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Abstract 12 

Code compliance checking has been the subject of scientific research for more than four decades and 13 

has been put into practice in numerous projects. To date, however, no universally valid, sustainable 14 

approach to the rule-based compliance checking of models has been established. Visual programming 15 

languages are easier to understand and thus more transparent than textual formats. The study presented 16 

here analyzes the requirements specified in the guidelines of the Deutsche Bahn AG regarding the 17 

technical design of structures in railway construction and examines the feasibility of implementing these 18 

rules using BPMN and DMN. The rules analyzed are categorized into 12 different classes. Depending 19 

on the guideline subset, the BPMN/DMN approach was found to be useable in 37%-75 % of the 943 20 

rules examined. Considering only those rules that are relevant for the digital railway model, 68 % of the 21 

rules can be represented and automated using BPMN and DMN. 22 

 23 
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1 Introduction 25 

Digital methods like building information modeling (BIM) offer considerable advantages in the 26 

construction industry over the conventional methods that still largely prevail in current practice. “BIM 27 

makes a new level of optimization possible. Most notably, it can afford greater planning, scheduling 28 

and cost certainty through transparency over the entire life cycle of a built asset. It simplifies risk 29 

management and provides better control of planning quality and industrial manufacturing processes. 30 

For the client, the main advantage of BIM is the creation of comprehensive, openly accessible building 31 

information that can be used by many different parties” [1]. The key motives for introducing BIM at a 32 

national level are therefore planning quality, cost minimization, risk management and increased 33 

efficiency (see also [2]).  34 

 35 

The quality assurance concept for infrastructure planning presented in [3] identifies five domains to be 36 

considered over the course of model validation. While the domains ‘Clashes’, ‘Semantics’, 37 
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‘Construction Sequence’ and ‘Quantities and Costs’ have been examined in detail, the ‘Construction 38 

Design’ domain has not yet been addressed. This aim of this study is to fill this gap.  39 

 40 

On the basis of [3], the ‘Construction Design’ domain is defined as the phase of creating a 3D digital 41 

building model taking into account the regulations set by the authorities. The domain is relevant for 42 

designers in the preliminary, conceptual and detailed design stages.  43 

 44 

DIN EN ISO 9000-2015-11 defines ‘quality’ as the “degree to which a set of inherent characteristics of 45 

an object fulfils requirements” and “can be used with adjectives such as poor, good or excellent.” The 46 

term ‘requirement’ is defined as a “need or expectation that is stated, generally implied or obligatory” 47 

while “a specified requirement is one that is stated, for example in documented information” [4]. If the 48 

specified requirements are not met, EN ISO 9000-2015-11 speaks of non-compliance or errors. In 49 

relation to the design of building structures, compliance with the documented requirements for a 50 

building type at the design stage means that the design can be described as error-free and of excellent 51 

quality. “In the Architecture, Engineering, and Construction (AEC) industry, building projects must be 52 

checked against numerous building codes for compliance. They are allowed to be executed only when 53 

compliance with all applicable rules of the building code has been guaranteed. Failure to correctly assess 54 

projects for compliance can also have negative effects on building performance and allow errors that 55 

are expensive to correct.” [5]. The aim must therefore be to employ quality assurance measures that 56 

minimize both errors in design and, in turn, additional costs that may arise through deviations from the 57 

defined requirements. According to [4], ‘efficiency’ is defined as the relationship “between the result 58 

achieved and the resources used”. In the context of digitalization, this means that increasing automation 59 

of building model checks will result in a more efficient planning checking process.  60 

 61 

The field of rail design, in particular, is subject to a large number of rules that must be complied with 62 

to ensure the functional and safe operation of railway infrastructure. Although, in contrast to many other 63 

fields, these rules are generally already elaborated in a highly formalized manner, they mostly exist as 64 

human-readable text and not in a machine-processable form. As such, the introduction of code 65 

compliance checking procedures is highly desirable, especially in railway engineering, so as to improve 66 

planning efficiency and ensure the necessary high level of planning quality. An essential prerequisite 67 

for code compliance checking is that the planning data is available in a digital form, preferably as a 68 

digital building model, also known as a ‘building information model’ (BIM). As this is now increasingly 69 

the case, this paper focuses on the digital description of rule sets and checking processes. 70 

 71 

Code compliance checking has been the subject of scientific research for more than four decades [6] 72 

and has been put into practice in numerous projects. However, most studies have focused on building 73 

design and not on infrastructure projects. To date, no universally valid, sustainable approach to the rule-74 

based compliance checking of models has been established [6]. Black-box solutions with hard-coded 75 

hidden, implementations of rules in vendor-specific solutions hamper the broader adoption of checking 76 

mechanisms [7,8]. To overcome this limitation, recent research has focused on the development of open 77 
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and transparent methods of rule encoding, based on general-purpose programming languages or 78 

domain-specific solutions [9–12]. However, while textual programming languages tend to be 79 

challenging for AEC practitioners, visual programming languages enjoy increasing acceptance and 80 

widespread use by domain experts, as “information systems which are described by a visual language 81 

can be interpreted much faster and easier by humans” [13–15].  82 

 83 

In contrast to previous studies, which are either software-specific or describe the development of a 84 

proprietary visual programming language, this study investigates an approach based on known and 85 

standardized elements of business-process modeling and makes use of Business Process Model and 86 

Notation (ISO/IEC 19510:2013). Alongside the visual, process-based representation of guidelines, a 87 

workflow engine was used to execute the processes developed and check existing models. In addition, 88 

the study investigates the extent to which existing definitions of linear reference systems already exist 89 

in the Industry Foundation Classes (IFC) data exchange standard that can be employed for checking 90 

purposes. The paper focuses on the automated checking of building information models representing 91 

the design of a railway project, in accordance with the quality assurance concept described in [3]. 92 

 93 

Thus, the research questions that this paper aims to answer are: (1) Are the standardized Business 94 

Process Model and Notation (BPMN) and Decision Model and Notation (DMN) sufficiently expressive 95 

for encoding the regulations of railway engineering in a manner that enables automated code compliance 96 

checking? (2) Do the railway BIM models presented in the IFC format provide all the required 97 

information? 98 

 99 

The paper is organized as follows: Section 2 provides an overview of the state of the art on the subject 100 

of code compliance checking, before going on to describe and discuss the BPMN and DMN standards 101 

in more detail. While Section 3 introduces the relevant guidelines issued by German Railways (Deutsche 102 

Bahn AG), Section 4 discusses the representation of these rules by means of BPMN and DMN to achieve 103 

the desired automation of the code checking process. Section 5 investigates in detail to what extent the 104 

DB guidelines can be implemented using the developed approach. In Section 6, three representative 105 

case studies are examined, before Section 7 briefly presents the front end of the developed system. 106 

Section 8 concludes the paper and discusses its main findings. 107 

 108 

2 Related work 109 

2.1 Code compliance checking 110 

Overview 111 

Automated checking of standards and guidelines has been a focus of scientific research for many years, 112 

which is no surprise given the central role of regulations in the building industry: “As part of the design 113 

process, building designers ensure that every aspect of their design adheres to various regulatory 114 

requirements. The design is then subject to formal audit by the consent processing authority as part of 115 

the approval process” [16]. “The building industry uses numerous engineering standards, building codes, 116 

specifications, and regulations […] and a diverse set of industry vocabularies to describe, assess, and 117 
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deliver constructed facilities. These building regulations are available as hardcopy and searchable digital 118 

documents. Some building design software applications (e.g., building-energy analysis and fire-egress 119 

assessment) are available that include computer-interpretable representations of the logic and rules from 120 

relevant building regulations” [17]. “Legal knowledge, in particular, is conveyed in voluminous paper-121 

based documents in natural language text written for human interpretation” [18].  122 

 123 

Until now, “the conventional practice of code compliance checking in the industry has largely been a 124 

manual process, which is laborious, costly, and error prone” [16]. In most countries throughout the 125 

world, conventional practice is based on drawings rather than semantically rich building models: 126 

“Nowadays the checking process is performed to a large extent manually based on two-dimensional 127 

technical drawings and textual documents by the responsible planning consultant as well as the building 128 

permission authorities” [19]. 129 

 130 

According to the McGraw-Hill Construction SmartMarket Report, compliance checking took 25 hours 131 

or more in 39% of the cases investigated, and in 11% of the cases more than 100 hours. On average, 132 

between 49 and 60 hours were spent on compliance checking [20].  133 

 134 

The automated checking of models against guidelines, standards etc. is called ‘automated code checking’ 135 

or ‘code compliance checking’ and can result in “speedier, dematerialized and more transparent review 136 

processes” [21].  137 

 138 

A large number of studies have been conducted on the subject, the majority of which focus on 139 

applications in building designs. Building models can be examined according to a variety of aspects, 140 

and therefore different quality criteria can be defined. Solihin and Eastman classify the possible quality 141 

criteria as follows [22]: 142 

 143 

– Checks for the well-formedness of a building model, i.e. the syntactic properties of the digital 144 

model 145 

– Building regulatory code checking 146 

– Specific client requirements 147 

– Constructability and other contractor requirements 148 

– Safety and other rules with possible programmed corrective actions 149 

– Warrantee approvals 150 

– BIM data completeness for handover to facilities management 151 

 152 

Phases of automated compliance checking 153 

Eastman et al [23] identify four phases of the review process, which have also been adopted for this 154 

study: 155 

(1) Interpretation and logical representation of rules  156 

(2) Building model preparation 157 

(3) Rule execution 158 
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(4) Rule check reporting 159 

Garrett et al. [17] define the translation and implementation process of review procedures as follows: 160 

(1) Development of a simple and easily understandable representation syntax for building-161 

regulation writers and software developers 162 

(2) Provision of computerized support to enable regulatory organizations to easily develop, check, 163 

and maintain these regulation representations 164 

(3) Checking the sufficiency and implementability of the digital representations 165 

 166 

The three steps described by Garrett et al. focus on the design of digital representations. It is a more 167 

detailed view of the first phase of Eastman et al., who describes the necessary steps for the whole 168 

checking process. 169 

 170 

“One of the key criteria […] is to be independent of any specific model-checker software used to check 171 

the regulation compliance of building information models” [17].  172 

 173 

Digital representation of regulatory rules 174 

An important requirement of automated code checking is that it must represent the rules that a regulation 175 

or guideline contains in a form that lends itself well to computer processing. 176 

 177 

Various software products exist for digitally checking building models, but as yet, none of them offer 178 

comprehensive functionalities for user-driven rule definition: “With the exception of SMC [Solibri 179 

Model Checker], none of the existing tools deals with the geometry and spatial operations that 180 

frequently adorn the BIM-based rules, especially in building codes” [22,24]. “While some model-181 

checking software systems exist, they either require that their users possess good software-programming 182 

knowledge to configure them with rules of interest, or they are black boxes, and not configurable at all” 183 

