameters on manholes

and catenary mast objects:

o Object type

e Station on the track

e Distance of the center of the object to the track

e Dimensions of the object (height, length, width, diameter etc.)
The objects are initially considered independently of each other and it is assumed that each of the
objects will result in a single by-pass segment in the noise barrier. The aim of the automation is to
determine the length of the respective by-pass around the objects encountered. Catenary masts restrict
the space available next to the tracks. The interviews with experts revealed that space must be left for
the safe passage of maintenance personnel next to the tracks. The process must therefore determine
whether the space between the mast and tracks is sufficient or whether service staff will need to pass
behind the mast (see Figure 63 situation 3). This can be determined with the help of a simple decision
table (see Table 30) and requires only the “distance between track and the front edge of the catenary
mast” as an input value. If this value is less than 3.3 m, the distance between the rear edge of the mast
and the noise barrier must be at least 0.8 m, otherwise 0.5 m (the dimension “x” in Figure 63 situation 3).
In the case of the manhole, this is not relevant for the staff maintenance route as the manhole cover is
at ground level and does not obstruct the path passing over it (see Figure 63 situation 2). Section 5.4.3.2
describes how the distance of the noise barrier to the track axis is determined (Figure 63 situation 1).
This is in relation to the main elements of the underlying track alignment. In addition to the determined
position of the individual relevant objects and the regulatory information on the space to be kept free,
the distances from the axis to the front edge of the noise barrier is calculated at each catenary mast or




manhole using the same logic as described in Section 5.4.3.2. With this information, the necessary offset
of the noise barrier around manholes and catenary masts can be determined. The corresponding section
of the BPMN workflow is shown in Figure 64.
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Figure 64: BPMN diagram for the design of by-passes part I: Filter relevant objects, minimum distance
and offset of noise barrier at every object

Table 30: Decision table for the definition of ‘x’ as necessary distance between foundation and wall

Input

Output

Distance track to foundation

Distance foundation to wall ‘x’

[m] [m]
<3.3 0.8
23.3 0.5

Using the steps described, the data available from the implicit model was used to generate information
and knowledge for the course of the noise barrier. The assumption up to now has been that each
manhole or mast will result in an independent bypass. The next step is to determine whether several
small by-passes can be combined to form a single larger by-pass (Figure 63 situation 4), for example
because geometrically expedient or for cost reasons. To this end, an additional script task was
integrated into the process to identify the spatial proximity of different objects. This script task checks
the distance between objects based on a maximum distance specified by the user. By varying this input
variable, different variants of the same noise barrier can be generated. The requisite operators for this
were combined in a single task to avoid a complex and incomprehensible BPMN diagram. Preidel calls
this form of representation the “atomic method” [4]. Once close-by objects — i.e. objects that can be
combined in a single by-pass — have been identified, the actual parameters of the by-pass can be

determined in an independent sub-process. First, the mid-point of the by-pass is determined from the




minimum and maximum station of the objects to be considered. Based on whether closed or open by-
passes are to be designed (a user-specified input), additional parameters are determined for “length
front” and “length rear”. This enables the user to consider further variants. The corresponding section of
the BPMN workflow is shown in Figure 65.
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Figure 65: BPMN diagram for by-pass design Part /I: Filter “close-by” objects, parameters of by-pass

The result of this process provides the parameters necessary for the design of by-passes. For this
purpose, input data was processed, and new data, information and knowledge was generated. Data

required for the Design authoring system can also be passed to it via corresponding interfaces.

Although in MOKA, the “Capture” and “Formalize” phases follow each other, the authors found that
guestions arising in the course of formalization can make it necessary to repeat individual steps of the

capture phase. The authors therefore see these phases as being iterative.
5.4.4 Package

With the help of BPMN and DMN, the knowledge identified in the “Capture” phase could be digitally
mapped in the “Formalize” phase. In this final step, automated systems need to be developed to extract
relevant data from the underlying design input data, which is available as tabular data in text files. Since
both the Design authoring system and the KBE system have a web interface, the programming language

JavaScript can be used for data extraction. As the workflow engine can also interpret JavaScript, the




entire KBE application has a consistent programming language. The web-based user interface is shown

in Figure 66.

