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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.

Keywords: BIM, Infrastructure, Quality, Railway, Design, Code Compliance Checking, BPMN, DMN
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” [1]. The key motives for introducing BIM at a
national level are therefore planning quality, cost minimization, risk management and increased

efficiency (see also [2]).

The quality assurance concept for infrastructure planning presented in [3] identifies five domains to be
considered over the course of model validation. While the domains ‘Clashes’, ‘Semantics’,
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‘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 [3], 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” [4]. If the
specified requirements are not met, EN 1SO 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 [6]
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
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and transparent methods of rule encoding, based on general-purpose programming languages or
domain-specific solutions [9-12]. 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” [13-15].

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 [3].

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.

2 Related work

2.1 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” [16]. “The building industry uses numerous engineering standards, building codes,

specifications, and regulations [...] and a diverse set of industry vocabularies to describe, assess, and
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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” [17]. “Legal knowledge, in particular, is conveyed in voluminous paper-

based documents in natural language text written for human interpretation” [18].

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” [16]. 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” [19].

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 [20].

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” [21].

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 [22]:

— 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 [23] 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
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(4) Rule check reporting

Garrett et al. [17] 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” [17].

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” [22,24]. “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”
[7]. “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” [8].

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” [25]. “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
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much on the automation of the checking process and do not consider the incorporation of the user and
therefore the practical applicability” [19].

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” [18]. 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) [26,27]. “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 it impossible to process automatically and accurately; as a result, these methods
are fundamentally limited in their capacity to capture the requirements around compliance checking”
[7]. To tackle these limitations, Zhang & El-Gohary used machine learning methods to examine
different NLP approaches [28]. 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 [22]
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 [16,23]. Charles
presents an approach to performing compliance checks using RDF [29] while Xu & Cai investigate how
RDF, ontologies and SPARQL GIS-based data on utilities networks can be checked for compliance
[30].

Bus et al describe the applications of Semantic Web methods for BIM checking [31,32] and Zhang &
El-Gohary use Semantic Web as the basis for implementing their NLP approach [33,34]

Various investigations have focused on checking models with regard to safety aspects, for example

safety on construction sites [35], in the context of fire protection regulations [19,36] or in connection

with the structural design of buildings [37].
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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.” [18]

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” [38]. “The construction of programs is probably easier in VPLs than
in textual languages” [39]. “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” [40]. 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” [39]. 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 [41].

Preidel et al. are developing a query language called QL4BIM, which is available in both text-based
and visual-language versions [40,42]. In [19,43,44], 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 VVPL is done manually [45].

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 [46]:

- Inquiry 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
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easily by humans” [13]. “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™ [33].

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’ (VPLSs), 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 [47]. 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 [48].
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Solihin et al [49] 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 [50].

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” [51]. “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)” [18,52].

BPMN is an international standard (ISO/IEC 19510) that is maintained by the Object Management
Group [52]. Dimyadi et al. use BPMN to develop processes for the automated checking of building
models [18,53,54]. 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”
[55]. 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” [56].

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 [57,58]. ISO 29481-1:2016 recommends the use of BPMN for the creation of IDMs [59],
as implemented for example in [60,61]. The elements of BPMN used most frequently for creating IDMs

are described in [62], which goes on to elaborate a proposal, based on the investigations, for which
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BPMN elements should be used for the creation of IDMs (see Figure 1). “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” [62]. “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”
[18]. 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” [63].
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Figure 1: Proposal for the ‘Essential Subset’ of BPMN for IDM Development [62].

How the process itself can be subjected to a compliance check is explained in more detail in [64-66].
Awad presents a method of querying process diagrams using query language (BPMN-Q) to identify

similar patterns in different process diagrams [67].

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” [68]. 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.
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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 [69] and Zolfagharian and Irizarry use BPMN to visualize the process for the automated

checking of construction site equipment models [70].

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” [71]. “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” [72].

As early as 1969, Fenves et al. described a method of automating decision paths with decision tables
[73]. 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” [74]. “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”

[71].

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
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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.

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 [75,76], Korean railways
[77], French railways [78], Swiss railways [79], Italian railways [80], Swedish, Danish, Norwegian and

Finnish railways [81,82] and German railways, among others.

