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 Abstract 
 

 

Freight transport is among many other transport methods at the center of attention regarding safety, environmental 

influence and efficiency. The railway system offers an environment-friendlier and more efficient way of transporting 

goods compared to other methods of transport on land. However, in an era where everything is connected, this research 

shows that data related bottlenecks severely limits logistical optimization and safety regarding individual freight wagons 

and their cargo on shunting yards. In order to address this issue, this research focuses on a method for validating wagon 

lists, and detecting errors that lead to risks regarding freight trains entering shunting yards.  

 

 

Research objective and relevance 
 

Freight trains have wagon lists, which are lists of information regarding the freight train as compiled by the concerning 

transporter. Wagon lists contain all necessary information regarding the wagons and their cargo. In this research, the 

main research objective is to improve the registration of dangerous cargo and track individual freight wagons at shunting 

yards. Note that shunting yards currently have no train detection methods. Therefore, the objective is supported through 

using an experimental setup of camera’s and sensors. This research subsequently aims to fulfill the objective through 

the design of a real-time subsystem prototype for detecting errors in freight train composition data. The subsystem links 

the necessary information such that risks can be identified and dangerous cargo can be tracked. By doing so, this research 

addresses the practical as well as the scientific relevance through answering the following main research question: 

 

“How to design a subsystem that validates and enhances wagon composition lists, assess risks and 

subsequently tracks incoming trains on non-centrally operated areas with current wayside sensors?” 

 

 

Wagon list errors and risk on shunting yards 

 

Freight trains consist of one or more locomotives hauling a group of wagons which contain cargo (rolling stock), as part 

of a logistics chain. Cargo wagons can contain any sort of goods (including dangerous goods), and come in different 

types. Freight trains spend a lot of their time on shunting yards, (or marshalling yard) which is a railway yard for 

shunting (splitting and assembling). Currently, these yards have no detection methods. Which results in Infrastructure 

Managers experiencing difficulties to track dangerous goods. In addition, their knowledge about train composition and 

(dangerous) cargo (which is defined in a wagon list) is dependent of what the transporter provides. A wagon list has to 

be provided by the transporter maximum 5 minutes before departure. A series of sampling tests on shunting yards 

proved that currently, the average wagon list accuracy is 77% nationwide. In emergency situations, this can lead to 

dangerous circumstances. Hence, to reduce risk during emergency situations this research focusses on a method to 

establish real-time wagon list verification and error detection. In this way, Data Quality (DQ) is increased using a 

predefined sensor setup. This setup contains a camera system and two types of wayside sensors; (i) passage sensors 

which count axles, and (ii) switch position sensors which indicate if a switch is directing left or right. The camera system 

is used for identification through Optical Character Recognition (OCR) of (i) dangerous cargo identification numbers 

specific for road and rail (GEVI), (ii) United Nations numbers for hazardous materials (UN) and (iii) wagon numbers for 

identification (UIC).  

 This research defines the notion of errors in relation to critical wagon list elements and relates them to risk on 

shunting yards. Consequently, risk in this research is defined in the context of wagon list DQ; through identifying 
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incoming freight trains with wagons and cargo which is not, or wrongly registered by the transporter. Incorrect train 

composition data dramatically increases the risk on shunting yards during an incident for the fire brigade and everybody 

involved. Therefore, risk is approached as a consequence of the main objective; providing all involved parties with correct 

information on the location of hazardous substances in freight trains, on shunting yards, in the event of an incident.  

 

 

Fuzzy Expert System for Risk Assessment 

 

Many approaches to real-world problems seek a precise and crisp description of things or events. This precision is 

accomplished by expressing phenomena in numeric or categorical values. But in most real-world scenarios, there are no 

exact, totally precise values. A certain degree of uncertainty is always present. Therefore, the concept of Fuzzy sets 

introduces a more gradual, smooth transition on what is in- and excluded. A Fuzzy Expert System (FES) in turn aims to 

capture human knowledge in fuzzy logic. This works by fuzzy rules i.e. “IF speed is fast, THEN stopping distance is long”. 

Fuzzy rules are defined through membership functions, which allows the user to set the boundaries and gradualness for 

in- and exclusion. 

 In this research, risk, or Risk Assessment (RA), is approached as a fuzzy notion. This is realized through 

assessing a measurement based on its correctness, and the measurement confidence. Correctness is defined by 

approaching errors in wagon lists with a degree of difference that exists between a measurement value, and its reference 

value. This function takes i.e. a UIC number and calculates the ratio of the correct numbers divided by the total number 

of characters. And thus, is a ratio of how correct the registered numbers are relative to OCR results. The second RA 

element consists of a form of assurance, or certainty that the measurement is valid. Therefore a ‘confidence’ variable is 

incorporated in the system. This measurement confidence is not the same as a confidence interval. Instead, it is a 

confidence value which corresponds to the OCR engine's certainty of the recognized digit identity. 

 

 

Real-time subsystem design 

 

The subsystem design is approached as a soft real-time system in which event processing logic is developed and 

performed in a rule-oriented manner through Python. This is based on incoming events, production rules, active rules 

and logic programming rules to process events. It is approached as an event-triggered (ET) system, where all 

communication and processing activities are initiated whenever a significant event other than the regular event of a 

clock tick occurs. To achieve this, the system uses an event processing engine which is responsible for filtering and 

combining such notifications to understand what is happening and notify to event consumers. Azure Event Hubs  is used 

for this purpose.  

 

 

Artifact validation results 

 

To test if the designed artifact meets the artifact requirements validation is performed according to an ATAM inspired 

method. Several sensitivity and tradeoff points have been discovered from testing 4 prioritized scenarios with real-world 

data from 4 incoming freight trains. This has led to several conclusions of which the most important result is that the 

system was able to automatically detected all wagon list errors during simulation. When simulating with the use of 

correct measurement results, this could be seen as a logical and straightforward conclusion. Hence, more importantly, 

the scenarios proved the system is able to real-time identify DQ errors, assess risks and correctly validate correct results. 

Furthermore, the system adapts in instances where the provided measurement results have a low confidence (due to 
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measurements which are not within the confidence threshold). However, these conclusions are accompanied by a 

number of critical aspects and limitations. 

 

 

Relevance to Innovation Management 

 

This research aims to contribute to Innovation Management (IM) by developing a technological innovation in the form 

of a developed artifact. The roots of this innovative technological design flow from concepts derived in Front End of 

Innovation (FEI) stages similar to Cooper’s NPD Funnel, also known as the IM funnel. The artifact is approached as a 

design problem within the Information Systems (IS) domain. Which involves the development and testing of a prototype 

through development stages 3 and 4 of the IM funnel.  

 This resulted in the establishment of a unique method and approach for rapid prototyping of rail freight 

innovations in the form of a soft real-time systems during development stages of an NPD funnel. Furthermore, a design 

science approach which involves process discovery and data understanding to feed back to system design. And lastly, to 

break down a large problem into smaller parts; the use of a subset of design issues derived from requirements elicitation. 

 

 During this research, time is spent on the value of the developed technology to the entire logistics chain. 

Interviews with intermodal stakeholders resulted in a detailed analysis in which data-related bottlenecks are bundled in 

six categories. This yields in a recommendation for an innovative business model based on Data as a Service to tackle 

the identified problems.  

 

 

Conclusions 

 

The most significant conclusion is that the system automatically detected all wagon list errors during simulation. 

However, a more important conclusion is drawn from the fact that through simulating real-world scenarios and events, 

the system was able to retrieve the events automatically and identified DQ errors, assessed risks and correctly validated 

wagon lists in four real-time situations. The system proves to adapt results in instances where measurements are 

provided with a confidence indication lower than the set threshold. This, together with a crisp risk output from the 

developed FES system (which correctly assessed risks in all test cases) proves the performance of the system. However, 

as the reader will notice further in this research; these conclusions are accompanied by a number of critical aspects and 

limitations. 

 

To conclude, the overall result is a proposed multi-objective method which achieves:  

(i) Real-time assessment of risks based on automated DQ assessment and verification; 

(ii) Considering DQ related risk as a fuzzy notion; 

(iii) And more importantly, a designed artifact that adapts (i) and (ii) based on real-time data.  
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INTRODUCTION 

1 

 

Chapter 1. Introduction 

Freight transport is among many other transport methods at the center of attention regarding safety, environmental 

influence and efficiency. The railway system offers an environment-friendlier and more efficient way of transporting 

goods compared to other methods of transport on land. However, in an era where everything is connected, this research 

will show that several data related bottlenecks severely limits logistical optimization and safety regarding individual 

freight wagons and their cargo on shunting yards. To cope with a growing freight transport market, freight transport 

still offers many challenges. 

 

 

1.1. Problem description 

The main focus of this research lies on freight rail transport, more specifically: dangerous cargo in freight trains on 

shunting yards. These trains consist of a group of wagons containing cargo, hauled by one or more locomotives on the 

Dutch railway network. Freight trains transport cargo between the destination of origin and the intended destination as 

part of a logistics chain. The locomotives either run on electricity, diesel or a combination of both. Their cargo wagons 

can contain any sort of goods and come in different types. Freight trains spend a lot of their time on shunting yards, (or 

marshalling yard) which is a railway yard for shunting (splitting and assembling) freight trains consisting of wagons 

with different destinations. These railway yards are located near major railway junctions and major industrial cities or 

port cities. On railway yards where there is no train detection in any form (called non-centrally operated areas, NCBG), 

ProRail and intermodal freight transport stakeholders1 are currently unable to follow train movements.  

 NCBG’s contain of around 100 passenger yards and 40 freight yards. Currently, the positions of freight trains 

with hazardous or dangerous goods on these railway yards are tracked manually using the first version of the Wagon 

Load Information System (W-LIS). For each activity the freight train undertakes, this requires manual input from the 

freight train operators into WLIS. Which is subsequently processed and used by ProRail.  