The user must first select the data sets to be evaluated and then define boundary conditions applicable
to the process, such as the number of tracks, and on which side of the tracks the noise barrier is needed,
as described earlier. The website allows the user to choose using simple select dropdowns. The BPMN

process is also shown.
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Figure 66: Web-based user interface for choosing the data to submit to the KBE system (server-side)
and setting additional user inputs via dropdowns (red). The BPNM process diagram is also displayed

to the user (blue).

In addition, the generated process diagrams are extended in the “Package” step so that they can be
executed by the workflow engine used. The variable definitions made need to be checked and adapted
if necessary, and the generated data for passing back to the Design authoring system must be converted
into the required Comma-separated values format (CSV). For each station (one line per axis element or
by-pass) the corresponding parameters are arranged in a pre-defined column sequence. This data can
be downloaded from the server by the user and imported back into the Design authoring system. Due
to the lack of an API, it is not possible to connect the Design authoring system directly to the KBE

application.

Over the course of developing the executable KBE application, one can also see that the “Formalize”

and “Package” phases are also closely related and influence each other. This is primarily because using




BPMN and DMN makes it possible to produce a consistent logic with an executable language so that
the conditions for successful execution can already by determined during the “Formalize” phase. The
interaction between the different phases is a positive characteristic in the authors’ view. Figure 67 shows

the interrelationships of the “Capture”, “Formalize” and “Package” phases of the MOKA method in the

case study project.
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Figure 67: Relationships between the MOKA phases in the case study

5.4.5 Results

In this study, the aim was to use a uniform presentation form for the activity diagrams from the “Capture”
to “Package” phases. As BPMN workflows in combination with DMN decision tables can be made
executable by means of a workflow engine, this approach could be used for these phases of this study.
The acceptance criteria outlined for this study in Section 5.3.2 were evaluated for the method used. One
of the most important challenges in connection with KBE is that the automation of routine tasks should
reduce the processing time and, in turn, production costs. To quantify these results, the processing
times for the semi-automated (by using functionalities of the Design authoring system) design of a noise
barrier were compared with the KBE-based approach. To determine the time required for semi-
automated design, we assumed the user would use the same Design authoring system used in the KBE-
based approach. The initial steps for generating input data are the same in both approaches and were

therefore not compared. The following data was used as a basis for the design:

- Route axis with a length of 2,700 m
- Sewer system with 102 manholes
- Catenary data with 21 catenary masts

The noise barrier should extend the length of the railway track, i.e. also have a length of 2,700 m.

Table 31 compares the times required to design a noise barrier semi-automated and with the help of the
automated KBE approach. The processing steps compared correspond to the procedure described

above and the semi-automated processing time are empirical values estimated by five domain experts.




The experts came up with close-by estimates independently of each other. According to their estimates,
the semi-automated design of the noise barrier takes about 145 min on average. These times are based
on routine tasks only; special situations such as designing noise barrier that pass over a bridge structure,
are not considered here. By comparison, the KBE-based approach is significantly faster, taking only 3
minutes 40 seconds, which corresponds to a ratio of 2.5 % of the time.

Table 31: Comparison of the semi-automated and automated design of a noise barrier

Phase | Description Time needed Time needed Ratio
for semi- for automated
automated design
design

1 Analysis of underlying data 17 min Included in 2-4
2 Import to KBE system - 1 min
3 Definition of noise barrier 20 min 20 sec 1.5%
distance
4 Design of by-passes 108 min 2 min 1.9%
5 Export to Design authoring - 20 sec
system
Total 145 min 3 min 40 sec 2.5%

Variants are correspondingly quicker to produce: the user can, for example, decide at the beginning of
the process whether the noise barrier should be designed with open or closed by-passes. With the KBE-
based approach, the “type of by-pass” selection can be adjusted accordingly, and the system determines
the configuration within 3 minutes 20 seconds. A design engineer would require a further 40 minutes to
adapt the previously created design. This corresponds to an approx. 92 % improvement in efficiency
when developing variants or adjustments to the design.