[7]. “This ‘hard-coding’ of design standards into design programs is a major barrier to the general 184 

acceptance and evolution of computer-aided engineering, as it does not provide designers having to 185 

make professional judgments with the ability to view and understand the representations of the design 186 

standard on which the computations are based” [8].  187 

 188 

When developing automated checking methods for building models, it is important to consider the user 189 

and thus the practicability of the method: “Countries such as Singapore, USA, and Australia have begun 190 

a new era that utilizes BIM for an automated, flawless administrative building permit process. However, 191 

most studies are focused on a script language-based result. This type of result has a high threshold for 192 

the user, who requires a building rule-checking process but has little understanding of the computer-193 

based process and the programming language. This causes the rule-checking process to require 194 

professional human resources. Therefore, the above users always require a rule-checking process with 195 

computer-related experts” [25]. “Most of the existing approaches [are lacking,] because of the 196 

insufficient transparency and visibility of the processing steps for the user. Many methods focus too 197 
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much on the automation of the checking process and do not consider the incorporation of the user and 198 

therefore the practical applicability” [19]. 199 

 200 

The unavailability of digital regulations is also an obstacle to the sustainable use of automated checking 201 

methods. “The encoding of norms into rules is currently a manual process. It is expected that the 202 

development of […] representations of legal documents is to be undertaken by the same government 203 

agencies responsible for authoring the legal documents in the first place” [18]. A common approach for 204 

translating plain text into digital representations is to use RASE technology, which appends regulation 205 

texts with tag markups (requirement, applies, select, exception) [26,27]. “Other attempts at automated 206 

model checking have taken the Natural Language Processing (NLP) approach and aim to automatically 207 

transform rules from human-readable specifications into programmatic executable code. While these 208 

methods have many benefits in terms of ease of use, there is usually far too much leniency in the written 209 

language, which makes it impossible to process automatically and accurately; as a result, these methods 210 

are fundamentally limited in their capacity to capture the requirements around compliance checking” 211 

[7]. To tackle these limitations, Zhang & El-Gohary used machine learning methods to examine 212 

different NLP approaches [28]. Despite the progress achieved, significant research still remains, in order 213 

to make the approach suitable for use with a large set of different standards. 214 

 215 

Regardless of the method used to translate natural language into machine-interpretable language, 216 

various types of rules must be considered when checking building models. Solihin and Eastman [22] 217 

categorize the rule types as follows: 218 

(1) Rules that require a single piece or small number of explicit data  219 

(2) Rules that require simple derived attribute values 220 

(3) Rules that require extended data structures 221 

(4) Rules that require a “proof of solution” 222 

This study focuses on rules of type 3. 223 

 224 

Rule encoding approaches 225 

The numerous approaches in the field of code compliance checking are summarized in [16,23]. Charles  226 

presents an approach to performing compliance checks using RDF [29] while Xu & Cai investigate how 227 

RDF, ontologies and SPARQL GIS-based data on utilities networks can be checked for compliance 228 

[30]. 229 

 230 

Bus et al describe the applications of Semantic Web methods for BIM checking [31,32] and Zhang & 231 

El-Gohary use Semantic Web as the basis for implementing their NLP approach [33,34] 232 

 233 

Various investigations have focused on checking models with regard to safety aspects, for example 234 

safety on construction sites [35], in the context of fire protection regulations [19,36] or in connection 235 

with the structural design of buildings [37]. 236 

 237 
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Both the interaction of the different actors in a construction project and the building model check itself 238 

is a gradual and thus process-based procedure. “The conventional compliance audit process is 239 

procedural in nature, which lend itself to automation. However, there are still roles in the process that 240 

are best played by human experts such as specifying what information to retrieve from which sources 241 

and how to process them. Machines excel in executing instructions efficiently and accurately and so 242 

should be given such a role to play in the process.” [18] 243 

 244 

Visual programming languages  245 

Myers investigated visual programming languages (VPL) as early as 1990 and declared them to be an 246 

interesting subject area, concluding that they “show promise for improving the programming process, 247 

especially for non-programmers” [38]. “The construction of programs is probably easier in VPLs than 248 

in textual languages” [39]. “A VPL […] describes a system of signs and rules on the syntactic and 249 

semantic level with the help of visual elements. Through the visual presentation of the elements, the 250 

language may be interpreted more quickly and easily” [40]. Green et al. “believe that in many respects 251 

VPLs offer substantial gains over conventional textual languages […]. Improvements in secondary 252 

notation, in editing and in searching will greatly raise their overall usability” [39]. Catarci and Santucci 253 

also conclude from their investigations that visual programming languages (in this case QBD) have 254 

advantages over classical query languages (in this case SQL), since users find the visual language more 255 

accessible and are therefore less bogged down by programming [41]. 256 

 257 

Preidel et al. are developing a query language called QL4BIM, which is available in both text-based 258 

and visual-language versions [40,42]. In [19,43,44], Preidel et al. are also developing a ‘visual code 259 

checking language’, which “is intended to perform compliance checks automatically or semi-260 

automatically [and] increases the efficiency and quality of the overall process significantly.” 261 

  262 

Ghannad et al. investigate the possibility of mapping the contents of regulations and standards on an 263 

xml basis as LegalRuleML notation using NLP methods and checking them using VPL. Currently,  264 

translation from LegalRuleML to VPL is done manually [45]. 265 

 266 

Ritter et al. examine the state of the art of visual programming languages in civil engineering and sum 267 

up the fields of application of visual programming languages as follows [46]: 268 

- Inquiry languages 269 

- Geometric modeling 270 

- Knowledge-based design 271 

- Design decision support 272 

- Code checking 273 

- Modeling of systems 274 

 275 

The areas ‘Design Decision Support’ and ‘Code Checking’ are especially relevant for this study. 276 

“Information systems which are described by a visual language can be interpreted much faster and more 277 
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easily by humans” [13]. “However, the state-of-the-art ACC systems cannot achieve full automation 278 

because they rely on the use of hard-coded, proprietary rules for representing regulatory requirements, 279 

which requires major manual effort in extracting regulatory information from textual regulatory 280 

documents and coding this information into a rule format” [33]. 281 

 282 

Numerous studies have been undertaken in the field of code compliance checking, and a recurring 283 

challenge is how to deal with the many regulations, norms and standards available only in human-284 

readable form. ‘Natural language processing’ provides methods for translating these into a machine-285 

interpretable form. The studies undertaken up to now have been limited to text-based regulations, which 286 

represent only a part of the content. However, the effort required to prepare texts for translation is 287 

currently still high. Instead of first writing regulations in their present form and then translating them, 288 

they should be designed in a machine-interpretable form from the outset.  289 

  290 

The majority of the published approaches for code compliance checking focus on building designs and 291 

not on infrastructure projects. Many of the tools available on the market are ‘black box’ solutions, which 292 

makes it difficult for users to ascertain how checks are conducted and therefore how correct they are, in 293 

turn hampering their adoption. ‘Visual programming languages’ (VPLs), on the other hand, have the 294 

advantage that the checking process can be displayed graphically, which significantly increases 295 

readability. They also enable users to design inspection routines without any previous programming 296 

knowledge. 297 

 298 

Both text-based and visual programming have advantages and disadvantages. This study aims to 299 

combine the advantages of both variants: comprehensibility, traceability, simplicity, automation, and 300 

adaptability. To this end, it examines the potential of a pre-existing notation taken from business process 301 

modeling to ascertain its applicability in the area of code compliance checking.  302 

 303 

Building information models and the IFC standard 304 

A prerequisite of automated code compliance checking is the availability of design information in a 305 

semantically rich representation, i.e. a building information model. Most of the existing checking 306 

systems make use of information provided in the Industry Foundation Classes (IFC) data format, which 307 

is a standardized vendor-neutral format for representing and exchanging geometric-semantic building 308 

information models.  309 

 310 

The SEEBIM project, for example, investigated whether and how IFC models can be automatically 311 

enriched with additional information so that more extensive compliance checks can be performed. 312 

Predefined operators are available for rule creation, which in turn reduce programming complexity to 313 

the benefit of the user [47]. The suitability of the IFC data model for code compliance checking in the 314 

railway domain has not yet been investigated. Only recently has the IFC-Rail project published a first 315 

extension of the IFC data model to cover the railway domain [48]. 316 

 317 
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Solihin et al [49] examine the quality criteria of IFC exchanges and conclude that there is “an urgent 318 

need to define robust and rigorous test criteria, processes and tools.” In this study, this is extended to 319 

include the technical checking of infrastructure models. Zhang et al. present a method for checking the 320 

conformance of IFC models using mvdXML [50].  321 

 322 

2.2 BPMN: Business Process Model and Notation 323 

VPLs are of particular interest when it comes to the interdisciplinary development (software 324 

development, civil engineering, and quality inspection) of automated inspection methods, due to their 325 

better comprehensibility. “In many enterprises, there is a need to facilitate smooth communication 326 

between business experts, software engineers and other people with technical knowledge. There are 327 

several methods of business knowledge representation, such as business rules or business process 328 

models. Both these representations can describe how the company works. Some issues, like constraints 329 

or detailed regulations, are better represented as rules, while others like procedures or workflows are 330 

better represented as process models” [51]. “The sequence of steps in a typical compliant design 331 

procedure can be represented as a series of activities, events, and sequence flows in a process model 332 

such as the open standard Business Process Model and Notation (BPMN)” [18,52].  333 

 334 

BPMN is an international standard (ISO/IEC 19510) that is maintained by the Object Management 335 

Group [52]. Dimyadi et al. use BPMN to develop processes for the automated checking of building 336 

models [18,53,54]. In contrast to the work of Dimyadi et al. the study presented here focuses on railway 337 

projects and dedicated regulations, which are significantly more formalized than in the building domain. 338 

The BPMN-approach is additionally supplemented by the Decision Model and Notation (DMN), which 339 

will be in introduced in the next section. 340 

 341 

The BPM notation provides a means of graphically representing processes in a formal manner. Various 342 

standardized node and edge elements are available, as illustrated in Figure 1. 343 

Recker et al. describe BPMN as a “[..] structured, coherent and consistent way of understanding, 344 

documenting, modeling, analyzing, simulating, executing, and continuously changing end-to-end 345 

business processes and all involved resources in light of their contribution to business performance” 346 

[55]. And Janssens et al. state that “Business process management (BPM) and decision management 347 

(DM) are being used to improve the efficiency and effectiveness of organizations. Companies are 348 

interested in running effective and competitive processes, and use BPM to describe and improve these 349 

processes” [56].  350 

 351 

 352 

In the AEC context, BPMN is often used to visualize the processes of model creation, collaboration and 353 

data exchange during planning (Information Delivery Manual or IDM) and larger development tasks, 354 

as shown in [57,58]. ISO 29481-1:2016 recommends the use of BPMN for the creation of IDMs [59], 355 

as implemented for example in [60,61]. The elements of BPMN used most frequently for creating IDMs 356 

are described in [62], which goes on to elaborate a proposal, based on the investigations, for which 357 
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BPMN elements should be used for the creation of IDMs (see Figure 1). “The most frequently used 358 