 The Ministry of Infrastructure and Environment called on the railway transport sector to better comply with 

the legal registration obligation for hazardous substances in trains (dangerous goods). The transport of hazardous 

substances in the Netherlands complies with strict international and national safety regulations. But in the unlikely event 

that an incident occurs, it is important that information about where hazardous substances are located is correct. The 

Human Environment and Transport Inspectorate has established that approximately 75 percent of vehicles with 

dangerous goods in stationary trains at railway yards are correctly registered (Ministerie van Infrastructuur en 

Waterstaat, 2017).  

 Looking at detection of the other spectrum of railway transport (passenger trains operating at the Dutch 

railway network), NS has developed an application based on GPS. Currently increasing the accuracy of GPS tracking for 

their trains. However, freight trains haul up to 46 wagons with a maximum length of 650 meters (Rail Cargo Information 

Netherlands, 2019), which wagons are owned by different companies. Over 350.000 wagons are spread over the 

European railway network (Eurostat, 2016). Complying with legal registration obligation means that ProRail has been 

developing and testing several new solutions in which the train positions of freight wagons are tracked and registered. 

Their feasibility (technology) and effectiveness (costs and benefits) as the most effective solution for the short-term (<10 

years) remains one of the main problems to date. 

 The initial problem has become urgent approximately 2,5 years ago, more specifically: ProRail and rail freight 

companies are obliged to provide registration of freight wagons with dangerous goods 100% correct on the 26 railway 

                                                                 
1 Intermodal freight transport involves the transportation of freight in a container or other type, using multiple modes of 

transportation (e.g., trucks, rail, ships), without any handling of the freight itself. 
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yards where freight trains with dangerous goods are present. According to the Secretary of State in 2015 about 60% of 

the cars with dangerous goods correctly registered, and 75% in 2016. In the letter, she indicated that she wanted to 

impose "further automation of the registration in WLIS (based on, for example, GPS and RFID tags)", with the reason 

that this "significantly reduces the chance of errors due to human actions" (Staatssecretaris van Infrastructuur en Milieu, 

2017). According to the State Secretary, the cause was found in the process of human action. 

 

“… State Secretary Dijksma (Infrastructure and Environment) wants that wagons of freight trains that transport 

dangerous goods to be provided with GPS trackers. This is necessary because transporters too often fail to comply with 

the legally required registration of those substances in stationary trains at railway yards. In the event of calamities, the 

fire department must know exactly which substances are on the track…” (Ministerie van Infrastructuur en Waterstaat, 

2017). 

 

Furthermore, freight wagons sometimes get lost. This might sound strange, but transport companies loose freight 

wagons and locomotives on shunting yards or other places during transport. One of the main reasons is that the 

locomotives run on their own generated power and get turned off completely when they are not used, cutting power 

means that location related components can no longer transmit information.  

 

“…The French railways have lost freight cars. The railway company SNCF has promised their staff a reward if they find 

one. In recent years, 150 wagons have completely disappeared. The 'ghost cars' may still be around or forgotten at a 

railway yard…” (ANP, 2016). 

 

This resulted in the start of an innovation, and the start of this research to investigate whether this registration (and 

tracking) could be automated with new technology.  

 

 

1.2. Research design 

The research is focused on designing a subsystem prototype for assessing and tracking high risk rolling stock on shunting 

yards with wayside sensors. There is little consensus in the rail-research domain about the use of marshalling, shunting 

or rail yard. For the sake of readability, this research will use the term ‘shunting yard’ to denote NCBG’s from now on. 

The case study as described in the previous section will provide data during this process. The evolvement of PoC Moerdijk 

will shape the prototype design by providing an overview of the required information flows, information needs and all 

possible options during the process.  

 This paragraph specifies the design problem, research questions, methodology, scope and the relevance which 

will form the bridge to the next Chapter; theoretical background. 

 

 

This thesis project is aimed at solving the dangerous cargo information problem by designing a subsystem through 

design science methodology. Which is defined by Wieringa (2014) as ‘the design and investigation of artifacts in context’ 

(p. 3). To further delve into design science in the context of information systems, the following definition is stated by 

Hevner, March, & Ram (2004) “Design science creates and evaluates IT artifacts intended to solve identified 

organizational problems” (p. 77). Design science also involves a rigorous process to design so called ‘artifacts’ to solve 

observed problems, to make research contributions, evaluate solution designs, and to communicate the results to 

appropriate audiences (Hevner et al., 2004). Such ‘artifacts’ may include constructs, models, and methods (Hevner et 

al., 2004). An artifact (solution) is the design of a subsystem, testing and designing the artifact is done through a case 

study in Moerdijk. This leads to the main design problem statement, which is more extensively elaborated in Table 1: 
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“Improve the registration of dangerous cargo and track individual freight wagons at shunting yards without train 

detection methods, by designing a subsystem which links the necessary information such that risks can be identified 

and dangerous cargo can be tracked, through obtaining correct information independently, improving WLIS accuracy, 

assess risks and track dangerous cargo.”  

 

Table 1: Design problem synopsis 

 

 

 

To develop an artifact for the design problem, this research aims to answer the following research question: 

 

“How to design a subsystem that validates and enhances wagon composition lists, assess risks and 

subsequently tracks incoming trains on non-centrally operated areas with current wayside sensors?” 

 

The following research questions (RQ’s) are setup to guide the research in answering the main research question: 

 

RQ1.   What is the data collection process for all data sources and sensors and which 

 data do they generate at what time? (problem understanding) 

The first research question is aimed at discovering the as-is situation. Multiple tests and other existing 

information have led to the sensor setup used in this research. Analyzing this facilitates a better understanding 

why this setup is chosen as most feasible. Furthermore, analysis of data supports the process. Such as the 

various states that sensor data can have, how data is transmitted and the conditions which should be translated 

in system events including ProRail data sources (OVGS, TPS and Quo Vadis). 

 

RQ2.   Which requirements underlie in increasing the wagon list quality? (artifact design) 

The envisaged artifact is new to ProRail, and initial requirements are very basic as its feasibility is part of the 

problem. However, system requirements elicitation through interviews and focus groups (Daneva, 2015; 

Kontio, Lehtola, & Bragge, 2004) will reveal more specific data quality (DQ) standards and requirements.  

 

RQ3.   How can the wagon composition lists be verified and data quality increased using current sensors 

  when entering shunting yards? (artifact design) 

Serving as one of the key research questions, this question is aimed at researching mechanisms and methods 

that can be used to verify wagon lists as provided by transporters. Researching these concepts enables the 

researcher to find design directions which can satisfy the earlier defined requirements. Furthermore, the 

DESIGN PROBLEM 

Problem context 

ProRail wants to validate and enhance the wagon lists as provided by transporters to be able to provide 

accurate information about the location of dangerous cargo on shunting areas. Furthermore, the 

location of dangerous cargo must be available in case of incidents. 

Design artifact 

1. A data quality and risk identification model or subsystem, in which the wagon lists of freight trains 

are validated and risks assessed; 

2. Tracking of incoming freight trains on shunting yard. 

Artifact requirements 
Linking WLIS to incoming freight train, improving WLIS accuracy by verifying WLIS with sensors, data 

quality and risk identification, tracking incoming freight train and dangerous cargo on shunting yards 

Stakeholder goals 

A subsystem which leads to: 

- No more dependence solely on transporters for correct information 

- Accuracy improvement of WLIS 

- Risk identification on shunting yards 

- Providing information about the location of dangerous cargo in case of incidents on shunting yards 
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results from the problem understanding phase guides the researcher to look for rules that can affect each 

process step: constraints, triggering events, computational rules, and relevant information.  

 

RQ4.   How can freight trains be tracked using current sensors on shunting area’s? (artifact design) 

Serving as a follow up question, this research question focuses on the artifact design for ‘tracking’ incoming 

freight trains. This problem requires a design which uses the as-is sensor combination. 

 

RQ5.   Does the designed artifact meet the artifact requirements? (artifact validation) 

Next to analyzing if the artifact meets the requirements, the placed sensors in Moerdijk can constitute as part 

artifact validation method through offering the possibility to test the artifact with real-time data. That is, if 

every sensor can meet the demanded requirements within the scope of this research. Furthermore, because a 

subsystem is typically relatively complex and involves design tradeoffs, architectural analysis is another key 

practice in this step. 

 

RQ6.   What is the possible value of adoption for ProRail and transporters? (implementation) 

Due to the expanding possibilities to track and trace for rail freight, more cases of information exchange 

between rail freight stakeholders are appearing together with growing demands from clients for better 

information exchange. According Chen et al. (2018) this is changing business models through the insight into 

added value of data can be greater when shared.  

 Sometimes a technological innovation may not have an obvious business model. When this is the case, 

perspectives have to be expanded to find or develop an appropriate business model in order to capture value 

from that technology through business model innovation. To achieve well-founded recommendations, the 

process of a rail freight journey and its stakeholders has been mapped. Interviews with each stakeholder of this 

process reveal data related bottlenecks which forms the input to setup business models.  

 

 

As stated in the previous Paragraph, this Master thesis project is performed according to a research cycle based on the 

design and engineering cycle as stated in Wieringa’s Design Science Methodology for Information Systems and Software 

Engineering (2014). The cycle is adapted to this research and shown in Figure 1 below.  

 

 

1. PROBLEM UNDERSTANDING

Literature review

Previous concepts and 
innovation funnel

2. ARTIFACT DESIGN

Design of a subsystem 
prototype for 
(1) validating wagon lists, 
(2) identifying risks and 
(3) tracking freight trains

3. ARTIFACT VALIDATION

ATAM

Case study Moerdijk

Satisfaction of requirements

Specifying artifact directions

4. DESIGN IMPLEMENTATION

Recommendations

Implications for further 
research

Business models
 

Figure 1: The design and engineering cycle (Wieringa, 2014) 
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Problem understanding 

Given the significant amount of research undertaken before this case study, the problem understanding phase is the 

first, and one of the most important phases in this project. This phase includes preliminary research and a systematic 

literature review (Salden, 2019b, 2019a). The preliminary problem understanding led the research domain into deriving 

insight from real-time streaming data and enriching this stream with semantic context from other Big Data, which can 

be classified as a Data Fusion task. Data Fusion techniques are used to provide correct data from sensors to algorithms 

(Castanedo, 2013; Kumar & Pimparkar, 2018).  