The entire process of designing the executable KBE application from the “Capture” to the “Package”

phase took about 4 weeks in the described example.




5.5 Conclusion

This paper has presented a study for a KBE system based on the graphical notation BPMN in
combination with DMN. The development of the application followed the general principles of MOKA
which is already well established in practice. MOKA aims to collect knowledge in different ways in
successive phases and to transfer it from an initially unstructured form to a KBE system. A disadvantage
of MOKA in the opinion of the authors is that there is no uniform notation. The results of each individual
phase always need to be converted into a different data format for the next, i.e. from ICARE forms to
UML diagrams and from UML diagrams to a KBE language. The aim of this study was to use a
consistently uniform presentation form for the activity diagrams. To this end, BPMN and DMN were used
as two notations that can be used for the graphical representation of knowledge and are also executable
with the help of an associated workflow and decision engine. The case study examined an application
in the field of railway infrastructure design for new buildings. As part of the “Justify” phase, 31 acceptance
criteria were compiled from the literature and the approach presented here was evaluated against them:
the results show that the approach fulfils 58 % (unweighted) and 73 % (weighted) of the criteria. During
the “Capture” phase, the available sources of knowledge (expert knowledge, guidelines, functionality of
the applications used) were collected and structured with the help of ICARE forms, DSM and BPMN
diagrams. In the next step, the informal model was formalized using methods described in earlier work
by HauRler et al. to formalize the knowledge contained in guidelines with the help of BPMN and DMN.
The methodical knowledge of the experts and the requirements of the specialized applications can
likewise be formalized with the help of BPMN and DMN.

The case study examined the automation of the geometric design of a new noise barrier along railway
tracks and demonstrates that BPMN and DMN can be applied consistently from the “Capture” phase to
the actual KBE application. By automating the processing steps, the time required for the design of noise
barriers under the given boundary conditions can be reduced many times over: in the case study, the
KBE approach requires only 2.5 % of the time required for semi-automated design. The creation of
different variants is also significantly faster when using automated processes. In the example shown,
8 % of the semi-automated processing time was required to develop an additional variant of an existing

noise barrier design.

In addition to significantly shortening the required generation time, the approach developed here also
demonstrates the graphical representation of different types of knowledge in connection with the
process-based approach to the design of railway infrastructure facilities. The process is transparent,
meaning that the KBE system is not a “black box” solution, which can in turn benefit user acceptance.

In addition, the system can be adapted to meet different requirements.

Apart from these advantages, however, there are also some aspects that the approach presented here
cannot solve, or only insufficiently address. The KBE application is developed as a system decoupled
from the Design authoring system. This makes it necessary to develop appropriate interfaces for
importing and exporting data, which may need to be updated as the Design authoring system is




developed. Currently, the data must be actively transferred to the KBE solution by the user, which
introduces a potential point of error. With the help of an API, the KBE system could in future be directly
linked to the Design authoring system. This would also eliminate a further disadvantage: the user would
not have to leave the Design authoring system and the result would be displayed in the Design authoring
system without further action. In the current prototype, the approach is limited to the knowledge provided
by the engineer and the routines devised by the developer. The system is not able to learn independently
from the tasks set and find new solutions to problems. For highly standardized structures — such as the
example of the noise barrier — this approach is, in the authors’ opinion, quite sufficient. But if more
complex, highly specific solutions need to be developed, e.g. escape routes and emergency services
access in dense inner-city environments, or the fitting of railway platforms, this approach may currently
be too limited.

The case study presented here is limited to the geometric design of new noise barriers. Future
investigations should aim to develop cross-domain solutions. Using the noise barrier as an example,
this would entail linking together sound calculations, structural analysis and geometric design. This could
be achieved, for example, by triggering sophisticated calculation and simulation applications from a

workflow or by modelling the calculations and decision paths using BPMN and DMN.