BPMN elements for representing business processes in the AEC industry were sequence flow, pool, 359 

lane, task/activity (exclusive), gateway, and message flow, which are all basic BPMN modeling 360 

elements” [62]. “One important type of activity in a BPMN-compliant process model is the script task, 361 

which allows the embedding of computer scripts that convey user-specified instructions such as where 362 

to retrieve which information and how to use the collected information to perform specific calculations” 363 

[18]. Many “modeling software systems also assist the user in developing processes using graphical 364 

specifications. In particular, the option to use BPMN in the context of workflow management systems 365 

as an implementation language [...] is an important criterion for use in construction projects” [63]. 366 

 367 

 368 

Figure 1: Proposal for the ‘Essential Subset’ of BPMN for IDM Development [62]. 369 

 370 

How the process itself can be subjected to a compliance check is explained in more detail in [64–66]. 371 

Awad presents a method of querying process diagrams using query language (BPMN-Q) to identify 372 

similar patterns in different process diagrams [67].  373 

 374 

Recker states that “‘Classical’ process management applications such as documentation, redesign, 375 

continuous improvement and knowledge management dominate the application areas of BPMN, while 376 

more technical application areas such as software development, workflow management or process 377 

simulation are not (yet) widespread” [68]. This a significant gap, which this study aims to help fill. 378 

 379 

In addition to visualizing a process, it is possible to execute it automatically once generated, using a 380 

workflow engine that performs the process step by step and in accordance with the modeled logic and 381 

can react to events during runtime as well as trigger events itself. Such an event might be a data input 382 

by the user, the calculation of mathematical formulae, a decision resulting from an if-then condition, or 383 

the execution of text-based source code. By virtue of its ability to automate the developed processes by 384 

means of a workflow engine, BPMN can be classified as belonging to the category of visual 385 

programming languages. BPMN has already found its way into the construction industry, in particular 386 

for IDM development, but there are now also initial approaches to using the method in the area of code 387 

compliance checking. This is promising because, besides graphical notation, it also enables the 388 

development of individual extensions using script tasks to address aspects not covered by the notation. 389 
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A script task makes it possible to incorporate individual instructions, such as formulae, in the process, 390 

using script languages like Javascript or Groovy. 391 

 392 

The utilization of BPMN for automating code compliance checking is something that is rarely addressed. 393 

Among the few published approaches, Kog et al. use Petri nets to check BPMN-based construction 394 

processes [69] and Zolfagharian and Irizarry use BPMN to visualize the process for the automated 395 

checking of construction site equipment models [70]. 396 

 397 

 398 

2.3 DMN: Decision Model and Notation 399 

As discussed in the previous section, it is possible to represent processes visually by means of BPMN 400 

and execute them with the help of workflow engines. BPM notation’s gateway elements can be used to 401 

map simple decisions (in if-then-else relationships), but if several criteria within these relationships 402 

need to be evaluated, the process quickly becomes confusing. To simplify this situation and to present 403 

decision options more clearly, the ‘Decision Model and Notation’ (DMN) was developed, version 1.3 404 

of which was published in December 2019. “The primary goal of DMN is to provide a common notation 405 

that is readily understandable by all business users, from the business analysts needing to create initial 406 

decision requirements and then more detailed decision models, to the technical developers responsible 407 

for automating the decisions in processes, and finally, to the business people who will manage and 408 

monitor those decisions. DMN creates a standardized bridge for the gap between the business decision 409 

design and decision implementation. DMN notation is designed to be usable alongside the standard 410 

BPMN business process notation” [71]. “The separation of Decision Modeling from Business Process 411 

Modeling is a good principle, whatever the models, notations and languages are. It will enhance agility 412 

when changes are required, in reducing their impact, among them the risk of failure, and in increasing 413 

the resilience of the Information System” [72]. 414 

 415 

As early as 1969, Fenves et al. described a method of automating decision paths with decision tables 416 

[73]. Huysmans et al. compared several methods of presenting decision paths in a machine-readable 417 

form and validated them against their comprehensibility for users. “The results showed that, on the 418 

aspect of comprehensibility, decision tables provide significant advantages. For each part of the 419 

experiment, the respondents were able to answer the questions faster, more accurately and more 420 

confidently using decision tables than using any of the other representation formats” [74]. “The use of 421 

DMN for modeling the requirements for automated decision-making is similar to its use in modeling 422 

human decision-making, except that it is entirely prescriptive, rather than descriptive, and there is more 423 

emphasis on the detailed decision logic. For full automation of decisions, the decision logic must be 424 

complete, i.e., capable of providing a decision result for any possible set of values of the input data” 425 

[71].  426 

 427 

The DMN is therefore a useful supplement to the BPMN that makes it possible to keep process 428 

representations clear, understandable and easily comprehensible. With the help of DMN, process 429 
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representations can be reduced to their essential parts. Like workflow engines, so-called decision 430 

engines enable automated decisions to be made. By integrating DMN into BPMN, the decision engine 431 

can be triggered by the workflow engine. This study shows how DMN and BPMN are integrated to 432 

achieve a high level of automation of code compliance checking in railway design. 433 

 434 

2.4 BIM in railway design and construction 435 

BIM is being increasingly adopted in the railway domain worldwide. A number of national railway 436 

organizations have declared BIM as the obligatory way forward in improving quality in design and 437 

construction while reducing project costs and delays. To reach these goals, such organizations publish 438 

master-plans and/or define mandatory standards. These include China Railway [75,76], Korean railways 439 

[77], French railways [78], Swiss railways [79], Italian railways [80], Swedish, Danish, Norwegian and 440 

Finnish railways [81,82] and German railways, among others. 441 

 442 

BIM has been mandatory for DB Station & Service AG projects since 2017 [83]. It is the first company 443 

within the Deutsche Bahn AG Group to issue standardized “Guidelines for the Application of the BIM 444 

Methodology” for the provision of model-based planning and construction services. While the 445 

guidelines also mention checking methods for the quality assurance of models, including collision 446 

detection, visual inspection and compliance with regulations, they do not describe any concrete 447 

implementation strategies. Most of the quality assurance criteria are organizational criteria, for instance, 448 

concerning adherence to deadlines. The quality assurance concept developed by the authors, on the 449 

other hand, defines strategies for implementing and deriving model-based quality assurance criteria [3]. 450 

To check the digital building model, it is necessary to scrutinize both the model creation process and 451 

the transfer of model data. 452 

2.4.1 Geometric modeling 453 

This paper examines methods for checking the compliance of 3D infrastructure models and the 454 

underlying route mapping with the respective guidelines. To begin with, it is necessary to differentiate 455 

between “two fundamentally different approaches to modeling the geometry of three-dimensional 456 

bodies: Explicit modeling, which describes a volume in terms of its surface […]. Implicit modeling by 457 

contrast employs a sequence of construction steps to describe a volumetric body, and is therefore 458 

commonly termed a procedural approach” [84]. 459 

 460 

Borrmann et al. [84] outline the following procedures in detail: 461 

- Explicit procedures 462 

o Boundary representation method 463 

o Triangulated surface description 464 

- Implicit procedures 465 

o Constructive solid geometry 466 

o Extrusion and rotation processes 467 

o Parametric modeling 468 

o Freeform curves and surfaces 469 
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“Most of the software products used for infrastructure planning offer a drawing-oriented view – split 470 

into site plan, cross-section and elevation […]. This type of model is referred to as an implicit geometry 471 

description. […] With implicit models, the governing design parameters become significantly more 472 

accessible than with explicit models. An example is the objects and parameters that define alignment. 473 

Consequently, implicit models offer a better basis for checking these parameters against codes and 474 

guidelines” [3]. 475 

 476 

 477 

 478 

Figure 2: Comparison of implicit and volumetric 3D models: while implicit models (drawing-479 

oriented view) are used during the design process, explicit models are used in the context of BIM-480 

based analysis [3]. 481 

 482 

In addition to the pure parametric description of digital building models, some software systems also 483 

keep a history log of the individual modeling steps and enable the modification of individual steps, 484 

which is an improvement over the drawing-based method. “The […] important concept provided by 485 

parametric CAD systems is the explicitly available construction history. The system records each single 486 

construction operation […]. All operations are parameterized, for example, the height of an extrusion is 487 

an explicitly available parameter. The maintenance of the construction history stands in strong contrast 488 

to conventional systems which typically only store the result of the construction operations as an explicit 489 

boundary representation. The procedural approach provides the user of the system with the possibility 490 

to easily modify an existing model by going back in the construction history and adapting the 491 

corresponding parameter […]” [85]. “Explicit parameters of building elements are one of the merits of 492 

a building model and resolve difficulties in interpreting code checking” [23]. “[…] It is equally 493 

important to have efficient access to the building data as it is having good, transparent, and maintainable 494 

computable rules. Efficient access to the building data is important since rule checking potentially has 495 

to iteratively go through almost the entire data set with a large number of rules. […] Another critical 496 

issue that has been absent in the discussion so far is the support for geometry and spatial operations on 497 

the BIM data. Studies of building codes show that the majority of rules involve geometry and spatial 498 

operations” [24]. “A parametric modeling system will require careful engineering judgment and 499 

responsibilities in setting up the input and reviewing the output and a method to specify the requirements 500 

in an unambiguous way” [86]. 501 

 502 

While planning and modeling tools used for railway design employ implicit data models, they support 503 

the generation and export of explicit geometries using the boundary representation method or 504 
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triangulated surface descriptions. This information can then be transferred using data exchange formats 505 

such as Industry Foundation Classes. 506 

 507 

2.4.2 Industry Foundation Classes 508 

The vendor-neutral data model Industry Foundation Classes (IFC) allows the high-quality exchange of 509 

geometric-semantic models. Over the past few years, it has been continually extended for use in the 510 

model-based data exchange of infrastructure facilities. The ‘Overall Architecture’ project and the 511 

IfcAlignment extension (also known as IFC4x1) first introduced a set of classes for the exchange of 512 

alignment axes and digital terrain models [87]. These initiatives aimed to provide basic concepts that 513 

are now supplemented by domain and subject-specific requirements. In the context of railway design, 514 

Reifenhäuser et al. have expressed the criticism that although horizontal and vertical parts of an 515 

alignment geometry can be mapped with IFC-Alignment classes, comprehensively representing a 516 

railway line also requires that cant is taken into account [88]. This shortcoming has since been 517 

recognized and has recently been corrected in the extension project IfcRail. Similarly to the completed 518 

IfcBridge extension project [89,90] in the context of bridge design, the IfcRail project deals with the 519 

domain-specific requirements of vendor-neutral data exchange for railway design.  520 