 In this phase (and subsequent phases), structural meetings with thesis supervisor at ProRail are planned, and 

interviews with experts will be conducted according to the Delphi method: “an iterative process used to collect and distill 

the judgments of experts using a series of questionnaires interspersed with feedback. The questionnaires are designed 

to focus on problems, opportunities, solutions, or forecasts” (Skulmoski & Hartman, 2007, p. 2). Multiple interviews 

have taken place during this phase, most of which have been integrated in this research. Interviews which contain 

interesting topics and information for the future research are transcribed and found in Appendixes. 

 Bridging the research process to the artifact design stage, all activities to construct the data that will be fed into 

the modeling tool(s) from the sensors are mapped. The aim is to test the subsystem through a case study in which all 

data streams are automatically integrated for use in an analytic environment. This requires cloud computing systems, 

internal databases and data streams from sensor suppliers to be integrated in an automated manner. 

 

Artifact design 

Design-science research must produce a viable artifact in the form of a construct, a model, a method, or an instantiation 

(Hevner et al., 2004). This stage meets this demand through the design of an artifact; a subsystem which validates and 

enhances wagon composition lists, assess risks and subsequently tracks incoming trains on non-centrally operated areas 

with current wayside sensors.  

 According to Kopetz (2011) in his book about Design Principles for Distributed Embedded Applications there 

are two opposing empirical views how to proceed in these first life cycle phases when designing a system. The first 

approach involves a sequential approach, where every life-cycle phase is thoroughly completed and validated before the 

next one is started (grand design). The second approach involves rapid-prototyping, where the implementation of a key 

part of the solution is started before the requirements analysis has been completed (rapid prototyping)” (p. 260). The 

artifact design is aimed at the second approach. If the evaluation at the end of the research results in a ‘go’ decision, a 

project team is formed and more resources are committed. The rationale behind the rapid prototyping approach is that 

by researching a certain solution at an early stage, a significant amount is learned about the problem space. This is 

achieved through 2 artifact design stages: 

 

I. Design requirements and artifact design directions; 

II. Artifact design of a real-time subsystem prototype. 

 

 The first phase can be considered a prelude to the actual artifact design. Several best practices from Wiegers & 

Beatty (2013) are used regarding software requirements modeling. Identifying user requirements through elicitation 

interviews, document analysis and examination of previous reports. The limited set of existing requirements is re-used 

and system events and responses are analyzed. Furthermore, design science has an iterative nature.  Progress is made 

iteratively as the scope of the design problem expands. However, the scope is a sensitive matter in a large research 

project. Hevner, March, & Ram, (2004) state that design science research often simplifies a problem by explicitly 

representing a subset, or decomposed problem of simpler sub-problems. Therefore several critical design issues are 

selected throughout the first phase which require more detailed considerations.  

 The second phase involves the artifact design. The subsystem is developed in Python since this is a high-level, 

general-purpose programming language supported by ProRail’s Microsoft (Event Hubs) Azure platform and the 

Information Systems Faculty of the TU/e. Azure is a freshly implemented cloud computing service used by ProRail. 

Furthermore, conversions to other programming languages are optional.  
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Artifact validation – case study 

After the model has been built, it has to be verified to assess whether the model is working as intended. In this phase the 

use of the model to solve one or more instances of the problem will be evaluated. This can be achieved in two ways: 

 (1) Comparing the objectives of a solution to actual observed results from use of the model at the case study.  

 And (2), Artifact validation achieved through analyzing if the artifact achieves the desired effects in context. 

The Architecture Tradeoff Analysis Method (ATAM) (Kazman, Klein, & Clements, 2000) is used for guidelines in 

analyzing the artifact and discovering tradeoff and sensitivity points. 

 As both methods are used, however the extend in which the 1st method can be executed completely depends on 

the development process of ProRail’s suppliers. At the starting phase of this research, not a single sensor was installed 

which means no data was available. At the end of the research process the question remains how much data will be 

available to the researcher. 

 

Design implementation 

A detailed design implementation phase is not within the scope of this research. However, the information the system 

provides could have a big impact on the complete intermodal logistic chain involving rail freight. Therefore, the 

implementation phase covers comprehensive in-depth recommendations, achieved by answering research question 6. 

 To conclude, the complete research design framework is summarized in Figure 2 below. 
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RQ 1

Part I
RQ 2

RQ 5

Part II
RQ 3
RQ 4

RQ 6

 Delphi method interviews (Skulmoski & 
Hartman, 2007)

 Document analysis (database containing 1.030 
files and 40 folders from previous concepts)

 BPM Process investigation (Dumas et al., 2018)

 Data collection and understanding 

 Data event sequence diagram

 Understanding the problem and 
concepts in FEI stages

 Mapping stakeholders

 Process model of incoming freight 
trains 

 Overview of data sources

 Data event sequence during 
process of incoming freight trains

 System requirement elicitation, project risks and 
context diagram (Wiegers & Beatty, 2013)

 Information Flow Processing (IFP)

 Wagon list errors and enhancing accuracy

 Data driven AI method

 Event processing approach

 Artifact design directions for:

 Event processing method for 
handling sensor 

 Detecting wagon list errors and 
enhancing wagon list accuracy;

 Event latency and time 
management.

 DQM dimensions and method (Doyle et al. 2013)

 Fuzzy ES for Identifying Wagon List Risks 
(Negnevitsky, 2005)

 Formulation of scenario s and use cases (Wiegers 
& Beatty, 2013)

 UML diagram (Jong, 2002; Pasaje, Harbour, & 
Drake, 2001)

 Artifact design

 Case study PoC Moerdijk

 ATAM architecture evaluation (Kazman et al., 
2000)

 Testing if the artifact meets its 
goals and requirements, 
discovering architecture tradeoff 
points

 Mapping rail freight journey

 Delphi method stakeholder interviews 
(Skulmoski & Hartman, 2007)

 Business model generation

 Comprehensive in depth 
implementation 
recommendations

 
Figure 2: Research design framework and methods  
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This project started with a short set of initial requirements helped defining the research scope, ranking them helps with 

uncovering stakeholders’ prioritizations and limiting the scope. A method called ‘MoSCoW’ can help in this situation. 

MoSCoW stands for must, should, could and would. MoSCoW is probably best used in the early stages of projects when 

requirements are not specified in a great degree of detai (Vestola, 2010). This prioritization is found in Table 1 of 

Appendix C. The following set of stakeholder derived research goals is included in the scope: 

 

 Able to compare/validate wagon composition list of incoming trains with measurement results; 

 Support master DQ improvement of wagon composition lists; 

 Able to prove the incoming train can be tracked on shunting yards using current sensor setup; 

 Solution validation through prototype/case study. 

 

This initial set of requirements are very roughly defined. But with a clear goal in mind. On the contrary, to reach these 

goals this project knows several clear restrictions.  

 One of the first and main limitations of this research is the sole focus on incoming trains. As the reader will 

discover further in this research; shunting processes and freight trains leaving the shunting yards deserve their own 

separate research. The shunting process knows many different operations which are part of the everyday operation. 

Shunting operations include e.g. bringing and gathering wagons from industry areas and compiling a freight train using 

multiple tracks. Especially for picking up wagons from industry terminals, ProRail is completely dependent on the 

information which the terminal provides to the transporter. 

 Secondly, this research project focusses on the design of an artifact with the sensor setup as chosen by ProRail. 

The focus of this research is not aimed at comparing different technologies to achieve the same goal. But to design an 

artifact in the form of a subsystem to test if the wagon list accuracy of incoming trains can be increased to over 77%.  

 Thirdly, this research does not include development of sensor intelligence or Optical Character Recognition 

(OCR). ProRail works with an extensive network of suppliers and procurement procedures. Procurement requirements 

ensure that suppliers are chosen which can meet the requirements. Therefore this research assumes that all used sensors 

will achieve the main requirement of ProRail; at least 98% of passing trains need to be accurately recognized. 

 

 

 

This thesis project has two main stakeholders; ProRail and the Eindhoven University of Technology (TU/e). For ProRail, 

the practical relevance has been summarized below; followed by the scientific relevance for the TU/e. 

 

Practical relevance 

First, the current registration (manual through an app) of freight trains by the rail freight transporting organizations is 

deemed insufficient by Dutch Parliament, leading to an average train composition registration accuracy of 77%.  

 Secondly, the location of each wagon on shunting yards is unknown. Together with the previously mentioned 

fact, this causes a big problem when for instance a cargo wagon catches fire, or when content starts to leak. In these 

circumstances the authorities and involved parties should know as quickly as possible what the exact content of the 

wagon is, as well as the content of the wagons nearby. Even when the trains would be registered perfectly, the locations 

of individual wagons in the so-called shunting yards is typically not known, typically these are shunting yards or 

company premises. 

 Thirdly, automating the process of registering and tracking cargo trains and their wagons is that it saves a lot 

of time. The current process in which the freight train operator registers his train and wagons is performed manually. 

This is time consuming and error prone. Furthermore, no freight wagons will be lost on the Dutch railway since their 

position and content will be known at all times. The practical relevance is underpinned through business models 

discussed in Chapter 6. 
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Scientific relevance 

To consider the academic value of this research to the Innovation Management discipline, it is useful to define what 

encompasses the relevance to Innovation Management (IM) in this research.  