As the field of railway infrastructure design is particularly well defined by standards and regulations, the
approach shown here offers very good and valuable support for routine tasks. Further fields of
application could be the automated design of superstructures, underground cable routing, platforms and
engineering structures such as bridges and tunnels. Applications are also conceivable in road
construction, e.g. in the design of road cross sections (road superstructure, road widths). BPMN and
DMN methods could also be used for the design of road junctions, though here stronger interaction with

Design authoring system would be necessary.




6 Discussion and Outlook

Quality improvement is one of the objectives associated with the introduction of the BIM method in the
construction industry. The aim of this dissertation has been to develop methods for the model-based
quality assurance of railway infrastructure design. Two approaches were followed, as presented in
chapters 3to 5:

Approach 1 — Checking existing models (Chapter 3 and 4)
Approach 2 — Creation new models (Chapter 5)

The dissertation focusses on the design of traffic facilities and civil engineering structures in the context

of railway infrastructure.

This chapter summarizes the main findings of the research work. The conclusion is divided into the
approaches of the work and the investigated domains. Further research needs or possible extensions
of the methods are discussed in section 6.3.

In practice, the quality of railway models is still predominantly assured by manual methods in a
downstream checking process. This approach is labor-intensive and only contributes to efficiency gains
to a limited extent. Practical, partially automated approaches such as 3D clash detection illustrate the
potential that the automation of processes can bring in context of quality assurance. A high degree of
automation allows routine tasks to be processed and completed more efficiently. For this purpose, itis
necessary for both the model information and the rules to be checked to be available in a machine-
readable and thus digitally analyzable form. The dissertation investigated how both aspects can be
fulfilled.




6.1 Conclusions

The BIM method undoubtedly contributes to improving the quality of design. However, this goal is not
achieved by applying the BIM methodology alone, but rather through consistent and (partially)
automated checking of the model information, where the model was created manually. The goal of
downstream model checking is to find errors that occurred during the modeling process. In addition to
automating the checking process, digital methods were also introduced to create models in compliance
with guidelines (upstream process). This allows models to be quality assured at an early stage in the

design process.

The approach-related findings of the work are listed in the following sections. Here, the objectives along

with corresponding hypotheses and their treatment in the thesis are discussed. These are:
Objective 1: Development of a concept for model-based quality assurance.

Hypotheses 1: Several domains must be considered when checking models.
Objective 2: Model checking based on explicit geometry description.

Hypotheses 2: Checking of model semantics is a central aspect.
Objective 3: Model checking based on implicit geometry description.

Hypotheses 3. Using implicit geometry description allows easier compliance checking.
Objective 4: Creation of geometric models using methods of downstream quality assurance.

Hypotheses 4. Compliance checking methods of parameterized models can also be used for

model creation.

In summary, the work conducted in this dissertation confirmed all the hypotheses, and the objectives

were achieved.




6.1.1 Approach 1 - Model checking
6.1.1.1 Quality assurance concept

The literature research in the context of BIM and quality assurance has shown that numerous
approaches to model checking exist. Existing studies focus predominantly on the checking of building
models, both in terms of compliance with guidelines and safety on construction sites. Especially in the

context of construction site safety, the combination of 3D and 4D models has been investigated.

A study of the existing literature reveals that investigations into the checking of models have different
objectives. The studies of Eastman [87] and Preidel [4] are particularly noteworthy here. From this, it

can be deduced that several aspects must be considered in quality assurance.

Only a few studies exist in the field of infrastructure design. To date, there is no overarching approach
that incorporates different aspects and perspectives into model checking. The work in this dissertation
closes this gap for the field of railway infrastructure and considers different aspects in the context of 3D,
4D and 5D models. Hypothesis 1 could be confirmed, and Objective 1 has been achieved with the

development of a cross-domain quality assurance concept.
The concept is modular, so that further quality checks can be added or omitted as required.

6.1.1.2 Clash detection

Automated clash detection is a very common method for checking models and various software products
are available on the market for this purpose. Clash detection has therefore also been integrated into the
present quality assurance concept. While the available software products already offer a high degree of
automation with regard to the identification of clashing objects, the evaluation of the identified clashes

is not adequately supported because the evaluation of test results is carried out manually.