BIM has been mandatory for DB Station & Service AG projects since 2017 [83]. 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 [3].
To check the digital building model, it is necessary to scrutinize both the model creation process and
the transfer of model data.

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” [84].

Borrmann et al. [84] outline the following procedures in detail:
- Explicit procedures
o Boundary representation method
o Triangulated surface description
- Implicit procedures
o Constructive solid geometry
o Extrusion and rotation processes
o Parametric modeling

o Freeform curves and surfaces
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“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” [3].

Figure 2: 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 [3].

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 [...]” [85]. “Explicit parameters of building elements are one of the merits of
a building model and resolve difficulties in interpreting code checking” [23]. “[...] 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” [24]. “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” [86].

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
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triangulated surface descriptions. This information can then be transferred using data exchange formats

such as Industry Foundation Classes.

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 [87]. 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 [88]. This shortcoming has since been
recognized and has recently been corrected in the extension project IfcRail. Similarly to the completed
IfcBridge extension project [89,90] 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) [91]. 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 [22] 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 [92].
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.
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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 [93].

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 1: 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. Itincludes 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 2 shows the terms used and their implications based on the guidelines
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and DIN 820-2 [94-96]. 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 2: Meaning of auxiliary modal verbs in DB Netz AG guidelines according to [94—96].

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

4 Rule representation using BPMN and DMN

Building information modeling is used increasingly in practice for designing buildings. The quality
assurance concept presented in [3] 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” [19]. 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 [26], which is a semi-formal

process for analyzing regulatory text in natural language and marking it up for further processing.

4.1 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 1. 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.
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(2) Events, tasks, and gateways are connected by flow elements.
(3) All tasks 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.

4.2  Principles of process modeling
As discussed by Preidel & Borrmann in [19], 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 arule 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.

4.21  Translation of regulations
RASE-syntax [26] 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 4,

along with the textual descriptions.

Guideline 800.0110 § 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 (us) 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:
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<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 (us) and shall <e>not
be greater than 25.000 m</e>.</R>

The rule does not contain any selection.

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 3 (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 3, 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 3, 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.

@, L NP 1€)
H H

g

.
:
:
:
: (=

10.000 .
|_min = (0,1*v) . —.<X>M’ E Type of sleeper

>= 30.000 Lt/d

Figure 3: 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.

A DMN task (see Figure 3, 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 3 shows a schematic decision table.

Compared with a succession of numerous gateways, the tabular representation of several decision paths
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is both clear and easily understandable. There is no limit to the number of input or output variables or

rules to be considered.

Table 3: 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; | variablei, | variablei,, | variable o, | variable o, | variable o,
1 value i, 4 value i, , value i; ,,, | value o value o, , value o, ,
2 value i, ; value i, , value i, ,,, | value o, value o, , value o, ,
3 value iz, value iz, valug i3, | valueos, | valueos, | valueos,
n value i, ; value i, , value i,,,, | 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 4.2.1 (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 4: Process definition of a simple rule: Guideline 800.0110 - calculation of the arc radius

and validation of model data.
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From the example described, it is possible to formulate generally valid steps for the creation of a process:

)

)

©)

(4)

()

(6)
(")

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.

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 [97].

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
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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 2.4, 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 4) 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 4: Evaluation of feasibility of Guideline Groups 800, 820 and 836 for checking models for
guideline compliance.

Guideline | Number of | Automatable? Parameter-oriented? | Realizable Simulation
group paragraphs 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 5. Figure 5 shows a graphical representation of the classes 2, 4 and 7.
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776 Rule classes are mainly defined by their typology. In the case of distance definitions, the rule classes
777  are subdivided, depending on the influence they have on direction in a 3D-coordinate system.
778

779  Table 5: 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
modeling buildings, 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 5).

3 Distance definitions: Site plan view in the sense of a 3-panel projection:
position distances between elements.

4 Distance definitions: Definitions (vertical distances) that can be derived from the
height cross-section of the building model (see Figure 5).

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 5).

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
specification calculations.