 This research aims to contribute to Innovation Management by developing a technological innovation in the 

form of a developed artifact. This artifact aims to achieve real-time automated Data Quality (DQ) assessment and 

interprets risks through a fuzzy notion from detected DQ errors based on case specific situations. 

 The roots of this innovative technological design flow from concepts derived in Front End of Innovation (FEI) 

stages similar to Cooper’s Innovation Funnel (Cooper, 1990). The artifact is approached as a design problem within the 

Information Systems (IS) domain. A more explicit definition within this domain is provided by Garcia & Calantone and 

Rowley & Sambrook (2002; 2009) in their critical look at technological innovation typology and innovativeness 

terminology: “innovation is an iterative process initiated by the perception of a new market and/or new service 

opportunity for a technology based invention which leads to development, production, and marketing tasks striving for 

the commercial success of the invention” (p. 112).  

 Technological rail freight innovations are of high priority in the market (European Commission, 2015). In a 

somewhat optimization ‘lagging’ domain, smart transportation systems are expected to form the future of the railway 

industry. This market shift, together with a government mandated requirement to comply with providing information 

about freight wagons and their (hazardous) cargo creates a must to innovate.  

 Risk assessments (RA), either by rail or by road, have been carried out in the past by various parties and 

researchers. Their purpose varies, and may include acceptance criteria for legal requirements, performance comparisons 

for rail vs. road, volumes of dangerous goods per journey, transportation hardware, minimizing environmental impact 

(e.g. pollution), optimal routing, road and rail planning etc. (Bagheri, Saccomanno, & Fu, 2010; Bubbico, Cave, & Ã, 

2004; Cheng, Verma, & Verter, 2017; Christou, 1999; Cozzani, Bonvicini, Spadoni, & Zanelli, 2007; Dzemydiene & 

Dzindzalieta, 2011; Vamanu & Gheorghe, 2005; Verma, 2011). Given the significance of hazardous material release 

incidents it can be stated that researchers have paid considerable attention to the assessment of hazardous material risks 

in every mode of transportation (Glickman, 2007). However, in the RA field risk often refers to the combination of the 

likelihood (or probability) of a hazardous event (accident) occurrence and the consequence of the event (Zhou, 2010). 

There are situations where the notion of probability is not applicable. Which leads to approaches like a real-time RA with 

risk as a fuzzy notion like the risk-informed ship collision alert system of Goerlandt, Montewka, Kuzmin, & Kujala (2015). 

Acknowledging recent calls in risk research for increased focus on risk-theoretical aspects in applications. Furthermore, 

all railway related RA methods assume in their analysis that their train composition data on which their RA is based, is 

correct. This emphasizes the importance of DQ. Many factors prevent real-time verification of data-entry (Allen & Cervo, 

2015). There are few situations where data can be verified in real time. Automated DQ monitoring, verification, analysis 

and prediction is in the interest of research (Ehrlinger & Wöß, 2018; Kang, Gao, & Xie, 2017).  

 

 To summarize, this scientific relevance of this research includes: 

 

(i) Real-time assessment of risks based on automated DQ assessment and verification; 

(ii) Considering DQ related risk as a fuzzy notion; 

(iii) And more importantly, designing an artifact that adapts (I) and (II) based on real-time data. 

 

The railway domain provides a unique setting in which real-time identification of DQ errors can minimize the risk in 

incident scenarios when dangerous cargo is present on shunting yards. 

 To the best known knowledge of the researcher, little work has been performed on combining knowledge-

based approaches to real-time DQ related risk assessment and error detection. Therefore a valuable addition lies in the 

exploration of combining human expertise with real-time data as one way to tackle the issue of a huge solution space 

where no training data is available. Research into a comparable setup is, to the best knowledge of the author and ProRail, 

not available yet.  
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The hosting company where this research is performed is ProRail. This company is a railway infrastructure manager; 

an undertaking that is responsible in particular for establishing and maintaining railway infrastructure2. More 

specifically, ProRail is responsible for railway construction, maintenance, management and safety in the Netherlands. 

As an independent party, ProRail arranges space on the railway, train traffic, building and managing stations and create 

new railway tracks. Furthermore, ProRail maintains existing tracks, track switches, signals and railroad crossings. 

ProRail aims to provide a safe, reliable, punctual and sustainable rail network and comfortable stations, in combination 

with companies operating on the Dutch railway network (operators) and partners (ProRail, 2019). 

 This project has been undertaken at the Innovation and Development department. Which is responsible for 

managing major innovative developments within ProRail, such as Autonomous Train Control, the implementation of 

the new safety related European Rail Traffic Management System (ERTMS), energy transition and digitalization shift. 

The department also has a stimulating and initiating role in facilitating and accelerating innovations within ProRail. In 

addition, it functions as a gateway to external knowledge from science, partners, startups, etc. A typicality of the 

departments’ projects is similar to the majority of innovative projects; it often flows from a problem or idea of which is 

worthy of further exploration. This is often accompanied with insufficient expert input, since there are a limited number 

of internal stakeholders and experts available. This frequently characterized the course of the research project  

 

 

This research focusses on a case which is physically located in the port of Moerdijk (NL). This is a location which provides 

a clear and generalizable overview of a shunting yard, and concurrently provides a big challenge; a (very busy) road 

crossing which is present at the entrance of the shunting yard. This results in the possibility of freight trains stopping 

on places where sensors are located. The track layout and pictures of the sensors can be found in Appendix A. This setup, 

together with other solutions, has been researched by ProRail in previous tests and assessed to be the most viable short-

term solution. This process is addressed extensively in Chapter 3.  In this setup, freight trains with different wagon 

compositions can be monitored by various sensors as seen in Figure 3 below: 
 

 

 IoT passage sensor: (often an axle counter) indicates if a train 

has passed / the number of axes in a given direction after a train 

passes the sensor; 

 IoT track switch position sensors: reports on the position of a 

switch in case of a change; 

 Smart camera: provides a list of goods wagons with UIC code 

and dangerous cargo according to GEVI UN hazard labels. 
 

 

The sensors as seen in Figure 3 form the basis which provide real-time information about freight wagons entering a 

shunting yard. All sensors are developed by suppliers chosen by ProRail. Sensor generated data is firstly transmitted to 

the supplier, which ensures the data is transmitted to ProRail in the correct format within an agreed timeframe. The 

case study is aimed at testing a subsystem prototype using upper three (external) data streams as input. The main focus 

lies on checking train composition data as delivered by transporters. Furthermore, the obtained information should be 

provided with a location of the freight train at the shunting yard. The whereabouts of dangerous cargo should be known 

at all times.  

 To conclude, this Paragraph addressed the methodology. The research steps and methods are more 

comprehensively described in Chapter 3 and Chapter 4. The subsystem is validated in Chapter 5 and Chapter 6 delves 

shortly into design implementation. The results and conclusions in the form of answers to all research questions are 

discussed in Chapter 7. To conclude, recommendations and implications for further research are elaborated.  

                                                                 
2 https://ec.europa.eu/transport/modes/rail/infrastructure/platform-rail-infrastructure-managers-europe_en 

Figure 3: High level view of the sensor setup 
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Chapter 2. Theoretical background 

In order to understand the main concepts and theories that are used and discussed throughout this report, they are 

shortly introduced in this chapter. Firstly, this research introduces a relationship between Data Quality (DQ) and risk. 

Hence, the notion of risk related to hazardous materials on shunting yards is introduced, followed by its relation to the 

concept of risk used in this research. Secondly, to understand the concept of DQ, an introduction to DQ and Data Quality 

Management (DQM) is addressed. Thirdly, knowledge-based intelligent methods are introduced for their ability to 

capture expert (risk) knowledge during Risk Assessment (RA). This is followed by the main concepts of fuzzy set theory 

and Fuzzy Rule Bases (FRB). Lastly, since the aimed artifact revolves around software design, an evaluation method is 

introduced (ATAM).  

 

2.1. Risk concept and hazardous materials on shunting yards 

The potential of sensor technology has been in the interest of rail-related research for many years now, constantly finding 

new applications and architectures which bring their own array of theoretical and practical challenges. This resulted in 

an interest for applications to measure environmental parameters using heterogeneous sensor technologies for freight 

transport (Akyildiz, Melodia, & Chowdury, 2007; Fraga-lamas, Fernández-caramés, & Castedo, 2017).  

  Technological rail freight innovations are of high priority in the market (European Commission, 2015). Smart 

transportation systems are expected to form the future of the railway industry. This market shift, together with a 

government mandated requirement to comply with providing information about freight wagons and their (hazardous) 

cargo creates a must to innovate.  

 The ‘‘Internet of Things’’ (IoT) brought a world of new possibilities. IoT offers the possibility to generate 

enormous amounts of raw data from its surrounding environment (Kumar & Pimparkar, 2018). The research field of 

IoT has been increasing at a tremendous rate since last few years. The data generated from a single IoT sensor can 

provide enough information for various conditions. Detection through multiple sensors can be achieved in several 

settings, the railway industry is in a position where it is able to exploit the opportunities created by the IoT (Chamberland 

& Veeravalli, 2007; Fraga-lamas et al., 2017). 

 There are two types of problem instances that have been studied in the literature, which come from the real-

world railway networks and simulated instances. It is clear that the researchers were in favor of real-world railway 

networks as the problem instances (Fang, Yang, Member, & Yao, 2015). 

 

 

To delve further into the research field on freight trains (or rolling stock), it can be concluded that the main focus lies 

on numerous elements which can be monitored through on-board sensors (Fraga-lamas et al., 2017). However, in a 

tracking context, on-board monitoring solutions are not useful in freight trains and wagons. Locomotives and wagons 

are unattended for the majority of the time, without a constant power supply (Fraga-lamas et al., 2017). This brings the 

interest of this research field to ground based monitoring solutions. Few research articles have dealt in recent years with 

tracking and monitoring solutions regarding real-time location information of cargo containers and their cargo.  