In practice, different authoring software is used for the creation of 3D models. In the current state of the
art, this means that clashes between the models produced by different software products are partly
unavoidable. At the same time, the available software is not always able to produce a clash-free output
of 3D models. With the currently available methods for clash detection, all clashes, i.e., component

overlaps, are identified, regardless of their importance or their cause.

The work in this dissertation provides methods for the automated evaluation of clash detections. With
the help of a clash matrix, component combinations are identified for which software-dependent clashes
can be automatically identified and evaluated. The evaluation can be controlled individually. In addition,
clashes can be declared as unimportant from a planning point of view, for example because they will
not be processed until a later point in the project or because they are completely irrelevant for the project.

Clash tests are usually carried out on a static 3D model. Furthermore, an important objective for the

construction realization is the clash-free sequence of the construction technology. Here, however, static




3D models do not provide any information. Using a 4D model it is possible to realize a clash detection
of the construction process. This check is also part of the quality assurance concept. It also shows that
cross-domain aspects play an important role. The model-based check offers opportunities to find and
eliminate such errors early in the project.

6.1.1.3 Semantic checking

In Chapter 3, it was shown that the semantics of models play a central role in the BIM methodology.
With the help of semantics, various information is stored, transported and made available. The
inspection of properties, respectively their designation and their property values, is the most obvious
check. On the basis of existing property definitions, also called object type lists, property lists, object
and attribute lists or catalogs, semantic structures can be checked for consistency. More demanding,
however, are checks for logical relationships between different properties. For this purpose, a database
has been developed which represents building structures and thus the expected value for models to be
checked. This database is also used to store the expected values of geometrical dimensions. In
infrastructure, components are often standardized so that their properties are already known in advance.
This makes it possible to conduct automated checks for so-called semantic-geometric coherence. This
involves checking whether the dimensions of the three-dimensionally modeled component match the
information specified in the properties. The challenge here is to build up an extensive database that
holds the components relevant for the infrastructure, including the associated properties. In the work
discussed here, this has only been developed as an example. Likewise, the limits and restrictions that

arise in the current state of the art of infrastructure models were shown.

Another aspect relevant to the checking of the semantic model is the linking of different model
dimensions. Since the linking logic of 3D to 4D or 5D models is mainly created manually, an error-prone
process is assumed in the sense of a quality assurance strategy. The fact that such checks are possible
was shown in Section 3.4.3.

The semantic model is also used for the automated clash detection of 3D and 4D models mentioned

above.

Since the semantics of models is used in many ways and linking and evaluation processes are based
on it, Hypothesis 2 is considered confirmed. The investigations are based on explicit geometry
descriptions, except for the detached domain “Construction Design”. Thus, Objective 2 has also been

achieved.




6.1.1.4 Code Compliance Checking

Probably the most demanding domain is the module of the quality assurance concept defined as
“Construction Design”. This is understood to mean the checking of the 3D model for compliance with
existing guidelines. In building design, there are some studies dedicated to this topic, but there are very

few examples of infrastructure design.
The challenges in this topic are complex. The current situation is as follows:

There are numerous guidelines, standards, and laws for railway infrastructure. These are available in
human-readable form as continuous text, tables, and graphics or similar. Numerous studies have
examined the translation of human-readable texts into machine-readable formats and different methods
can be used for this purpose, among them logic-based or language-based approaches, query languages,

ontologies, natural language processing, text-based (hard-coded) or visual programming languages.

A goal of the investigations in this dissertation aim is to give the user insight into the developed test
routines through the greatest possible transparency. Since it must be assumed that the users come from
the construction design industry and typically have limited IT or programming knowledge, a visual
programming language must be used to meet this requirement. For this purpose, the Business Process
Model and Notation, standardized in ISO 19510, was used in combination with the Decision Model and
Notation. Both are developed as executable languages with the help of workflow and decision engines,

respectively.

The extent to which these modeling languages are suitable for representing guideline content was
investigated. The investigations show that up to 68 % of the rules relevant for the railway model can be
represented with the help of BPMN and DMN. The suitability of these two modeling languages is
therefore rated as good. The examined rules of the guideline were classified and corresponding proofs
of the feasibility of the proposed method were provided for the three most frequently occurring rule
classes.