 521 

Even though IfcRail development is still in progress, the IFC4x1 version of IFC instance models (the 522 

most recent final schema version) can already be used for numerous automated rule checks in railway 523 

design. For example, an alignment is described in the IFC data model by its horizontal segments in the 524 

xy-plane and the corresponding vertical segments in the projected coordinate system (s,z) [91]. In 525 

addition, it is possible to place IfcReferent objects at specified locations along an alignment axis and to 526 

attach user-defined property sets to them. The parameters in these property sets are not defined in the 527 

data schema and provide the modeler with a very flexible method for transferring project- or 528 

organization-specific attributes. The downside is that any flexibility in a data schema also requires 529 

specific processing of user-defined, non-standard properties must also be specifically addressed for 530 

import processes, which makes automatic interpretation considerably more difficult. Nevertheless, this 531 

ability to dynamically extend the schema with additional semantics is a useful feature of IFC, making 532 

additional rules testable. 533 

 534 

In many parts of the IFC data model, it is possible to choose between different representations and 535 

dynamic semantic extensions. This flexibility, however, inevitably means that not every instance model 536 

can be used for every check routine, since the data cannot be extracted in a consistent form. To 537 

counteract this, the model to be checked must comply with additional specifications [22] that can be 538 

defined through the mechanism of a model view definition (MVD). An MVD defines a subset of the 539 

entire IFC data model and thus restricts, for example, the geometric presentations that may be used [92]. 540 

At the time of writing, there are no internationally defined and published MVDs that reflect the correct 541 

use of IfcAlignment instances or related concepts such as IfcLinearPlacement for the description of 542 

positions along an alignment element. Nevertheless, the schema definition contains so-called concept 543 

templates, which represent specific rules of a complete MVD and can be assembled in a modular fashion. 544 
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An MVD for specifying the required input data can be elaborated using the IfcAlignment Concept 545 

Template and defining any additional necessary parameters.  546 

 547 

The latest candidate standard extension is called IFC4x3 and includes the extension proposals of 548 

IfcBride, IfcRoad, IfcPortsAndWaterways and IfcRail projects [93].  549 

3 The DB Netz AG guidelines 550 

Due to the very stringent safety requirements that apply to rail facilities, numerous guidelines are in 551 

place that strictly regulate design as it relates to rail infrastructure facilities. While aesthetic aspects of 552 

the structure are important for the individual expression to the respective building designs, infrastructure 553 

facilities are on the whole characterized by a high degree of standardization both with components and 554 

geometric dimensions. 555 

 556 

The study henceforth takes the guidelines of Deutsche Bahn AG as an example, but the principle can 557 

be extended to other countries with similar guidelines of their own. Comparable regulations also exist 558 

for road infrastructures.  559 

 560 

The guidelines are presented in a clearly defined structure. In the context of code compliance checking 561 

with building information models, it is the construction engineering guidelines, in which most of the 562 

rules for design and construction are defined, that are the most interesting. The main groups are divided 563 

by trade into sub-groups. The guidelines examined in this study are as follows: 564 

 565 

Table 1: Assignment of trades or sub-groups to guideline numbers. 566 

Trade/sub-group Guideline number 

Network infrastructure technology design 800 

Basics of superstructure 820 

Earthworks and other geotechnical structures 836 

 567 

Guideline Group 800 defines the parameters for track routing and sets out the basis for the entire track 568 

system. It includes definitions for switches and crossings as well as for track cross-sections and regulates 569 

the dependencies between individual objects. It also sets boundary conditions such as the design speed. 570 

Guideline Group 820 defines the design of the superstructure, such as the rail form and sleeper type, 571 

while Guideline Group 836 specifies the conditions relating to the required civil engineering measures, 572 

for example, earthworks, drainage, etc. These three groups set out the most relevant guidelines for the 573 

planning, construction and operation of a railway infrastructure and are therefore examined in detail in 574 

this study. Further guidelines exist that deal with technical equipment (e.g. control and safety equipment 575 

and overhead catenary lines) and structural engineering (e.g. bridges and tunnels) but are not considered 576 

here. 577 

 578 

Particular attention must be paid to the modal verb formulations used in the guidelines, as they are used 579 

to indicate specifically whether the item in question is a requirement, permission, recommendation or 580 

possibility and capability. Table 2 shows the terms used and their implications based on the guidelines 581 
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and DIN 820-2 [94–96]. As these are relevant for both planning and manual quality control, it is 582 

essential that they are used accordingly in model-based quality assurance. 583 

 584 

Table 2: Meaning of auxiliary modal verbs in DB Netz AG guidelines according to [94–96]. 585 

Auxiliary modal verb Meaning 

Shall 
Requirement 

Shall not 

May 
Permission 

Need not 

Should 
Recommendation 

Should not 

Can 
Possibility and capability 

Cannot 

 586 

4 Rule representation using BPMN and DMN 587 

Building information modeling is used increasingly in practice for designing buildings. The quality 588 

assurance concept presented in [3] has therefore been taken as the basis for the concept presented in this 589 

study. Our concept additionally considers the domain of ‘Construction Design’, which is concerned 590 

with checking digital building models during the design stages. An essential aspect here is the ability to 591 

perform a digital and machine-evaluable representation of the existing guidelines for automated model 592 

checking. “Case examples and requirements in guidelines [...] can be presented in many different ways, 593 

ranging from simple and clearly structured tables with limiting values to graphical representations or 594 

written descriptions” [19]. This also applies to the guidelines of Deutsche Bahn AG. For the purpose of 595 

the concept, the process of checking models against guidelines involves performing calculations and 596 

comparisons and making decisions. The process-based description of the guideline content is 597 

represented by BPMN and DMN. The following section begins by formulating the general requirements 598 

for automation before going on to describe the logic of translation into a machine-interpretable form. 599 

The translation is done manually, but supported by the RASE methodology [26], which is a semi-formal 600 

process for analyzing regulatory text in natural language and marking it up for further processing. 601 

 602 

4.1 General requirements for automation 603 

BPMN, as a node-edge model comparable to visual programming languages, provides a set of process 604 

elements to enable the representation of policy content or rules. Node elements include events (e.g. start, 605 

end), tasks (e.g. user tasks, script tasks, or DMN tasks), and gateways (e.g. exclusive, parallel) as shown 606 

in Figure 1. Edge elements (e.g. sequence flow) connect the respective nodes into a continuous process. 607 

In addition, it is possible to aggregate sub-processes into a higher-level process to enable the hierarchical 608 

organization of processes.  609 

 610 

To facilitate automation, the following conditions apply when creating processes: 611 

(1) Every process has a start and an end event. 612 
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(2) Events, tasks, and gateways are connected by flow elements.  613 

(3) All tasks are addressed and initiated by a start event.  614 

(4) All tasks are integrated into the process in such a way that they are connected to an end event.  615 

(5) Gateways have at least two output edges, but there may be a default path. 616 

 617 

4.2 Principles of process modeling 618 

As discussed by Preidel & Borrmann in [19], regulations can be presented in various ways, for example 619 

as continuous text, tables, graphics, or formulae. This section describes the principles of process 620 

modeling and explains how guidelines are represented in this concept using BPMN and DMN.  621 

 622 

Textual descriptions place a rule in an overall context and describe decision paths, individual parameters 623 

and entire parameter sets. They also contain embedded formulae as well as references to graphics, tables, 624 

attachments, etc. Typically, the superordinate process description is textual.  625 

 626 

Graphics are used to clarify the content of a textual description and illustrate component 627 

interdependencies as well as parameters and boundary conditions that need to be considered. Because 628 

they can be part of an aggregated representation, graphics can describe both individual as well as 629 

multiple rules.  630 

 631 

4.2.1 Translation of regulations 632 

RASE-syntax [26] is used to support the translation of regulatory texts into workflow diagrams. The 633 

regulations are structured with the tags requirement <r> or <R>, applicability <a>, select <s> and 634 

exception <e>. 635 

 636 

The following section illustrates the process of translating a rule using the example of the routing 637 

element ‘arc’ and a chosen radius. The resulting process and its individual steps are shown in Figure 4, 638 

along with the textual descriptions.  639 

 640 

Guideline 800.0110 § 6 No. 3 defines the following requirement: 641 

 642 

The arc radius (r) of a track curve is calculated by the formula [Equation 1] taking into account the 643 

speed (v), superelevation (u) and superelevation deficit (uf) and shall not be greater than 25.000 m. 644 

 645 

𝑟 = 11,8 ×  
𝑣²

𝑢 + 𝑢𝑓

 646 

Equation 1: Determination of the arc radius of a track curve according to Guideline 800.0110. 647 

The marked rule following the RASE-syntax looks like this: 648 

 649 



Page 18 / 53   

<R>The <a>arc radius</a> (r) of a track curve is calculated by the formula <r>[Equation 1]</r> 650 

taking into account the speed (v), superelevation (u) and superelevation deficit (uf) and shall <e>not 651 

be greater than 25.000 m</e>.</R> 652 

 653 

The rule does not contain any selection.  654 

 655 

4.2.2 Representation with BPMN and DMN 656 

In principle, all notational elements described by ISO/IEC 19510 may be used, but in this study, the 657 

elements shown in Figure 3 (script task, gateway, DMN task) were found to be particularly suitable and 658 

therefore play a focal role. 659 

 660 

Guideline specifications in the form of calculation formulae (requirements) are incorporated in the 661 

workflow by means of a script task (see Figure 3, number 1). The calculation formula is written in 662 

Javascript. 663 

 664 

Both text and tables can describe decisions (select-tag in RASE) that can usually be resolved into simple 665 

if-then-else relationships. Such decisions can be represented in the process by a gateway or as a DMN 666 

task. If the result of the decision is described with formulae, representation by means of a gateway (see 667 

Figure 3, number 2) and the following script task is chosen, since DMN tasks do not accommodate 668 

formula-based evaluations. The if-condition is formulated using the flow elements assigned to the 669 

gateway. A gateway can also be used to compare individual parameters with the model independently 670 

of other boundary conditions. 671 

 672 

    673 

  674 

Figure 3: BPMN elements: 1 – Script task used to represent formulae; 2 – Exclusive gateway used 675 

to represent simple decisions/branches; 3 – DMN task used to represent complex decisions. 676 

 677 

A DMN task (see Figure 3, number 3) is used if the decision result depends on several input variables 678 

(if-conditions) and is expressed as a static value (no formula). When creating a decision table, the 679 

necessary input variables and results must be defined. Table 3 shows a schematic decision table. 680 

Compared with a succession of numerous gateways, the tabular representation of several decision paths 681 
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is both clear and easily understandable. There is no limit to the number of input or output variables or 682 

rules to be considered. 683 

 684 

Table 3: Schema of a DMN decision table, in which any number of rules can be created. To 685 

generate a decision, the necessary input and output variables, including associated values, need 686 

to be defined.  687 

Rule 

number 

Input Output 

 Input 

variable 𝒊𝟏 

Input 

variable 𝒊𝟐 

Input 

variable 𝒊𝒎 

Output 

variable 𝒐𝟏 

Output 

variable 𝒐𝟐 

Output 

variable 𝒐𝒛 

1 value 𝑖1,1 value 𝑖1,2 value 𝑖1,𝑚 value 𝑜1,1 value 𝑜1,2 value 𝑜1,𝑧 

2 value 𝑖2,1 value 𝑖2,2 value 𝑖2,𝑚 value 𝑜2,1 value 𝑜2,2 value 𝑜2,𝑧 

3 value 𝑖3,1 value 𝑖3,2 value 𝑖3,𝑚 value 𝑜3,1 value 𝑜3,2 value 𝑜3,𝑧 

n value 𝑖𝑛,1 value 𝑖𝑛,2 value 𝑖𝑛,𝑚 value 𝑜𝑛,1 value 𝑜𝑛,2 value 𝑜𝑛,𝑧 

 688 

In this way, rules are broken down into the smallest constituent units so that the process representation 689 

is comprehensible and can be easily followed. Consequently, complex calculations or observations are 690 

divided into multiple tasks. To ensure that the method is accessible and comprehensible to users without 691 

programming knowledge, only simple formula and variable definitions are used in the process. Textual 692 

descriptions of individual elements and additional text annotations can be used to provide explanations 693 

of the process modules.  694 

 695 

Mapping into BPMN is described in this section on the basis of a marked paragraph, following the 696 