 Information about the environment is provided by sensors. A sensor in its simplest form is a device (or module, 

or subsystem) which detects changes in its environment and sends that information to an external party (e.g. a 

processor). A group of dedicated sensors of which the data is collected at a central location is called a Wireless Sensor 

Networks (WSN) (Yick, Mukherjee, & Ghosal, 2008). The use of different types of ground-based sensors to obtain 

information allows the advantages of one sensor type to compensate for the disadvantages of another and further 

provides redundancy, increasing system robustness.  
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 Detection through multiple sensors is often used to take corrective actions. To achieve this, the data should be 

properly mined. As this highly depends on the correctness of the generated data by the sensor (Kumar & Pimparkar, 

2018). The aim is to combine knowledge generated from detection through multiple sensors and additional information. 

This setup also contains data generated through a ‘smart camera’. Akyildiz, Melodia, & Chowdury (2007) define a smart 

camera to ‘combine video sensing, high-level video processing and communication within a single embedded device’ 

(2007, p. 1). The goal for the smart camera is to recognize wagon numbers for identification (UIC) and other information 

which gives information about the wagons’ cargo. In the case where a sensor has intelligence to preprocess observations 

before transmitting data to a fusion center, the sensor can be labeled as a ‘smart sensor’ (Chamberland & Veeravalli, 

2007; Varshney & Viswanathan, 1997).  

 

 

Particular dangerous substances are transported along certain routes in quantities that could cause catastrophic 

accidents in case an incident happens. RA, either by rail or by road, have been carried out in the past in many parties. 

Their purpose varies, and may include acceptance criteria for legal requirements, performance comparisons for rail vs. 

road, volumes of dangerous goods per journey, transportation hardware, minimizing environmental impact (e.g. 

pollution), optimal routing, road and rail planning etc. (Bagheri et al., 2010; Bubbico et al., 2004; Cheng et al., 2017; 

Christou, 1999; Cozzani et al., 2007; Dzemydiene & Dzindzalieta, 2011; Vamanu & Gheorghe, 2005; Verma, 2011). Given 

the significance of hazardous material release incidents it can be stated that researchers have paid considerable attention 

to the assessment of hazardous material risks in every mode of transportation (Glickman, 2007).  

 In the RA field, the risk refers to the combination of the likelihood (or probability) of a hazardous event 

(accident) occurrence and the consequence of the event (Zhou, 2010). Furthermore, all methods assume in their analysis 

that the used train composition data is correct. 

 Furthermore, in many railway circumstances, the application of probabilistic risk analysis tools may not give 

satisfactory results because the risk data are incomplete or there is a high level of uncertainty involved in the risk data 

(An, Chen, & Baker, 2011). Nonetheless, the researcher can conclude that every rail-incident related research regarding 

hazardous material risk is related to probability. A real-time identification of railway risk related to erroneous data is, to 

the best knowledge of the researcher, a novel approach. 

 

2.2. DQM in a Multi-domain MDM Environment 

Trusted data delivered in a timely manner is any company’s ultimate objective. No company will ever question the need 

for high-quality information. The major challenge is to establish a model that can both minimize bad data from being 

introduced and efficiently correct any existing bad data (Allen & Cervo, 2015). 

 MDM increases the opportunity for preventing data-quality issues for master data. In the hybrid MDM hub 

style, master data flow into the hub from multiple sources. As they reach the hub, they typically go through a series of 

data-quality improvements to cleanse, standardize, consolidate, and enrich data. 

 
Figure 4: Multi-domain MDM with publish/subscribe synchronization (Allen & Cervo, 2015) 
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Technological limitations, time constraints, business complexities, and ever-changing business rules are some of the 

factors preventing real-time validation at the data-entry point. In addition, there are many interconnected systems,  

internal and external, that make it very difficult to constantly ensure the high quality of all data flowing in and out. 

The following list represents the type of dimensions and definitions generally used as defined by Allen & Cervo (2015): 

 Completeness: Level of data missing or unusable. 

 Conformity: Degree of data stored in a nonstandard format. 

 Consistency: Level of conflicting information. 

 Accuracy: Degree of agreement with an identified source of correct information. 

 Uniqueness: Level of non-duplicates. 

 Integrity: Degree of data corruption. 

 Validity: Level of data matching a reference. 

 Timeliness: Degree to which data is current and available for use in the expected time frame. 

 

Monitors are used to detect violations that usually require immediate corrective action. Scorecards or dashboards allow 

numbers to be associated with the quality of the data and are more snapshot-in-time reports, as opposed to real-time 

triggers. 

According to Batini, Cappiello, Francalanci, & Maurino (2009), an open-ended list of the improvement techniques 

applied by data-driven strategies is: 

(1) “acquisition of new data, which improves data by acquiring higher-quality data to replace the values that raise 

quality problems; 

(2) standardization (or normalization), which replaces or complements nonstandard data values with corresponding 

values that comply with the standard.  

(3) Record linkage, which identifies that data representations in two (or multiple) tables that might refer to the same 

real-world object; 

(4) data and schema integration, which define a unified view of the data provided by heterogeneous data sources.  

(5) Source trustworthiness, which selects data sources on the basis of the quality of their data; 

(6) error localization and correction, which identify and eliminate DQ errors by detecting the records that do not 

satisfy a given set of quality rules.  

(7) Cost optimization, defines quality improvement actions along a set of dimensions by minimizing costs” (p. 5). 

 

There are few situations where data can be verified in real time. Automated DQ monitoring, analysis and prediction is 

in the interest of research (Ehrlinger & Wöß, 2018; Kang et al., 2017)  

 

2.3. Knowledge-based intelligent methods 

Knowledge is a theoretical or practical understanding of a subject or a domain. Knowledge is also the sum of what is 

currently known, can be captured and used by knowledge-based intelligent systems. Those who possess specific domain 

knowledge are called experts.  

 Contreras & Vehi (2018) developed a taxonomy of best-known Artificial Intelligence (AI) methods. Their 

original goal was to gather AI methods in combination with the latest technologies, including medical devices, mobile 

computing, and sensor technologies. A useful classification is found in 3 categories; reasoning, learning and discovering.  

 Learning is an effective way aim in which a method learns from available data. The majority of AI studies to 

date employ learning techniques. Common techniques are Artificial Neural Networks or Regression Algorithms. 

However, these requires a database to ‘learn’. 

 Discovery of knowledge revolves around the exploration and creation of algorithms for retrieving potential 

information from databases, commonly referred to as Knowledge Discovery in Databases (KDD). Common examples are 

Clustering algorithms or Decision Trees. 
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 Reasoning from knowledge involves the use of logical techniques such as deduction and induction. In 

information technology a reasoning system or knowledge-based system produces inferences from the available (expert) 

knowledge using logical methods such as deduction and induction to generate conclusions (Perera, Zaslavsky, Christen, 

& Georgakopoulos, 2014). The primary objective of systems that implement reasoning mechanisms is to perform tasks 

at a human-expert level in a narrow, specialized manner within the domain of interest. 

 Known reasoning methods are Expert Systems (ES), Fuzzy Rule Bases (FRB), Case-Based Reasoning (CBR) and 

Rule Based Reasoning (RBR) (Contreras & Vehi, 2018; Negnevitsky, 2005; Xu, Sun, Wan, Liu, & Song, 2017) 

 

Common reasoning methods 

Expert systems (ES): The basic idea behind ES is simply that human task-specific expertise is captured and 

executed by a computer. Classic ES are especially good for precise inputs and logical outputs. They use expert 

knowledge in the form of rules. Rule Based Reasoning is the simplest and most straightforward methods of 

reasoning out of all of them. Rules are usually structure in an IF-THEN-ELSE format usually with Boolean 

output (Perera et al., 2014).  

 

Naïve Bayes (NB): Being a simplified version of Bayesian Network. Bayesian reasoning classifies a new 

example by estimating the probability that the example belongs to each class and reports the class with highest 

probability (Provost & Fawcett, 2013). A Bayesian network is a graphical model for probability relations 

between attributes. Naïve Bayes is applicable in situations where probabilities are known and combing evidence 

from different sources are essential (Perera et al., 2014) 

 

Fuzzy Expert Systems (FES): FES or Fuzzy Rule Bases (FRB) are developed using the method of fuzzy logic, 

which deals with uncertainty. FRB allows the representation of linguistic human knowledge in a system, 

ensuring high interpretability. Applications are knowledge-based diagnosis, classification tasks, control, and 

process modeling. This approach is used because decision-making is not always a matter of, true or false; it 

often involves gradualness (Zimmerman, 2001).  

 

Case-Based Reasoning (CBR): adapts solutions to previous problems and uses them to solve new problems. 

Cases are stored in a database and are retrieved when a new case appears, next CBR searches for stored cases 

with problem characteristics similar to the new one. The best fit is selected and applied to the new case. 

Successful and unsuccessful solutions are linked to the case and both are stored together with the other cases 

in the knowledge base (Liao, 2004). 

 

To understand the principles of the earlier mentioned Fuzzy set theory, this underlying concept is briefly discussed 

below, succeeded by the theoretical background of FRB. The latter will be used in this research in relation to risk. 

 

 

Many approaches to real-world problems seek a precise and crisp description of things or events. This precision is 

accomplished by expressing phenomena in numeric or categorical values. But in most real-world scenarios, there are no 

exact, totally precise values. A certain degree of uncertainty is always present. This Paragraph therefore introduces the 

basic concepts and definitions of Fuzzy Logic (FL) and FRB. 

 Fuzzy logic is determined as a set of mathematical principles for knowledge representation based on degrees 

of membership rather than on crisp member- ship of classical binary logic (Zadeh, 1973). Fuzzy logic is based on the 

idea that all things come on a continuous scale such as temperature, speed, distance. Examples can be found in the 

statements: a very tall person, or a really cold drink. But when does a person become tall? Or a drink become cold? 