780
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Figure 5: Standard cross section of a single-line railway alignment incl. corresponding distances

(drawing adapted from [98]).

Table 6 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 6 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 6: 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 rule Ratio Ratio not
sets examined convertible convertible with
with BPMN/ BPMN/ DMN,
DMN, without without rule
rule class 1 class 1
Total 943 (100%) | 432 (100%) | 202  (100%)
1 Not relevant for modeling 309  (33%) - - - -
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Distance definitions: transverse
2 o 77 (8%) 74 (17%) 3 (1.5%)
direction
3 Distance definitions: position 46 (5%) 43 (10%) 3 (1.5%)
4 Distance definitions: height 69 (7%) 69 (16%0) 0 (0%)
5  Component definitions 166  (18%) | 141  (33%) 25 (12.5%)
6 Definitions for alignment elements 10 (1%) 10 (2%) 0 (0%)
7 Slope definitions 33 (3%) 32 (7%) 1 (0.5%)
Directional definitions:
8 o o 9 (1%) 8 (2%) 1 (0.5%)
Longitudinal direction
9  Clearance tests 24 (3%) 3 (1%) 21 (10.5%)
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 1 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%.
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Diagram 1: 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.

6 Case studies

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 6).

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 [99] 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 [100] was used to model the guideline contents in these notations. The translation and
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representation of the guidelines as BPMN and DMN were performed using the rules described in
Section 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.

Figure 6: Software configuration (representation according to BPMN).
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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
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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 ProV1.

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 7 shows the elements that

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

Figure 7: Different types of segments along a horizontal alignment: straight elements in black,
transition curves in red, circular arc in green [91].

The description of a track or route alignment (three-dimensional space curve) with IFC 4x1 and used
for verifying the here presented approach. Table 7 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 7: Comparison of available information in the ProVI authoring software and the neutral
data format IFC 4x1. While all information in ProVI 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 / Prov] IFC 4x1 — explicitly | 1FC 4x1 — implicitly
ro
characteristic value defined derivable

Entry station of an

v v

element
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Guideline 800.0110 specifies that the radius of a circular arc should be in the range 150 m to 25,000 m
[101]. Figure 8 presents the logic employed for checking arc radii according to Guideline 800.0110.
Since an alignment can consist of different element types (see Figure 7), 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 [102]. 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.

Figure 8: Process flow: Check the radius of an arc element of an alignment, represented as a
BPMN process.
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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 8. 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 8: Planning values for the lengths of track curves and straight lines according to [101],
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 > 0.10 x v [m]
70 <v < 100 km/h lnin > 0.15 x v [M]
v > 100 km/h Imin > 0.20 x v [m]

Regular length
lreg > 0.40 x v [m]

The checking process is shown in Figure 9. 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 8. 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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934 Figure 9: Process: Check the regular and minimum lengths of straight and curved arc elements
935  of an alignment represented as a BPMN process.
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938 In addition to the minimum lengths of straight lines and curved arcs, the guideline also describes the

939 minimum length of transition arcs. The guideline describes three different types of transition curves:
940  clothoid, Bloss-type, and s-shaped. The minimum length again depends on the velocity (v) and the
941  difference of the superelevation deficits of two successive elements (Aug). In our case here, it is assumed
942  that

943 Aup = uy

944  Table 9 shows the formulae needed to determine the minimum length of the transition curves according
945  to [101].

946
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Table 9: Minimum length of transition curves according to [101].

Transition curve
Clothoid Bloss-type s-shaped
i 4 xXv X Auf ) 4,5 X v X Aug . 6 X v X Auf
mlnluz—1000 mlnll,Bz—1000 mmlusz—1000

The respective BPMN process is shown in Figure 10. 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 [101]. The third gateway then checks

the result against the model and returns either ‘check passed’ or ‘check failed’.

Figure 10: Process: Check the minimum length of transition curves represented as a BPMN

process.
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In line with the four model checking phases of Eastman et al [23], 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, it is 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 8, 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 10 presents the

results of the measurements. The automated checking process takes 20 seconds (measured) to perform
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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. It is 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 10: 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 preparation | 5 min 10 sec
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 §8
- 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.