RASE-syntax described in Section 4.2.1 (compare also Figure 4). The paragraph of the guideline begins 697 

with a description of the input variables (velocity, superelevation, superelevation deficit) necessary for 698 

calculating the arc radius and then describes their interdependency in terms of a formula. Therefore, to 699 

enable automated checking of the digital building model, it is essential that the necessary input variables 700 

are made available for processing (Step 1). Alongside the quantities declared in the guideline, the 701 

modeled radius must also be passed as a parameter. The process can then be started (Step 2). It is 702 

necessary to confirm that the model data will be checked by the appropriate rules, e.g. that an arc will 703 

be checked by rules dealing with arc information. This is taken care of by a gateway in Step 3 which 704 

represents the RASE-tag applicability. The radius calculation formula according to the guideline is 705 

represented by a script task (Step 4), and the result of the calculation is stored as an independent variable. 706 

The model’s compliance with the guideline is checked by comparing the modeled radius with the radius 707 

calculated according to the guidelines. This takes the form of a simple if-then condition in the form of 708 

a gateway (Step 5), whereby the two sequence flows contain the corresponding decision logic for the 709 

subsequent process path. The flows also contain the exception to the rule. Depending on which path is 710 

automatically selected, the check result is set (Step 6) to either ‘passed’ or ‘failed’. At the end of the 711 

process, the result is returned to the user (Step 7). 712 

 713 
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Figure 4: Process definition of a simple rule: Guideline 800.0110 – calculation of the arc radius 714 

and validation of model data. 715 

 716 

 717 

From the example described, it is possible to formulate generally valid steps for the creation of a process: 718 

(1) The model data to be checked is transferred to the workflow engine. Information that is not 719 

defined in the model but is essential for correct execution of the process is defined by the user 720 

and passed to the workflow engine together with the model data to be checked for compliance. 721 

(2) In a pre-processing stage, the data is prepared for the workflow (transfer to variables, 722 

adaptation of dot-comma notation, etc.) and passed to the start of the checking process. 723 

(3) The workflow engine selects objects and parameters from the submitted data set to be checked 724 

for compliance. If the workflow is not usable for checking submitted objects or parameters, 725 

the process is skipped.  726 

(4) The workflow engine determines the target parameters based on the guidelines for the defined 727 

boundary conditions of the model and other information. 728 

(5) The workflow engine compares the target parameters with the transferred model data (actual 729 

parameters). 730 

(6) The workflow engine defines whether the check has passed or failed. 731 

(7) The checking process is terminated, and the results are made available to the user in the form 732 

of a report. 733 

 734 

5 Evaluating guidelines for implementation with BPMN  735 

Studies of norms and standards in England and Wales have shown that 20% of the rule sets examined 736 

are declarative and thus directly computer-interpretable, while 47% need additional human intervention 737 

to make them computer-readable. In 33% of the cases examined, automation is not possible [97].  738 

 739 

The extent to which models can be checked for compliance with the guidelines of Deutsche Bahn AG 740 

using BPMN and DMN was checked using Guideline Groups 800, 820 and 836 and analyzed for a total 741 
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of 943 rule sets. Of all the rules analyzed, 486 (52 %) can be generally classified as automatable. A rule 742 

is classified as automatable if all of the following criteria apply (necessary conditions): 743 

 744 

(1) All necessary input variables have been described.  745 

(2) Boundary conditions/decision paths to be considered have been described. 746 

(3) All required output variables have been described. 747 

 748 

To be able to automate the content of guidelines, the rules must have a deterministic description. Policy 749 

contents are classified as non-automatable when at least one of the three criteria is not met or the 750 

contents aim to describe the readability and structure of the policy.  751 

 752 

As described in Section 2.4, BIM models in infrastructure planning are created with the aid of 753 

parameters (e.g. length, height, width of objects) using an implicit data model. Analysis of the guidelines 754 

includes examining the extent to which guidelines describe the parameters that are required for 755 

modeling. A total of 460 rules (49%) were classified as ‘parameter-oriented’.  756 

 757 

A total of 437 rules (46%) were classified as ‘BPMN implementable’, while 3% of the rules (32 in 758 

absolute terms) were evaluated as only implementable by means of higher-level quality tests, such as 759 

simulations.  760 

A comparison of the evaluation results at policy level (see Table 4) reveals that Policy Group 800 in 761 

particular is predominantly parameter-oriented (82%), so here, models can be checked to a great extent 762 

using BPMN (75%). The rules contained in Guideline Groups 820 (38%) and 836 (39%) are far less 763 

parameter-oriented, and consequently have significantly lower potential for implementation with 764 

BPMN (37% and 39%, respectively).  765 

 766 

Overall, the potential for implementing automated rule checking by means of BPMN was deemed 767 

sufficiently high (46% of the analyzed rules), which is a valuable basis on which to continue with the 768 

method, despite the unequal distribution across the individual guidelines.  769 

 770 

Table 4: Evaluation of feasibility of Guideline Groups 800, 820 and 836 for checking models for 771 

guideline compliance. 772 

Guideline 

group 

Number of 

paragraphs 

Automatable? Parameter-oriented? Realizable 

with BPMN? 

Simulation 

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%) 

 773 

Over the course of the detailed analysis, the examined rules were divided into 12 different classes. These 774 

rule classes are defined in Table 5. Figure 5 shows a graphical representation of the classes 2, 4 and 7. 775 
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Rule classes are mainly defined by their typology. In the case of distance definitions, the rule classes 776 

are subdivided, depending on the influence they have on direction in a 3D-coordinate system.  777 

 778 

Table 5: Definition of rule classes and their respective descriptions. 779 

No. Rule class Description 

1 Not relevant for 

modeling 

Specifications that have no influence on the modeling of 

buildings, e.g. procedural processes in communications with the 

client or specifications for document structures such as 

explanatory reports. 

2 Distance definitions: 

transverse direction 

Definitions (horizontal distances) that can be derived from the 

cross-section of the building model (see Figure 5). 

3 Distance definitions: 

position 

Site plan view in the sense of a 3-panel projection:  

distances between elements. 

4 Distance definitions: 

height 

Definitions (vertical distances) that can be derived from the 

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 

alignment elements 

Definitions that define parameters for vertical and horizontal 

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: 

Longitudinal direction 

Orientations of components in the layout plan. 

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 

specification 

Rules for dimensioning components, such as hydraulic 

calculations. 

 780 
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 781 

Figure 5: Standard cross section of a single-line railway alignment incl. corresponding distances 782 

(drawing adapted from [98]). 783 

 784 

Table 6 shows the detailed evaluation of the analysis. No distinction is made with respect to the 785 

underlying guideline; rather, the results shown are cumulated for the examined guidelines. Column 2 of 786 

Table 6 shows the number of evaluated rules. The large proportion of rules classified as ‘not relevant 787 

for modeling’ (33%) is striking, and consequently column 3 shows the distribution with rule class 1 788 

factored out. Column 3 shows the number of rules per rule class that can be implemented using 789 

BPMN/DMN. When the rules not relevant to model creation are factored out, the proportion of rules 790 

that can be implemented using BPMN increases from 46% of all those reviewed to 68% of those in rule 791 

classes 2 to 12. The three most frequently occurring classes that can be implemented with BPMN are 2, 792 

4 and 5.  793 

 794 

Table 6: Detailed evaluation of the guideline analysis according to the rule classes defined in 795 

Table 5. The top three rule classes are highlighted. 796 

1 2 3 4 

Rule class Number of rule 

sets examined 

Ratio 

convertible 

with BPMN/ 

DMN, without 

rule class 1 

Ratio not 

convertible with 

BPMN/ DMN, 

without rule 

class 1 

 Total 943 (100%) 432 (100%) 202 (100%) 

1 Not relevant for modeling 309 (33%) - - - - 
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2 
Distance definitions: transverse 

direction 
77 (8%) 74 (17%) 3 (1.5%) 

3 Distance definitions: position 46 (5%) 43 (10%) 3 (1.5%) 

4 Distance definitions: height 69 (7%) 69 (16%) 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%) 

8 
Directional definitions: 

Longitudinal direction 
9 (1%) 8 (2%) 1 (0.5%) 

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%) 

 797 

Column 4 shows the ratio of rules that cannot be implemented with BPMN and DMN. The rule classes 798 

‘Dimensioning specification’, ‘Other definitions’, ‘Component definitions’ and ‘Clearance tests’ are the 799 

four most common ones whose rules cannot be implemented with BPMN and DMN. These rules or rule 800 

classes account for 30.6% of all rules relevant to the model. Reasons for being classified as ‘not 801 

implementable with BPMN and DMN’ are: 802 

- Rules and their descriptions do not fulfill the necessary conditions for automation 803 

- Sophisticated software for structural analysis or simulation is necessary 804 

- Clearance tests are better performed as clash detection 805 

The remaining rule classes thus account for 1.3 %. The rule class ‘Component definitions’ is an 806 

interesting case, as it is also the class whose rules can be automated most often with BPMN and DMN. 807 

This is due to the comparatively large number of rules that this class contains.  808 

 809 

Diagram 1 shows the relationship between the total number of rules checked and the rules that can be 810 

implemented with BPMN and DMN. With a rate of between 12% and 35%, the rule classes 811 

‘Dimensioning specification’, ‘Other definitions’, and ‘Clearance tests’ are much less frequently 812 

automatically verifiable with BPMN and DMN than the other classes, whose rates range between 85% 813 

and 100%. 814 

 815 
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Diagram 1: Ratio of ‘total’ rules to ‘rules implementable with BPMN/DMN’. 816 

 817 

 818 

The following section considers the three rule classes ‘Component definitions’, ‘Distance definitions: 819 

transverse direction’, and ‘Distance definitions: height’ in more detail, as they contain the most 820 

frequently occurring rules. These are discussed in case studies. A further example highlights the 821 

importance of vertical and horizontal alignment in infrastructure planning. 822 

 823 

6 Case studies 824 

6.1 Software configuration 825 

Various software products were used to develop and validate the case studies detailed in according to 826 