Conventional logic (Boolean) uses hard distinctions. It forces us to draw lines between members of a class and non-
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members. For example, a classical set A of real numbers greater than 10 is a set with a hard (crisp) boundary, and it can 

be expressed as: 

𝐴 = {𝑥 | 𝑥 > 10} 

This set expresses a hard, clear-cut boundary of 10 such that if x is greater than 10, x belongs to the set A. If x is smaller 

than 10, then x does not belong to the set. 

 While this classical logic operates using 1 (true) and 0 (false), fuzzy logic operates with a range of truth values 

to all real numbers in the interval between 0 and 1. Unlike two-valued Boolean logic, fuzzy logic deals with degrees of 

membership and degrees of truth within logical values between 0 (completely false) and 1 (completely true) 

(Negnevitsky, 2005). This facilitates the gradual transition from “ belongs to a set ” to “ does not belong to a set ”, and 

this which is characterized by membership functions (MFs) that give sets flexibility in modeling commonly used 

linguistic expressions (Kantardzic, 2011). All following definitions are based on Kantardzic (2011) and Negnevitsky 

(2005). 

 The characteristic function of a fuzzy set is allowed to have values between 0 and 1, which denotes the degree 

of membership of an element in a given set. If X is a collection of objects denoted generically by x, then a fuzzy set A in 

X is defined as a set of ordered pairs: 

𝐴 = { (𝑥, µ𝐴 [𝑥]) | 𝑥 ∈ 𝑋 }  

whereA(x) is called the membership function (MF) for the fuzzy set A. The MF maps each element of X to a membership 

grade (or membership value) between 0 and 1. 

 A fuzzy set is an addition from the definitions of a classical set, with the distinctive function of allowing any 

real value ofA(x) between 0 and 1. This transforms the fuzzy set A into a classical set A with A(x) being the characteristic 

function of this classical set. A classical (Boolean) set is also referred to as a ‘crisp set’ in this research. 

 A fuzzy set is characterized by its MF. A convenient and concise way to define an MF is to express it as a 

mathematical formula. In real – world fuzzy applications, the shape of MFs is usually restricted to a certain class of 

functions which can be constructed with several parameters. The most well-known are triangular, trapezoidal, and 

Gaussian as seen in Figure 5 below. 

 

 
Figure 5: Predominant MF shapes; (a) Triangular; (b) trapezoidal; (c) Gaussian (Kantardzic, 2011) 

 

The most important parameters and characteristics of MF that are frequently used in fuzzy - set operations and fuzzy - 

set inference systems are visually represented in Figure 6. For each shape the following parameters have to be specified: 

 

(a) A triangular MF is achieved through defining three parameters:  𝜇(𝑥) = 𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒 (𝑥, 𝑎, 𝑏, 𝑐) 

(b) A trapezoidal MF is achieved through defining four parameters:  𝜇(𝑥) = 𝑡𝑟𝑎𝑝𝑒𝑧𝑜𝑖𝑑 (𝑥, 𝑎, 𝑏, 𝑐, 𝑑) 

(c) A Gaussian MF is achieved through defining two parameters:  𝜇(𝑥) = 𝑔𝑎𝑢𝑠𝑠𝑖𝑎𝑛 (𝑥, 𝑐, 𝜎) 

 

The support of a fuzzy set A is the set of all points x in the universe of discourse X such that µ𝐴 (𝑥) > 0 and defines the 

spread of the set. The core of a fuzzy set A is the set of all points x in X such that 𝐴(𝑥) = 1. A fuzzy set A is normal if its 

core is nonempty. In other words, we can always find a point x ∈ X such that µ𝐴 (𝑥) = 1. The α - cut or α - level set of 

a fuzzy set A is a crisp set. 
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 The MF has to monotonically increase the left of the core and monotonically decrease on the right. This ensures 

that only one peak and, therefore, only one typical value exists. The spread of the support (i.e., the nonzero area of the 

fuzzy set) describes the degree of imprecision expressed by the fuzzy number. 

 

 
Figure 6: Core, support, and α - cut for fuzzy set A (Kantardzic, 2011) 

 

 

In 1973, Lotfi Zadeh (1973) published his second most influential paper. This paper outlined a new approach to analysis 

of complex systems, in which Zadeh (1973) suggested capturing human knowledge in fuzzy logic. This is interchangeably 

referred to as FRB or FES. As this research focuses on system development, the notion of FES will be used from now on.  

 A fuzzy rule can be defined as a conditional statement in the form: 

𝐼𝐹 𝑥 𝑖𝑠 𝐴,          𝑇𝐻𝐸𝑁 𝑦 𝑖𝑠 𝐵 

where x and y are linguistic variables; and A and B are linguistic values determined by fuzzy sets on the universe of 

discourses X and Y, respectively. 

 

 

Boolean 

Rule: 1 

IF speed is > 100, 

THEN stopping distance is long 

 

Rule: 2 

IF speed is < 40, 

THEN stopping distance is short 

 

Linguistic 

Rule: 1 

IF speed is fast, 

THEN stopping distance is long 

 

Rule: 2 

IF speed is slow, 

THEN stopping distance is short 

 

To obtain a single crisp solution for the output variable, a FES first aggregates all output fuzzy sets into a single output 

fuzzy set, and then defuzzifies the resulting fuzzy set into a single number.  

Fuzzy inference can be defined as a process of mapping from a given input to an output, using the theory of fuzzy sets 

(Negnevitsky, 2005). 

 There are two popular fuzzy inference techniques; the so-called Mamdani and Sugeno methods, of which the 

latter is the most commonly used (Negnevitsky, 2005). One of the differences is found in their set of if-then rules. The 

IF (water temperature) is (low) AND (flow rate) is (medium),   THEN (open the warm water tap slightly)

Antedecent

Linguistic variables

Fuzzy sets

Consequent
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Mamdani method operates with fuzzy sets in the antecedents and consequents, while Sugeno consequents are 

mathematical functions (typically of the inputs). 

 In 1975, Professor Ebrahim Mamdani of London University built one of the first fuzzy systems to control a 

steam engine and boiler combination (Mamdani & Assilian, 1975). He applied a set of fuzzy rules supplied by experienced 

human operators. The Mamdani-style fuzzy inference process is performed in four steps: (1) fuzzification of the input 

variables, (2) rule evaluation, (3) aggregation of the rule outputs, and finally (4) defuzzification. 

 

Most fuzzy logic applications have been in the area of control engineering. However, fuzzy control systems use only a 

small part of fuzzy logic’s power of knowledge representation. Benefits derived from the application of fuzzy logic models 

in knowledge-based and decision-support systems can be summarized as follows (Cox, 1999; Negnevitsky, 2005): 

 

 Enhanced computational capacity: Fuzzy rule-based systems perform faster than conventional expert 

systems and require fewer rules. An FES merges conventional rules, making them computationally efficient.  
 

 Enhanced cognitive modelling: Fuzzy systems allow the encoding of knowledge in a form that reflects the 

way experts reason regarding complex problems. Often, imprecise terms as high and low, fast and slow, 

frequently and occasionally are used. To model this in conventional rules, crisp boundaries should be defined 

for these terms, thus fragmenting the expertise. In this case, fragmentation could lead to incorrect results when 

various ambiguities need to be taken into account. In contrast, FESs model imprecise information, capturing 

expertise much more closely to the way it is represented in the expert mind, and thus improve cognitive 

modelling and output of the problem. 
 

 The capability of representing multiple experts: Multiple experts can enrich the domain, their expertise can 

be aggregated to avoid the pitfall of a single expert setting crisp boundaries for uncertain situations. However, 

multiple experts rarely reach close agreements; often different opinions can lead to conflicts. Particularly in 

areas where there is no simple solution and where conflicting views have to be taken into account. In this case, 

FRBs can help to represent the experts knowledge, even in conflicting situations. 

 

FESs have been used throughout literature in combination with Risk Assessment studies and frameworks (Gul & Fuat, 

2016; Karimpour, Zarghami, Moosavian, & Bahmanyar, 2016; Shapiro & Koissi, 2015; Skorupski, 2016; Tanasijevic, 

Milic, Lilic, Stojadinovic, & Petrovic, 2014). However, the researcher can conclude that every research is aimed at the 

combination of the likelihood (or probability) of a hazardous event occurrence and the consequence of the event. 

 

 

2.4. Architecture design and evaluation 

“Design decisions are critical; they have the most far-reaching con- sequences and are the most difficult to change after 

a system has been implemented” (Kazman et al., 2000, p. 1). Therefore, a necessary prerequisite to designing a 

subsystem that meets (future) needs is to understand what the company intends to do with it through requirements 

(Wiegers & Beatty, 2013). 

 Requirements are not always clear, especially when designing an innovative subsystem with limited 

organizational stakeholders. Extracting requirements can be achieved by developing scenarios. These describe single 

instances of events of the subsystem. Subsequently, use cases are collections of related usage scenarios. A use case 

describes a sequence of interactions between a system and an external actor that results in the actor being able to achieve 

some outcome of value. Use cases are typically setup using normal flows, alternative flows and exceptions (Wiegers & 

Beatty, 2013). 

 The validation step of design science requires testing the satisfaction of requirements. To achieve this, the 

subsystem is used in the case study of Moerdijk. However, the overarching goal is identifying dangerous cargo to reduce 

risks. Therefore, a suitable method for evaluating the subsystem is the Architecture Tradeoff Analysis Method (ATAM) 
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as developed by Kazman et al. (2000). The ATAM is meant to be a risk identification method, a means of detecting areas 

of potential risk within the architecture of a complex software intensive system.  

 ATAM is not intended to serve as extensive formal modeling. The ATAM's primary goal is in determining where 

sensitivity points and tradeoffs exist with respect to the quality attribute requirements of the system (Kazman et al., 

2000). A means of detecting areas of potential risk within the architecture of a complex software intensive system to be 

executed early in the software development life cycle.  