There are various software products that support the design of railway structures. These specialized
applications mainly facilitate implicit geometry description as a parametric model in the so-called 3-sheet
projection (also called 2.5D). Here, the data model is divided into cross-section, site plan and longitudinal
section. Standardized data exchange formats for these data models exist (IDMY) but are rarely used in
practice. The internationally recognized and standardized IFC format is currently still under development
for elements of the infrastructure and the currently published part that concerns alignment can only be
used for railway infrastructure with restrictions. While the transfer of explicitly described geometries is

possible via generic classes of the IFC, it results in the loss of the parametric model information.

In the work presented in this dissertation, the proofs of the developed methods were therefore mainly
carried out using native software formats where the parametric model information can be accessed.

Where the IFC format is applicable, this was also used.




The methods developed achieve a reduction in testing times of up to 80 %, which represents an

enormous increase in efficiency.

In summary, it can be stated that checking for code compliance can be achieved better using implicit
geometry descriptions than with explicit geometries, since the parametric model information can be

accessed. Hypothesis 3 is thus confirmed, and Objective 3 has been achieved.

6.1.2 Approach 2 — Model creation

Code Compliance Checking focuses on checking existing models for compliance with guidelines. This
represents a downstream quality check.

Knowledge Based Engineering pursues the goal of automated model creation or the automation of
routine tasks. In this dissertation this is understood as accompanying quality assurance, since the
guideline knowledge must already be represented in the algorithms to produce a compliant result. In
addition to knowledge about the content of guidelines, it is also necessary to identify which steps are

performed by the modelers to design a product or building.

With the help of the MOKA method, a KBE application was developed for the field of infrastructure
design. MOKA is a multi-stage system that aims to successively formalize initially unstructured and
possibly inaccurately documented knowledge so that it can ultimately be applied automatically in a KBE

application.

As in the earlier code compliance checking, the modeling languages BPMN and DMN were used to
combine knowledge from different sources in such a way that routine tasks in the context of design of
railway structures can be automated. Guidelines as well as results from interviews with experts in the

respective disciplines were utilized.

The data exchange is also based on native software data.

The results of the investigations show that over 90% of the time required for manual design can be
saved. This frees up resources for other tasks.

It could be demonstrated that the methods suitable for downstream model checking can also be used
for the guideline-compliant creation of models. Hypothesis 4 is thus confirmed, and Objective 4 has

been achieved.




6.2 Research contributions

This dissertation contributes to the standardized quality assurance of BIM models in the context of

railway infrastructure.

No cross-domain quality assurance concept exists in currently available literature and so far only
individual aspects have been examined. The developed concept is modular, so that necessary tests can

be supplemented and those that are not necessary can be omitted.

In addition to the presented concept, a procedure for the evaluation of model quality was introduced.
This makes it possible to carry out evaluations across models, projects, teams, and companies based
on qualitative aspects. The standardized evaluation of model quality using several criteria is thus made

possible, and subjective perceptions lose significance.

Automatisms were developed for the individual domains, the background of which is explained in this
thesis. The methods are generic, so that they can be used not only for railway infrastructure but also for
other infrastructure facilities, such as road construction or civil engineering. Some of the methods can

also be used in the field of building design.

In particular, the work in this dissertation makes an important contribution to infrastructure design in the
context of code compliance checking. The central questions here are: (1) How can guideline content be
mapped in a machine-readable way? (2) What kind of models can be used for checking? The work

discussed here provides corresponding statements and proves them qualitatively.

In addition to reviewing existing models, the work in this dissertation closes the gap in automated model
generation using different knowledge sources. Examples for KBE applications exist in the automotive
and aerospace sector, and partially also in the construction sector. For the design of railway structures
this approach is new. This dissertation makes statements about the possible increase in efficiency when

using such methods.