BPM notation (see also Figure 6).  827 

 828 

To automate the process of checking the compliance of model data with guidelines, both models and 829 

guidelines need to be available in digital form. ProVI [99] software was used to generate the models for 830 

checking. For the purpose of alignment, the model data was transferred using IFC. Model data that 831 

cannot be represented in IFC schema version 4x1 is transferred in Comma-Separated Value (CSV) 832 

format, implementing a table structure listing stations (rows) and the corresponding parameters of the 833 

model (columns). For example, with a railway superstructure, the exported CSV will include a list of 834 

rail types, sleeper types and distances between sleepers per station. The advantage of the CSV format 835 

is that it is the most straightforward way of exporting the parameters of the implicit data model from 836 

ProVI. However, as this representation is not vendor-neutral, it is strongly recommended that the IFC 837 

schema is used as soon as it is extended to cover railway designs.  838 

 839 

As discussed in the previous Sections, BPMN and DMN were used to implement automation. Camunda 840 

Modeler [100] was used to model the guideline contents in these notations. The translation and 841 
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representation of the guidelines as BPMN and DMN were performed using the rules described in 842 

Section 4.2. In addition to Camunda Modeler, Camunda Community Platform was also used as a 843 

workflow engine. Together with the supplied database, they represent the back end.  844 

 845 

The IFC and CSV data were evaluated using programs written in Javascript. A front end was developed 846 

to transfer the model data to the workflow engine using web technology (web page: HTML, CSS, 847 

Javascript) and display the results of the check accordingly. A Rest API was used to facilitate data 848 

exchange with the back end.  849 

 850 

Figure 6: Software configuration (representation according to BPMN). 851 

 852 

For the purpose of model preparation, in addition to the technical mapping of the rules and regulations 853 

in BPMNs, an information extractor was used to extract the required input data from an IFC model and 854 

make it available to the downstream checking process. Only IFC 4x1 models were used in the prototype 855 

extractor, since this version – unlike its successors – had already attained ‘final standard’ status. The 856 
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IfcInfra proposals collected in IFC4x3, by comparison, are tested in a validation phase before granted 857 

as the next “Final Standard” version of IFC. As a result, the example models used do not contain all the 858 

required parameters available from the proprietary database of the BIM route modeling tool ProVI.  859 

 860 

6.2 Case study: Alignment 861 

Given the importance of alignment in the planning of infrastructure facilities, the following section 862 

describes the process of checking alignment elements for their compliance with the guidelines. The 863 

checks relate to Rule Class 6 ‘Definitions for alignment elements’. Figure 7 shows the elements that 864 

occur along an alignment: straight lines (black), transition arcs (red), and circular arcs (green).  865 

 866 

 867 

Figure 7: Different types of segments along a horizontal alignment: straight elements in black, 868 

transition curves in red, circular arc in green [91]. 869 

 870 

The description of a track or route alignment (three-dimensional space curve) with IFC 4x1 and used 871 

for verifying the here presented approach. Table 7 provides an overview of the parameters that are either 872 

available or can be derived in the authoring software or in the IFC model. It shows only those parameters 873 

that are relevant for the subsequent analysis. Up to version 4x1, no specifications for superelevation and 874 

velocity exist in the IFC schema. The importance of this information is apparent in the checking routines 875 

described below. 876 

 877 

Table 7: Comparison of available information in the ProVI authoring software and the neutral 878 

data format IFC 4x1. While all information in ProVI is explicitly available, some information in 879 

IFC can only be derived through additional calculation. No information on superelevation or 880 

velocity is defined in the data schema. 881 

Parameter / 

characteristic value 
ProVI 

IFC 4x1 – explicitly 

defined 

IFC 4x1 – implicitly 

derivable 

Entry station of an 

element   
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Element type, with 

exact subtype for 

transition curves  

  

Element length 
  

Radius for circular arcs 
  

Superelevation 
  

Superelevation deficit 
  

Velocity 
 

only if velocity is the 

same for all segments 

 882 

Guideline 800.0110 specifies that the radius of a circular arc should be in the range 150 m to 25,000 m 883 

[101]. Figure 8 presents the logic employed for checking arc radii according to Guideline 800.0110. 884 

Since an alignment can consist of different element types (see Figure 7), the first step (1) is to verify 885 

that the element to be checked is an arc. A BPMN exclusive gateway is used for this purpose. If the 886 

element to be checked is a straight line or a transition arc, the process is terminated immediately. The 887 

directional description of the radii is specified in the alignment modeling software as positive (right-888 

curved) or negative (left-curved). For this reason, the second step (2) calculates the absolute value of 889 

the radius to be checked, using a script task containing the following code: 890 

 891 

Code 1: Calculating the absolute value of an arc radius in Groovy notation [102]. The code is 892 

integrated into the process as a script task. 893 

 894 

𝑅𝑎𝑑𝑖𝑢𝑠 = 𝑀𝑎𝑡ℎ. 𝑎𝑏𝑠(𝑅𝑎𝑑𝑖𝑢𝑠) 895 

 896 

Now it is possible to check whether the radius is within the range 150 m to 25,000 m, as defined in the 897 

guideline. Here, too, an exclusive gateway is used, returning ‘check passed’ when true, or ‘check failed’ 898 

when false. 899 

 900 

Figure 8: Process flow: Check the radius of an arc element of an alignment, represented as a 901 

BPMN process. 902 

 903 

 904 
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According to Guideline 800.0110 § 6 No. 2, the regular and minimum length of track curves and straight 905 

lines must be determined according to the details given in Table 8. Different formulae for determining 906 

the minimum length of straight lines and circular arcs apply, depending on the velocity. For the regular 907 

length, a single formula not subdivided into different velocity groups applies.  908 

 909 

Table 8: Planning values for the lengths of track curves and straight lines according to [101], 910 

grouped by velocity classes, showing formulae for calculating minimum length and regular length 911 

(with no differentiation by velocity). 912 

Minimum length 

v ≤ 70 km/h lmin ≥ 0.10 × v [m] 

70 ≤ v ≤ 100 km/h lmin ≥ 0.15 × v [m] 

v > 100 km/h lmin ≥ 0.20 × v [m] 

 

Regular length 

lreg ≥ 0.40 × v [m] 

 913 

The checking process is shown in Figure 9. As in the process described above, the first step is to 914 

determine whether the element is a straight line or an arc (Gateway 1). If the element to be checked is 915 

a transition arc, the checking process is terminated without any further steps. If the element is a straight 916 

line or an arc, the next process module – a parallel gateway – is executed. This enables the process to 917 

be split into two or more paths, so that both the regular length and the minimum length can be 918 

determined within a process run according to the formulae specified in Table 8. An exclusive gateway 919 

is used to apply the respective formula to the corresponding velocity. The calculation of the minimum 920 

or control length is carried out using different script tasks. The calculated target value is then compared 921 

against the model value using an exclusive gateway in which the status of the ‘regular length’ is set to 922 

‘check passed’ if the condition  923 

 924 

𝑙𝑀𝑜𝑑𝑒𝑙 ≥ 𝑙𝑟𝑒𝑔𝑢𝑙𝑎𝑟   925 

 926 

is fulfilled. The status of the ‘minimum length’ check is set to ‘check passed’ if the following condition 927 

applies: 928 

 929 

𝑙𝑀𝑜𝑑𝑒𝑙 ≥ 𝑙𝑚𝑖𝑛  930 

 931 

Otherwise, the status of the checks is set to ‘check failed’. 932 

 933 
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Figure 9: Process: Check the regular and minimum lengths of straight and curved arc elements 934 

of an alignment represented as a BPMN process. 935 

 936 

 937 

In addition to the minimum lengths of straight lines and curved arcs, the guideline also describes the 938 

minimum length of transition arcs. The guideline describes three different types of transition curves: 939 

clothoid, Bloss-type, and s-shaped. The minimum length again depends on the velocity (v) and the 940 

difference of the superelevation deficits of two successive elements (∆uf). In our case here, it is assumed 941 

that  942 

∆𝑢𝑓 =   𝑢𝑓 943 

Table 9 shows the formulae needed to determine the minimum length of the transition curves according 944 

to [101]. 945 

 946 
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Table 9: Minimum length of transition curves according to [101]. 947 

 Transition curve 

Clothoid Bloss-type s-shaped 

min 𝑙𝑈 =  
4 × 𝑣 × ∆𝑢𝑓

1000
 min 𝑙𝑈𝐵 =  

4,5 × 𝑣 × ∆𝑢𝑓

1000
 min 𝑙𝑈𝑆 =  

6 × 𝑣 × ∆𝑢𝑓

1000
 

 948 

The respective BPMN process is shown in Figure 10. Here, too, the first step is to determine whether 949 

the element type to be checked is a transition curve. If the check is negative, the process is terminated 950 

without any further steps. The second gateway splits the process based on the transition curve type 951 

(clothoid, Bloss, s-shaped) and passes the process to the respective script task, which then calculates the 952 

required minimum length using the relevant formula according to [101]. The third gateway then checks 953 

the result against the model and returns either ‘check passed’ or ‘check failed’. 954 

 955 

Figure 10: Process: Check the minimum length of transition curves represented as a BPMN 956 

process. 957 

 958 

 959 

In line with the four model checking phases of Eastman et al [23], the time needed for checking data 960 

manually is compared to that of automated checking. The first phase describes the steps needed to 961 

interpret and represent the rules given by the regulations. For the manual working process, the auditor 962 

needs due training to be able to check designs correctly. Since it is a subjective process, it is not possible 963 

to measure the training time needed. The comparison therefore does not take this phase into 964 

consideration. The time required for the manual process in phases two to four is approximated. The time 965 

needed to create a process definition for the automated checking process depends on the level of 966 

difficulty. A simple rule, as shown in Figure 8, can be created in two days, including the time needed 967 

for researching the guideline, creating the BPMN/ DMN, and writing the model analyzer for extracting 968 

the parameters. An axis of a total length of 9.5 km is used as test data. In total, the axis contains 45 969 

elements (arc, straight, transition curve) and 259 parameters that describe them. Table 10 presents the 970 

results of the measurements. The automated checking process takes 20 seconds (measured) to perform 971 
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model preparation and rule execution. It is assumed that doing the same manually will take 20 min. 972 

Because the tool creates the report automatically, the results have to be validated and the report has to 973 

be sent to the designer. It is assumed that this phase will take 5 to 10 min. Following the manual method, 974 

the auditor also has to write a report, which takes approximately 15 min. In total, the ratio between 975 

manual and automated checking is approximately 24 %.  976 

 977 

Table 10: Comparison of manual and automated checking and the time needed to check the axis 978 

test data 979 

Phase Description Time needed for 

manual checking 

(approximation) 

Time needed for 

automated checking 

Ratio 

1 Interpretation and logical 

representation of rules 

- -  

2 Building model preparation 5 min 10 sec  

3 Rule execution 10 min 10 sec  

4 Rule checking report 15 min 7 min  

 Total 30 min 7 min 20 sec 24% 

 980 

In addition to the checking routines described above, further processes can be derived from the 981 

specifications of Guideline 800.0110. These include: 982 

- Determining and checking the exact radius according to §6 No. 3 983 

- Determining and checking necessary track extensions according to §6 No. 5 984 

- Checking track curve radii in platform areas according to §6 No. 7 985 

- Determining and checking design values for superelevation and superelevation deficit 986 

according to §7 987 

- Determining and checking design values for superelevation ramps according to §8 988 