Kazman et al. (2000) define risks, sensitivity points, and tradeoff points as follows: 

 

a. Risks as architecturally important decisions that have not been made, or decisions that have been made but whose 

consequences are not fully understood;  

b. Sensitivity points are parameters to which some measurable quality attribute response is highly correlated;  

c. A tradeoff point is found when a parameter of an architectural construct is host to multiple sensitivity points where 

the measurable quality attributes are affected differently by changing that parameter.  

 

 
Figure 7: ATAM concept interactions 

 

Given the attribute requirements and the design decisions, the third major goal of ATAM is to evaluate the architectural 

design decisions to determine if they satisfactorily address the quality requirements. The method itself is very extensive 

and focuses on the identification of business goals which lead to quality attribute goals. It is usually performed by an 

ATAM team and all stakeholders. A more compact version will be used in this research since it is based on a case study 

and the ATAM team is the researcher. The complete version based upon the quality attribute goals, is as follows: 

 

 

Presentation 

1. Present the ATAM. The method is described to the assembled stakeholders. 

2. Present business drivers. The project manager describes what business goals are motivating the development effort 

and hence what will be the primary architectural drivers (e.g., high availability or time to market or high security). 

3. Present architecture. Describing the proposed architecture, focusing on how it addresses the business drivers. 

 

Investigation and Analysis  

4. Identify architectural approaches. Architectural approaches are identified by the architect but are not analyzed. 

5. Generate quality attribute utility tree. The quality factors that comprise system "utility" (performance, availability, 

etc.) are elicited, specified down to the level of scenarios, annotated with stimuli and responses, and prioritized. 

6. Analyze architectural approaches. Based upon the high-priority factors identified in Step 5, the architectural 

approaches that address those factors are elicited and analyzed. During this step architectural risks, sensitivity 

points, and tradeoff points are identified. 
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Testing 

7. Brainstorm and prioritize scenarios. Based upon the exemplar scenarios generated in the utility tree step, a larger 

set of scenarios is elicited from the entire group of stakeholders. This set of scenarios is prioritized via a voting 

process involving the entire stakeholder group. 

8. Analyze architectural approaches. This step reiterates step 6, but here the highly ranked scenarios from Step 7 are 

considered to be test cases for the analysis of the architectural approaches determined thus far.  
 

Reporting  

9. Present results. Based upon the information collected in the ATAM, a report detailing this information along with 

any proposed mitigation strategies is composed. 

 

 

 

2.5. Conclusions 

The theoretical background firstly introduced a relationship between DQ and risk. This leads to the notion of risk related 

to hazardous materials on shunting yards, followed by its relation to the concept of risk used in this research. In the RA 

field risk refers to the combination of the likelihood (or probability) of a hazardous event (accident) occurrence and the 

consequence of the event (Zhou, 2010). Furthermore, all methods assume in their analysis that the used train 

composition data is correct. In many railway circumstances, the application of probabilistic risk analysis tools may not 

give satisfactory results because the risk data are incomplete or there is a high level of uncertainty involved in the risk 

data (An, Chen, & Baker, 2011). Nonetheless, the researcher can conclude that every rail-incident related research 

regarding hazardous material risk is related to probability. A real-time identification of railway risk related to erroneous 

data is, to the best knowledge of the researcher, a novel approach. 

 Regarding DQ, a conclusion is drawn from the fact that there are few situations where data can be verified in 

real time. Automated DQ monitoring, analysis and prediction is therefore in the interest of research (Ehrlinger & Wöß, 

2018; Kang et al., 2017). 

 Subsequently, the theoretical background shortly introduced and discussed the main concepts and theories 

that are used throughout this report. In summary; to understand the concept of DQ, an introduction to DQ and DQM is 

addressed. Thereafter, knowledge-based intelligent methods are introduced for their ability to capture expert (risk) 

knowledge during RA. This is followed by the main concepts of fuzzy set theory and Fuzzy Rule Bases (FRB). Lastly, 

since the aimed artifact revolves around software design, an evaluation method is introduced (ATAM).  
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Chapter 3.  Problem understanding 

This chapter aims to achieve a deeper problem understanding by answering Research Question 1 as seen below.  

RQ1. What is the data collection process for all data sources and sensors and which data do they generate at what time? 

The goal of the first step is to map the process and available data of incoming trains on shunting yards. Furthermore, 

process investigation and analysis will give a more detailed insight of the (information) process of incoming freight 

trains. Thereafter, all sensors and data streams are mapped for Research Question 1. The current process of an incoming 

freight train is mapped for further analyzation through guidance of Business Process Modeling (BPM) process discovery 

stages to create a process model (Dumas, La Rosa, Mendling, & Reijers, 2018).  

 But first and foremost, it is important to discover the background of the problem and the ideas developed into 

concepts. After all, the problem and research take place in the Innovation & Development department. The department 

uses a staged approach for projects, similar to those found in classic innovation management and New Product 

Development (NPD) literature. A generic NPD-Funnel consists of several distinct phases from idea to launch, and is 

interchangeably referred to as the Innovation-, Stage-Gate or NPD-funnel (Cooper, 1990, 2008). Cooper’s (1990) version 

is shown in Figure 8 below. The Front End of Innovation (FEI) stages, which led to the setup used in this research will 

be discussed in Section 3.1 and 3.2 below. This is followed by the stakeholder overview in Section 3.3 and the earlier 

mentioned process discovery and model in Section 3.4. 

 

 
Figure 8: NPD Stage-Gate process (Cooper, 1990) 

 

3.1. FEI discovery for automatic registration of rolling stock 

ProRail and companies operating on their railway network can sufficiently track trains on the rail network where train 

detection methods are available. This is on the parts where passenger trains operate. Train detection is achieved through 

different methods on the relevant tracks. Currently, the positions of freight trains with hazardous or dangerous goods 

on shunting yards are tracked manually using the Wagon Load Information System (W-LIS). This requires manual input 

from the freight train operators which is subsequently processed and used by ProRail. Furthermore, the information 

about the train composition list depends on the manual input of the transporters. As every process which involves 

manual actions, this is error-prone. Especially when there is no clear advantage for the transporting companies 

themselves to register every necessary aspect of the train composition 100% accurately. Even if there was, there is no 

method to check every train for correct registration of dangerous cargo. 
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 Therefore ProRail called in the assistance of TNO and researched available technical resources to solve this 

problem. In this process, important aspects were regulation, costs and use (procedure) (Wiersema, van den Berg, & 

TNO, 2016). Available technology, as well as technical resources that are not yet available are incorporated and shortly 

addressed in the sub-Paragraph below. The following sub-Paragraphs will shortly summarize the road to the as-is 

situation in chronological order. 

 

Available technical resources 

The following technical recourses are derived from the research report ‘Naar een Beter Beeld van Rangeerterreinen’ 

(Wiersema et al., 2016). 

 

1. Image recognition. Image recognition and analysis is a good tool to perform general analysis when a train 

enters the shunting yard. Through recognition of the wagons and their cargo, checks can be performed if the 

wagon list corresponds to the number of wagons measured. In addition, the number of tank wagons can be 

checked and whether the contents of the registered wagons are known.  

 

2. SmartTags. The use of SmartTags (RFID tags) can provide insight into the position of wagons on a scale that 

is determined by the amount of smart-tag readers that are used along the tracks. By analyzing the number of 

tags on a passing train, it can be determined whether the wagon list corresponds to the composition of the 

train. The type of wagon (e.g. tank wagon or container wagon) does show whether it is suitable for the 

transport of hazardous substances. However, recognizing wagon specific cargo is not possible through tags. 

Therefore, data from SmartTag solutions have been evaluated as insufficient for an integrated approach for 

determining the location of hazardous substances. 

 

3. GPS. GPS solutions are a reliable tool for determining absolute positions. When wagons are not equipped with 

GPS trackers, the exact determination of the start or end point of a train is a prerequisite. Reading wagon 

numbers with a GPS Hand Scanner provides information about train composition, position and length of the 

train. This data can be used to determine the relative position of wagons in the train, which can significantly 

improve the location of wagons with hazardous substances. This information can be used during the entire 

transport. After shunting the wagons, the reading of all wagons in the train is necessary to adapt the 

information to the new situation. When each shunting movement is confirmed in the process by means of the 

hand scanner, a view of the location of hazardous substances is also provided during shunting. The degree of 

reliability of the information strongly depends on the discipline with which the transport operators carry out 

their tasks. The data from a hand-held scanner solution are insufficient for an integrated approach to 

determining the location of hazardous substances. Attaching a GPS tracker to all wagons carrying hazardous 

substances provides a good picture of the location of these wagons. However, this solution imposes 

requirements on the vehicles of transporters. Furthermore, its accuracy is questionable. 

 

 

3.2. FEI Concept scoping 

After research into technical solutions, the following concepts are elaborated for further testing and analyzation 

(Dijkema, ProRail, 2018): 

 

 Concept 1, Position and registration with Smart sensors in the infrastructure and smart cameras at the entrance 

  of the yard; 

 Concept 2,  Position and registration with (D)GPS from wagons of transporters and wagon owners; 

 Concept 3, Link information flows for a real-time functional test with possible visualization; 

 Concept 4, Real time viewer with positioning and loading data for emergency services. 
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As upper concepts show; no testing of RFID technology through SmartTags is performed. The rationale for this decision, 

next to the earlier mentioned critical downsides, is that trains can be registered at 60 locations in the rail network with 

so-called ‘Quo Vadis’ installations. This is a subsystem of sensors that determine the passing trains’ wheel condition and 

recognition of the passing train by means of an RFID reader. An important aspect in the functionality of this installation 

is that NS passenger trains have RFID tags, most freight trains/wagons do not. To implement this technology for freight 

trains, approximately 9,000 freight wagons3 (that circulate in the Netherlands) need to be equipped with RFID tags. 