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 [103].
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” [103]. 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’.
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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” [103]. 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 [103].

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 11)
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 process, 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 11, the

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

Figure 11: 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)?

Weight per axis <
Ballasted Track? 22,517

Check Type of
Sleeper

Use other
Guideling

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
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- 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 [...]” [103].

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 12) 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 Lt/d
(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 11 shows the content of this decision table in the original

format.

Figure 12: Process of checking the sleeper type represented as a BPMN process.
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The example shown in Table 11 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
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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 11: Decision table for sleeper types at a track load of > 30,000 Lt/ d according to [103]

(extract).
Input Output
Type of : : . :
Pace Type of rail fastening | Condition Annotation
sleeper
<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 crossings
<160 B 90W W14K 686a/687a new .
and connection areas
[160...230] B 70W W14K 900 new If radius > 800 m
> 230 B O7TW W21K 1000 new
> 160 B O7TW W21K 1000 new Only at connection 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");
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The process configuration shown in Figure 12 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 12 describes the guideline specification for the ballast thickness of a track
with a load < 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 12: Decision table for ballast bed thickness at a track load of < 10,000 Lt/d according to
[103]. 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 12. 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 13 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 13: 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 preparation | 10 min 20 sec
Rule execution 15 min 20 sec
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”)
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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) Isthe 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 guideling, this is the first exclusive

gateway in the process (see Figure 13).

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’.
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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 14. 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 14, 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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1182 Figure 13: Process: Checking track spacing, represented as a BPMN process.
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1185  Table 14: Required increase in track distance according to the radius pursuant to [98].
1186 Intermediate values should be interpolated according to the guideline.
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180 180
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120 700
100 1000

Table 15 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 otve = 230 km/h, if this faster speed is restricted to trains
with favorable aerodynamic characteristics (such as the ICE)” [98]. Track spacings are also defined for

new lines and local lines with suburban trains.

Table 15: 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 track | Upgraded [0...200] 40
stations track '
Outside New track New track [0...300] A5
stations '
] Short-distance Short- [0...120]

Outside

] track distance 3.8
stations

track
] Upgraded track | Upgraded | [200...230] Only for trains with

Outside )

] track 4.0 aerodynamic
stations o

characteristics
Inside

] 45

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
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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 13. 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 16 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 16: 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
Building model preparation | 10 min 30 sec
3 Rule execution 25 min 2 min
4 Rule checking report 15 min 7 min
Total 50 min 9 min 30 sec 19%

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 [23]:

(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 14 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
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(as described in Section 6.4) meant that the guidelines specified a track distance of 4.5 m. The model
check therefore returns a negative result throughout.

Figure 14: 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.

Report
Show: 10 v Search:
ID Station left track Station right track Distance M Distance G Check Distance

563a1731-

fadc-11e0-801-40a3cc2 76813 56249,9912 56249, 9935 4 45
5638de54-

fadc-11e9-8d01-40a3cc2766f3 56219,9941 56219,9956 4 45
56375650 . o oor

fadc-11e9-8d01-40a3cc2768f3 56209,995 56209,9963 ¢ 45
9637ccha: 56199,996 56199,997 4 45

fa3c 11e9 501 40a3cc276813 : : :
56369037

fadc-11e9.6d0140a3cc7esrs| 201985306 56158,5306 4 45
565196b2-

fadc-11e9-8d01-40a3cc2 76503 56259,9903 56259,9928 4 45
56369920

fadc-11e9-8d01-40a3cc2768(3 56189,997 56189,9978 4 45
56519601

falc-11e0.8001-40a3cco768ts| D00 9922 56239,9942 4 45
56512154- oo o .

fadc-11e9-6d01-40a3cc276nrs] 062999865 56299,9901 4 45
56506505~

fa3c-11e0.8001-40a3cc276863|  D0200,9875 56269,9906 4 45

Showing 1 to 10 of 946 records

Pages: Previous 2 3 .. 95 HNext

The meaning of the modal auxiliary verbs (see Section 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.

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 1SO 19510

can be used to graphically represent guideline content and make them executable for model checking.
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Although applying similar approaches to Dimyadi et al., who focus on buildings [104], 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.
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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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