- Determining and checking longitudinal inclination and changes in inclination in accordance 989 

with §10, including the design values for fillet radii and intermediate straight lines 990 

 991 

The list shows that there is much greater potential for automating the checking of alignment elements 992 

than just the processes shown above. There are many more possibilities for modeling checking processes 993 

in the context of alignment elements. 994 

 995 

6.3 Case study: Superstructure 996 

Guideline 820 (“Basics of Superstructure”) summarizes the stipulations of general and overarching 997 

importance that govern the design, construction and maintenance of the railway superstructure [103]. 998 

This guideline is for use “within the area of DB Netz AG” for all railway superstructures up to a 999 

permissible velocity of v = 300 km/h” [103]. The following examples refer specifically to Guideline 1000 

820.2010 “Standard specifications for ballasted track for tracks and switches”. These serve as a basis 1001 

for describing and developing checking processes for the rule classes ‘Component definitions’ and 1002 

‘Distance definitions: Height’.  1003 

 1004 
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Guideline 820.2010 “governs the application areas of superstructure components in tracks and switches 1005 

as well as the dimensions of the ballast bed cross-section according to technical/economic aspects. In 1006 

the following, the term ‘superstructure components’ is understood to comprise rails, sleepers, rail 1007 

fastenings, sub-ballast mats, insulated joints, ballast and switch components” [103]. Sub-Clause 1 1008 

Sentence 3 stipulates that the guideline applies “in the area of DB Netz AG in tracks and switches 1009 

travelled on with wheelset loads of up to 22.5 t” [103]. 1010 

 1011 

As such, the area of application of the guideline is clearly defined and the applicability of the guideline 1012 

can be summarized as follows: 1013 

(1) Only valid for ballasted track 1014 

(2) Only valid for wheelset loads up to 22.5 ton 1015 

(3) Only valid for the superstructure components defined above 1016 

 1017 

The corresponding process logic checks conditions 1 and 2 at the beginning of each run (see Figure 11) 1018 

using two successive exclusive gateways: the first queries whether the model is a “ballasted track” and 1019 

the second whether the wheelset load is less than 22.5 t. In the current process, the user enters this data, 1020 

but if the data is stored in the model, it can also be used for the decision. If the conditions are met, the 1021 

system continues with the sub-process of the respective superstructure components. In Figure 11, the 1022 

sub-process is shown in a ‘collapsed’ state but will be explained in more detail shortly.  1023 

 1024 

Figure 11: Basic data check to ascertain applicability of the guideline: Does the model data meet 1025 

the requirements of ballasted track and axle load < 22.5 t (currently inputted manually by the 1026 

user)? 1027 

 1028 

 1029 

The following parameters and characteristic values are available in the modeling software for station-1030 

wise evaluation: 1031 

 1032 

- Station 1033 

- Rail form 1034 

- Sleeper type 1035 

- Sleeper spacing 1036 

- Bedding thickness 1037 
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- Ballast shoulder 1038 

 1039 

The definition of the superstructure can be refined in the modeling software using additional parameters 1040 

and definitions, opening up further possibilities for automated checking (that are not described here in 1041 

detail). 1042 

 1043 

The guideline defines permissible superstructure components according to different parameters. “The 1044 

superstructure components are determined according to the track load per day (Lt/d) and the maximum 1045 

speed according to the List of Permissible Speeds (Hg VzG) or the local permissible speeds […]” [103].  1046 

 1047 

The guideline is supplemented by various appendices that define the superstructure components and the 1048 

respective dependencies. The process checks the sleeper type according to the logic of the guideline 1049 

(see Figure 12) using an exclusive gateway that selects the respective appendix of the guideline 1050 

depending on the track load. There are three categories for track loading: 1051 

 1052 

(1) ≤ 10.000 Lt/d 1053 

(2) > 10,000 and < 30,000 Lt/d 1054 

(3) ≥ 30.000 Lt/d 1055 

 1056 

The respective guideline appendix is integrated in the review process as a decision table in the “Decision 1057 

Model and Notation” (DMN) standard. Table 11 shows the content of this decision table in the original 1058 

format. 1059 

 1060 

Figure 12: Process of checking the sleeper type represented as a BPMN process. 1061 

 1062 

 1063 

The example shown in Table 11 is an extract of the contents of the decision table for the selection of 1064 

sleepers at a daily track load of >= 30,000 Lt/d. A relevant input variable for the choice of permissible 1065 
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sleeper type is speed. According to the table, three sleeper types, B70W, B70W-2,4 and B90W, are 1066 

available for speeds below 160 km/h. For speeds in excess of 230 km/h, only sleepers of type B07W 1067 

are permissible. Each sleeper type has a corresponding rail fastening and a permissible condition. In the 1068 

example, only new material is permissible. Finally, the ‘annotation’ column contains notes on the use 1069 

of the materials and any restrictions in use.  1070 

 1071 

As the table shows, there are situations where several outcomes are possible, i.e. several sleeper types 1072 

are permissible for the same speed. If there are no further restrictions, or none can be applied, all the 1073 

applicable results are equally valid. In the context of the model check described here, a model already 1074 

exists in which a corresponding configuration of superstructure components has been defined. Before 1075 

the process is completed, a script task compares the sleeper type of the model with the possible options 1076 

in the decision table, and the sleeper type in the model is checked to see if it matches one of the 1077 

permissible sleeper types in the decision table. If the check is positive, the check status is set to ‘check 1078 

passed’, and if it is negative, to ‘check failed’ (see Code 2). 1079 

 1080 

Table 11: Decision table for sleeper types at a track load of ≥ 30,000 Lt/ d according to [103] 1081 

(extract). 1082 

Input Output 

Pace 
Type of 

sleeper 
Type of rail fastening Condition Annotation 

< 160 B 70W W14K 686a/687a new  

< 160 B 70W-2,4 W14K 686a/687a new 
Only in crowded areas 

(e.g. slim subgrade) 

< 160 B 90W W14K 686a/687a new 
Only at railroad crossings 

and connection areas 

[160…230] B 70W W14K 900 new If radius > 800 m 

> 230 B 07W W21K 1000 new  

≥ 160 B 07W W21K 1000 new Only at connection areas 

 1083 

Code 2: Pseudo-code for comparing the superstructure components with the results of the 1084 

decision table. 1085 

 1086 

For (var index=0; index < decisionTypeOfSleeper.length; index++)  1087 

{ 1088 

if (decisionTypeOfSleeper == modelTypeOfSleeper) { 1089 

setVariable("statusCheckSleeper", "check passed"); 1090 

exit for-loop; 1091 

} else { 1092 

setVariable("statusCheckSleeper ","check failed"); 1093 

} 1094 
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} 1095 

 1096 

The process configuration shown in Figure 12 can be used for all the track components mentioned above. 1097 

Alongside text values, a decision table can also hold numerical values for automatic evaluation. The 1098 

decision table shown in Table 12 describes the guideline specification for the ballast thickness of a track 1099 

with a load ≤ 10,000 Lt/d. Depending on speed and sleeper type, the specified ballast bed thickness is 1100 

0.20 m or 0.30 m for steel sleepers. At track loads ≤ 10,000 Lt/d, speeds > 120 km/h are not regulated. 1101 

In addition, several input variables can be supplied to the decision table. The table also serves as an 1102 

example of how rules in the class ‘Distance Definitions: height’ can be defined with the help of BPMN 1103 

and DMN.  1104 

 1105 

Table 12: Decision table for ballast bed thickness at a track load of ≤ 10,000 Lt/d according to 1106 

[103]. The main decision criterion is sleeper type. Speeds greater than 120 km/h are not regulated. 1107 

Input Output 

Pace [km/h] Type of sleeper Thickness of ballast [m] Annotation 

≤ 120 not("steel sleeper") 0.20  

≤ 120  "steel sleeper" 0.30  

 1108 

It takes 1-2 days to create a process as shown in Figure 12. A configuration of a superstructure with a 1109 

total length of 15.1 km is used as test data. In total, the dataset contains 49 stations with 250 parameters 1110 

that describe them. Table 13 presents the results of the measurements. The automated checking process 1111 

takes 40 seconds (measured) for model preparation and rule execution. It is assumed that doing the same 1112 

manually will take 25 min. The manual process takes approximately 40 min in total, compared with 1113 

7 min 40 sec for the automated checking process, which equals a ratio of 19 %. 1114 

 1115 

Table 13: Comparison of manual and automated checking and the time needed to check 1116 

superstructure test data 1117 

Phase Description Time needed for 

manual checking 

(approximation) 

Time needed for 

automated checking 

Ratio 

1 Interpretation and logical 

representation of rules 

- -  

2 Building model preparation 10 min 20 sec  

3 Rule execution 15 min 20 sec  

4 Rule checking report 15 min 7 min  

 Total 40 min 7 min 40 sec 19% 

 1118 

In addition to the checking routines described here, other processes based on Guideline 820.2010 can 1119 

be developed to check the compliance of track components, for example: 1120 

- Check rail type (rule class ‘Component definitions’) 1121 

- Distance check for ballast shoulder (rule class ‘Distance definitions: transverse direction’) 1122 

- Distance check for sleeper spacing (rule class ‘Distance definitions: position’) 1123 
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 1124 

6.4 Case study: Distance between tracks  1125 

The second most common rule class is ‘Distance definitions: transverse direction’. The case study 1126 

presented here concerns a check of the distance between the track centers of double-track railway lines 1127 

according to Guideline 800.0130, Appendix 02.   1128 

 1129 

The following parameters and characteristic values are available in the modeling software for station-1130 

wise evaluation: 1131 

- Station per track 1132 

- Speed per track 1133 

- Radius per track  1134 

- Vertical distance between track centers 1135 

 1136 

The process can be modeled using the same basic BPMN nodes as in the case study discussed above. 1137 

Decision tables are likewise integrated into the process.  1138 

 1139 

The guideline distinguishes between different areas and different structural and operational conditions 1140 

when defining track spacing. Consequently, several decisions have to be taken to ascertain the 1141 

respective situation and allow the model to be checked correctly. These are as follows: 1142 

 1143 

(1) Is the radius of the alignment element greater than 250 m? 1144 

(2) Is the model of an open section of track or a station area? 1145 

(3) Is the open section equipped for bi-directional line operation? 1146 

(4) Are catenary masts needed between the tracks? 1147 

(5) Is an inspection walkway needed between the tracks? 1148 

(6) Is the track a new line or an upgrade of an existing line, and are the routes regional or long-1149 

distance?  1150 

(7) Are these main, secondary or passing tracks? 1151 

 1152 

Irrespective of conditions 2 to 7, the question of whether the radius of the underlying elements at the 1153 

station is greater than 250 m needs to be clarified. According to the guideline, this is the first exclusive 1154 

gateway in the process (see Figure 13).  1155 

 1156 

If the radius of the line element is greater than 250 m, the next step (Gateway 2) is to check whether 1157 

catenary masts needs to be provided between the two tracks. If no catenary masts are required, then an 1158 

inspection walkway is needed for the safe passage of railway personnel in the track area (Gateway 3). 1159 