Following recent literature, a visual programming language was used for code compliance checking and
knowledge-based engineering. This creates a level of transparency for the user that is not possible with
text-based languages. It is assumed that transparency also contributes to acceptance among users, in
turn promoting the use of digital methods in the construction planning industry. Both notations BPMN
and DMN are standardized, software neutral, visual and therefore easy to understand, exchangeable
and executable. BPMN is not only used in context of code compliance checking or Knowledge Based
Engineering, but also for creating IDM. Furthermore it can be integrated in other processes between
different stakeholders outside the BIM context. So people can use one language for different aspects.
This is an advantage over other visual programming languages which are coupled to software products

or not generic and thus not able to support different processes among a building design project.




6.3 Outlook

Digitalization will increasingly transform the construction planning industry in the coming years. Digital
methods can lead to efficiency gains as well as to an increase in quality within construction projects.

This dissertation presents a comprehensive approach to ensuring quality in model-based projects.
However, it cannot encompass all aspects and there is therefore further scope for extending the

possibilities of the methods presented. These are discussed in the following sections.
6.3.1 Software and data exchange formats

Currently, there are still some limitations to the checking of railway models. On the one hand, this is due
to the available model checking software, which mainly originate from and are designed for building
design. On the other hand, necessary data exchange formats are not yet fully available, so that a lot of

information is lost or cannot be evaluated in a standardized way.

The current lack of adequate data exchange formats looks set to be resolved in the short to medium

term through current developments in the context of IFC as well as OKSTRA.

Future research could investigate which differences exist between building and infrastructure design
with regard to model checking. On this basis, domain-specific extensions could then be developed and
integrated into model checking software. Although the currently available software products usually offer

programming interfaces, this offers no added value for users without programming knowledge.




6.3.2 Code Compliance Checking

The integration of BIM, BPMN and DMN is an essential aspect of the work in this dissertation. It could
be proven that up to 68% of the rules relevant for modeling can be represented with BPMN and DMN,

a result that can be classified as good.

Subsequent research projects could investigate whether other approaches could lead to a higher degree
of implementation. Since BPMN and DMN were developed for a different purpose, it is also important

to investigate whether domain-specific extensions could contribute to a better result.

Even though BPMN can be classified as a visual programming language, process development by users
without programming knowledge is typically possible only to a limited extent. Future research could
investigate the development of standardized node elements that can be used in individually developable

processes without the user having to program the concrete contents.

In particular, the translation process from human-readable to machine-readable formats is currently a
manual and frequently time-consuming process. Automated methods such as NLP can already be used

in the process development phase to reduce manual effort.

The approach presented here provides table-based result reports for each inspection operation. A
graphical connection to the three-dimensional model is currently not implemented. In line with the model-

based approach, test results could in future also be visualized on the model.

Subsequent research activities could investigate the extent to which the presented method can be

applied to other areas of infrastructure design, such as road or civil engineering design.




6.3.3 Knowledge Based Engineering

The methods presented here for automated model generation in connection with the planning of railway
structures are only a first step in this area of research.

Since the approach used here is the same as that used for Code Compliance Checking using BPMN
and DMN, the same development possibilities as outlined in Section 6.3.2 apply. These include the
investigation of alternative approaches to overcoming limitations of the method, but also its extension

to other disciplines such as road and civil engineering design.

Furthermore, it could be investigated whether the Case Management Model and Notation (CMMN)
modeling language, which is related to BPMN and DMN, can be integrated. Standalone BPMN might
be too restrictive and static in case different scenarios have to be considered or new knowledge, which
is gained while designing, changes the requirements. As CMMN is developed to handle different cases

it could be a valuable addition.

Knowledge-based engineering represents the interface between CAD and artificial intelligence. The
development of KBE routines with the help of machine learning methods, i.e., by observing design

processes or by evaluating parametric models, brings this a step closer.

In the research presented here, a simple form of inference engine was used. A higher-level inference

engine would allow for the generation of new knowledge. Future research could pursue this approach.

Railway structures are subject to numerous dependencies across different disciplines. In the research
presented here, only one primary discipline was discussed. The cross-domain integration of knowledge
of various kinds should be studied in future research with the aim of facilitating efficient interaction
between disciplines that are treated separately in practice. Further increases in efficiency can be

expected by cross-disciplinary approaches in computer-aided applications.
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