If the answer to this question is ‘No’, the required track spacing (without catenary masts or inspection 1160 

walkway) shall be determined by means of a decision table. At Gateway 5, the track spacing in the 1161 

model is checked against the result of the checking process and, if met, the status is set to ‘check passed’, 1162 

otherwise to ‘check failed’.  1163 
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 1164 

If the radius of the alignment element is less than 250 m, the checking process is diverted to the ‘No’ 1165 

branch at Gateway 1. In such cases, Guideline 800.0130 stipulates that the track spacing must be 1166 

increased as specified in Table 14. The required increase in track spacing for different radii is given in 1167 

the table, and the guidelines specify that intermediate values should be interpolated linearly. In the 1168 

checking process, this table is modeled as a sequence of exclusive gateways, in combination with script 1169 

tasks. As the degree of spacing enlargement is not described by a uniform formula for all radius ranges 1170 

in Table 14, the interpolation formulae for each radius range are anchored in the process. The calculation 1171 

only concerns the necessary delta of enlargement. The decision path for the different radius ranges 1172 

cannot be defined as a decision table, because the DMN engine used does not permit the use of formulae 1173 

as values. Radii of less than 100 m are not covered by the guideline, and in such cases, the checking 1174 

process is aborted.  1175 

 1176 

Alongside Gateway 3, Gateway 4 also represents a decision node that directs the process either to the 1177 

decision tables “Track spacing with intermediate inspection walkway” or “Track spacing without 1178 

intermediate inspection walkway”. The determined necessary enlargement is added to the result of the 1179 

respective decision table by means of a script task. Gateway 5 then compares the model value with the 1180 

criteria of the guideline and evaluates the result. 1181 
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Figure 13: Process: Checking track spacing, represented as a BPMN process. 1182 

 1183 

 1184 

Table 14: Required increase in track distance according to the radius pursuant to [98]. 1185 

Intermediate values should be interpolated according to the guideline. 1186 

Radius r [m] Required increase [mm] 

250 0 
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225 50 

200 120 

180 180 

150 300 

120 700 

100 1000 

 1187 

Table 15 presents the decision table for the distance between tracks without an intermediate inspection 1188 

walkway or catenary masts. Several input variables are needed, as determined by the questions above. 1189 

Both the line itself (‘open section’ or ‘station area’) and the two tracks to be checked must be defined. 1190 

Furthermore, the guideline defines speed specifications for the respective categories. For example, a 1191 

track spacing of 4.5 m must always be maintained within station areas. Along upgraded tracks, at least 1192 

4.0 m is required in the speed range 0 to 200 km/h. “When upgrading existing tracks, a track spacing of 1193 

4.00 m can be maintained up to a design speed of ve = 230 km/h, if this faster speed is restricted to trains 1194 

with favorable aerodynamic characteristics (such as the ICE)” [98]. Track spacings are also defined for 1195 

new lines and local lines with suburban trains. 1196 

 1197 

Table 15: Decision table for distances of tracks without intermediate walkway or catenary masts. 1198 

Input Output 

Type of 

track 

Category 

Track 1 

Category 

Track 2 

Pace 

[km/h] 

Distance of 

Tracks [m] 
Annotation 

Outside 

stations 

Upgraded track Upgraded 

track 

[0…200] 
4.0  

Outside 

stations 

New track New track [0…300] 
4.5  

Outside 

stations 

Short-distance 

track 

Short-

distance 

track 

[0…120] 

3.8  

Outside 

stations 

Upgraded track Upgraded 

track 

[200…230] 

4.0 

Only for trains with 

aerodynamic 

characteristics  

Inside 

stations 

   
4.5  

 1199 

In the case described, the track specifications are categorized from a construction point of view. Where 1200 

definitions for track spacings for walkways are made, the categorization follows operational concerns. 1201 

The terms main track, secondary track and passing track are used here. For this study, it has been 1202 

assumed that this information is not contained in the model and must be supplied manually by the user. 1203 

For the user, however, the problem arises that several descriptions are available, and it is not clear which 1204 

categorization is used for which decision table. A user might assign the track data ‘correctly’ from his 1205 
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or her point of view – for example from a construction point of view – but the decision table requires 1206 

operational categorization. In such a case, the check would not be carried out correctly. This is a 1207 

limitation in the context of check and decision automation. 1208 

 1209 

It takes 1-2 weeks to create a process such as the one shown in Figure 13. Two axes, each of a total 1210 

length of 9.4 km, are used as test data. The dataset contains 946 distance values in total. Table 16 shows 1211 

the results of the measurements. The automated checking process takes 40 seconds (measured) for 1212 

model preparation and rule execution. It is estimated that performing the same checking process 1213 

manually will take approximately 35 min. As a result, the manual process takes approximately 50 min 1214 

in total, compared with 9 min 30 sec for the automated checking process, which equals a ratio of 19 %. 1215 

 1216 

Table 16: Comparison of manual and automated checking and the time needed to check 1217 

superstructure test data 1218 

Phase Description Time needed for 

manual checking 

(approximation) 

Time needed for 

automated checking 

Ratio 

1 Interpretation and logical 
representation of rules 

- -  

2 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% 

 1219 

7 The front end of the checking tool 1220 

To make the checking system more user-friendly, a front end using current web technologies has been 1221 

developed that echoes the four phases defined by Eastman in [23]: 1222 

(1) Interpretation and logical representation of rules  1223 

(2) Building model preparation 1224 

(3) Rule execution 1225 

(4) Rule check reporting 1226 

As explained in the preceding sections, the interpretation of the guidelines and their specifications and 1227 

their translation into process diagrams were undertaken manually in DM and BPM Notation. The user 1228 

can access the checking processes in the user interface using a BPMN viewer. The 3D model is 1229 

transferred to the checking routine by the user. Additional information which is required but not 1230 

available in the model can be supplied by the user via web input forms. The check is then performed 1231 

automatically by the workflow engine and the results passed from the back end (workflow engine) to 1232 

the front end via a Rest API. 1233 

 1234 

The results are displayed in the form of a table showing each checked station and each checked 1235 

parameter. Figure 14 shows an example report of the checking procedure for the distance between two 1236 

tracks. The model contains a track distance of 4.0 m but the boundary conditions supplied by the user 1237 
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(as described in Section 6.4) meant that the guidelines specified a track distance of 4.5 m. The model 1238 

check therefore returns a negative result throughout.  1239 

 1240 

Figure 14: Example of a report showing the result of a compliance check for the required track 1241 

distance. The distance in the model is 4.0m but the guidelines stipulate a distance of 4.5m. The 1242 

report also shows the ID of the checking process and the station where the two tracks are located. 1243 

 1244 

 1245 

The meaning of the modal auxiliary verbs (see Section 3) for the rules are simple to integrate into the 1246 

workflow using a script task for the entire workflow that defines a corresponding variable. Where the 1247 

weighting of a rule’s importance of needs to be represented in the context of decision tables, a variable 1248 

can be outputted. When displaying the results in the front end, the variable is then evaluated accordingly. 1249 

For example, violations of rules and prohibitions can be marked in red, as these are non-permissible. 1250 

Deviations from principles can be marked in yellow as these may still be permissible and do not 1251 

necessarily impact negatively on the model quality. The quality of the model can therefore also be 1252 

weighted in relation to these conditions.  1253 

 1254 

8 Conclusion 1255 

In the construction industry, numerous standards such as norms and guidelines exist in written form that 1256 

can be read by humans but not processed by machines. The checking of plans and models against such 1257 

specifications is currently performed predominantly manually and is therefore a time-consuming and 1258 

error-prone process. This particularly applies to the railway domain, where numerous regulations must 1259 

be strictly followed to ensure the safety of rail traffic and passengers. 1260 

 1261 

This study examined the extent to which the Business Process Model and Notation defined in ISO 19510 1262 

can be used to graphically represent guideline content and make them executable for model checking. 1263 
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Although applying similar approaches to Dimyadi et al., who focus on buildings [104], the focus of the 1264 

study is on railway projects and their dedicated guidelines. In the railway domain, the BPMN approach 1265 

particularly benefits from the precision and clarity of rules originally written in natural language. The 1266 

BPMN approach was additionally supplemented by the Decision Model and Notation, which is also 1267 

divergent from other research.  1268 

 1269 

The study presents an analysis of selected Deutsche Bahn AG guidelines and the capability to represent 1270 

and automate them with BPMN and DMN elements. The analysis showed that 52% of the rule sets 1271 

examined can be automated, and 46 % of the examined rules were classified as being implementable 1272 

using BPMN and DMN. By conducting a detailed classification, the rules were categorized into 12 1273 

different rule classes. By evaluating the frequency of occurrence of the individual classes, the top three 1274 

rule classes were identified, and corresponding case studies designed and tested for feasibility. A further 1275 

case study was also designed for elementary alignment planning within the infrastructure planning. To 1276 

allow data to be imported from railway modeling software, reference was made to the current state of 1277 

the IFC schema, and the use of IFC data validated. 1278 

 1279 

Overall, the representation of guideline content using BPMN and DMN is a promising approach. Aside 1280 

from fulfilling the designated goal, the graphical representation of the process makes the process 1281 

transparent and enables the user to understand the checking process, which is a significant advantage 1282 

over hard-coded ‘black box’ solutions. Due to the standardized representation of the process elements 1283 

and the widespread use of the notation in the context of IDM, it is conceivable that this method could 1284 

be widely implemented in the construction industry. 1285 

 1286 

In this study, existing guidelines were manually translated into process diagrams to make them machine-1287 

readable. RASE-syntax was used to support the translation of regulation texts into workflow diagrams. 1288 

Natural language processing methods offer a promising alternative. Future studies could aim to combine 1289 

both methods, with a view to automatically translating guideline contents into process diagrams using 1290 

NLP. It is also conceivable that authors could specify future regulations from the outset as BPMN 1291 

processes, to facilitate the compliance checking of models. Currently there is no connection to a 1292 

graphical 3D-representation such as a BIM-Viewer. The realized tool analyzes the given parametric of 1293 

3D-geometries, but does not calculate e.g. distances between 3D-objects (clearance test). These 1294 

limitations could be interesting in future studies. Even if the visual representation of guidelines is more 1295 

a ‘white-box’ than a ‘black-box’ solution, workflow-developers have to have experience in 1296 

programming. BPMN is primarily a standard for modeling business processes. It is not meant to be a 1297 

representation for engineering aspects and it is not specific for any engineering design software, which 1298 

means, it is always necessary to develop import and analyzing functionalities. In this study, it is also 1299 

shown that BPMN and DMN cannot be used if sophisticated software e.g. for structural analysis or 1300 

simulation is necessary. 1301 

 1302 
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Although the current status of IFC in the field of infrastructure is not yet sufficient to carry out fully-1303 

fledged model checks in the railway domain, the recent supplementary studies in the context of IFC-1304 

Railway are promising and will likely provide all the information required to enable efficient checking 1305 

of railway models against current regulations. 1306 

 1307 
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