These wagons are owned by many different owners, which (without Dutch regulation) cannot be obligated to equip their 

wagons with RFID tags. 

 Concept 1 and 2 were considered most feasible and continued through the gate for further development as PoC. 

Concept 3 remained open. For concept 4, an investigation has been set up with the Netherlands Fire Brigade to determine 

specifications for visualization of the data in case of an incident, referred to with ‘viewer’ by ProRail. It was ultimately 

decided that ProRail will supply a data stream containing location data and information about all wagons directly to the 

fire service, with the fire service itself ensuring that the data in their systems were correctly displayed.  

 

 

In this PoC, the Botlek yard is equipped with Internet of Things (IoT) sensors to determine the position of equipment 

without GPS. The sensors detect the number of passing axles and the direction of travel. This allows wagons to be 

detected and tracked. The implementation of this PoC consists of several steps: 

 

1) Axle detection: detecting that x axles passed a certain point in the track; 

2) Recognition of wagons and train composition: by means of the link with the Smart camera, Quo Vadis, and 

wagon list information and comparison/correction of the wagon list from OVGS; 

3) Material detection at track level: detecting x wagons on a certain track (we now know which track a certain 

wagon or set of wagons has gone to). 

 

All modules were initially built as "proof of principle’ in collaboration with TU Delft. The, experimental development of 

the "Smart Camera" was very promising. 

 

 

The Innovation and Development tried to solve the problem of locating wagons with a setup involving GPS tags on 

wagons. GPS is a technology which automatically comes to mind when mentioning locating. However, Facets such as 

track accuracy4 are very important in the event of an emergency. This resulted in ProRail looking for a way to make GPS 

information more accurate using differential GPS (DGPS). DGPS uses a reference receiver whose position is known so 

that the exact location of an object can be determined more accurately. After an extensive market survey (Kaper, KAAP, 

2017), it appeared that there is not yet a system available on the market that meets all the requirements for accurate 

positioning of freight wagons.  

 For this reason, it was decided to organize a pre-test with a market demand from various suppliers, who  

indicated that they could improve the accuracy of the GPS sensors. On 22 November 2017, ProRail facilitated the testing 

of GPS solutions on a measurement vehicle. For this test, ProRail selected ten different tracking systems from seven 

different manufacturers. During testing, the supplier delivered data in an agreed data format to be compared with a 

reference measurement. The results of the practical test showed that only one single supplier could meet a part of the 

requirements set by ProRail and CGI (Dijkema, ProRail, 2018). 

 

                                                                 
3 Retrieved from W-LIS on 30-5-2018.  
4 Track level position accuracy with a deviation of <1 meter and 90% reliability. 
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Therefore, the main challenges for the application of (D)GPS in rail freight transport at the moment are: 

 No power supply on the wagons, creating a dependency on a long battery life; 

 There is a trade-off between position accuracy and battery life; 

 The wagons are located in an environment with a lot of steel and therefore a lot of reflection, this disturbs the 

signal and thus has an effect on the accuracy; 

 Wide range of wagon types. Positions have to be very exact, therefore it is important where the tracker is placed 

on the wagon; 

 There are strict requirements for the equipment that can be placed on RID wagons (ATEX certified etc.). 

 

Partly because of the high costs of this POC, given the above-mentioned reasons, the WLIS committee decided not to 

continue with the development of a (D)GPS solution at this time. 

 

 

 

To conclude, the PoC results for automatic registration and tracking of freight trains clearly indicated a higher short-

term feasibility for the setup as used in PoC 1. Therefore, TNO performed follow-up research into the used setup as a 

whole, and individual sensor components. The PoC set-up was not able to register the locations of the freight wagons 

and hazardous substances within the set of requirements. In order to achieve this, the axle counter subsystem will have 

to count more accurately. The quality of the information (as provided by the Smart Camera) about the freight wagons - 

which are entering the yard - will also have to improve. In any case, the information must contain which hazardous 

substances are present in which wagon. In addition, the number of wagons must also be correct. Otherwise, the 

algorithms will not be able to derive the current wagons properly (Helmholt, TNO, 2018b, 2018a). 

 The TU Delft carried out a project for ProRail Innovation to assess the possibilities for automatic recognition 

and registration of freight wagons and their cargo trough recognition of UIC-numbers and dangerous cargo signs (GEVI 

UN). The main goal was to research what it took to achieve this. Cameras were installed at the entrances of shunting 

yards Kijfhoek and Botlek for testing viability of the concepts through image data and a hackathon. The aim of the 

hackaton was to get a first feeling for OCR algorithms and 'quick wins'. Two of the hackathon teams got quite far in 

prototyping some of the modules. Other teams made some progress but did not succeed in actually getting results from 

the algorithms. Several important insights were gained, but the problem proved very hard to tackle. Reason for this is 

that trains often have to stop (in front of the camera system) to change track switches. This results in trains which 

constantly de- and accelerating during measurements. Furthermore, it can happen that trains reverse during a 

measurement. Next to these characteristics, other variables like weather conditions, background noise, constantly 

changing brightness, nightly conditions and separating of wagons made the process more complex than initially thought 

(Verbraeck, TU Delft, 2018). Ultimately, this helped to form a comprehensive tender and therefore is not part of this 

research scope. 
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3.3. Stakeholder overview 

As the FEI and early problem understanding stages showed, there are several interests at stake. Hence, next to the 

scientific relevance for Eindhoven University of Technology (TU/e), ProRail’s stakeholders can be categorized in the 

three following categories: 

 

1. Internal stakeholders; W-LIS and (for example) Train Control or Asset Management; 

2. External stakeholders; for which ProRail performs tasks; 

3. Influenced parties; who do not purchase services or products, but they do experience the impact of the 

activities and / or physical presence of ProRail. 

 

Table 2: Stakeholders per category, concerns and goals for the artifact 

CATEGORY STAKEHOLDERS CONCERNS GOALS 

1. Internal 

stakeholders 

 W-LIS 

 Train Control 

 Asset Management 

 Dependency on transporters for 

correct information about freight 

trains 

 No real-time overview about the 

use of a shunting yard 

 limited information about the 

occupation of tracks 

When a yard is in use, there must always 

be accurate information available about: 

 all trains and cargo which entered the 

yard 

 free tracks, to guarantee free space 

allocation 

 location of hazardous substances 

2. External 

stakeholders 

 Intermodal freight 

transport 

 High (error prone) administrative 

load 

 Allocation of tracks 

 Delays for entering shunting areas 

Automatic detection and tracking of 

freight trains and cargo: 

 No interdependence for correct 

information 

 Reduced administrative load 

 Logistical optimization through 

optimized track use and allocation 

3. Influenced 

parties 

 Local residents, who 

are socially 

represented by 

governments 

 Emergency services 

 Presence of hazardous substances 

in wagons on shunting yards 

 Very high risk for fire brigade and 

emergency services in case of an 

incident 

 Environmental permits 

 In an emergency situation, information 

must be available within 15 minutes 

about the location of wagons with 

(hazardous) substances 

 

 

Table 2 contains a summary of stakeholders and their concerns and goals involving the intended artifact. ProRail intends 

to verify and detect errors in the information as delivered by the transporters. Furthermore, if shunting activities can be 

automatically registered and monitored, this significantly optimizes the efficiency of the shunting yard. Furthermore, 

this process automation means ProRail and external stakeholders are no longer interdependent on each other for 

information. Information about the use of a shunting yard can also contribute to a better understanding of degradation 

of the yard.  

 In addition to customers for the services, there are also parties that are influenced by the presence of hazardous 

substances in wagons on shunting yards. These are local residents who are socially represented by governments that 

grant environmental permits. The availability of correct information must be available in terms of the environmental 

permit at a testing moment. Next to this, there are emergency organizations which depend on correct information. Such 

as the fire brigade, which is specifically mentioned in a letter from the State Secretary. In an emergency situation, 

information must be available within 15 minutes about the location of wagons with (hazardous) substances; in the event 

of an inspection, it must be possible to prove the upper requirement. 
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3.4. Process investigation 

Before delving into requirements and artifact design for process automation, it is of importance to further map the 

process of an incoming freight train on shunting yards. The first steps of business process management are focused on 

process identification and discovery, with a process model as targeted output. While the process of an incoming freight 

train is not business centered, it is useful to use these steps as guideline. 

 Process discovery is the act of gathering information about an existing process and organizing it in terms of an 

as-is process model (Dumas et al., 2018; van der Aalst, 2011). The model is part of the output, which can only be setup 

with sufficient information. 

 

 

The process discovery stage can include several methods, namely evidence- based discovery, interview-based discovery, 

and workshop-based discovery (Dumas et al., 2018). This research includes evidence- and interview-based discovery 

through interviews with domain experts, and discovery through document analysis and observation to define the process 

of an incoming freight train.  

 

Shunting yards 

Before exploring sensors, data and databases it is important to establish understanding about shunting yards. Every 

shunting yard contains a couple of corresponding characteristics: 

1. Firstly, every shunting yard has (Trein Spoor) TRS zone’s which consist of diverging and converging rail tracks; 

2. Secondly, TRS areas are shunting area’s or branches to industrial areas; 

3. Thirdly, every shunting yard has 1 central shunting area and 1 or more branches to industry areas; 

4. Lastly, a shunting yard can have 1 central entrance/exit, or an entrance/exit on both sides of the yard. 

 

 The latter applies to the case study, of which an example is seen in Figure 9 below. When a freight train leaves 

the main tracks to enter a shunting yard, the process of an incoming freight train starts. Respectively, the train can enter 

shunting tracks, start with shunting activities, or drive to industry areas. 
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Figure 9: Incoming cargo train to shunting yard 

 

Incoming freight trains 

As stated, the process starts with a freight train leaving the main tracks. The last event taking place on the main track, 

before heading to a shunting area, the freight train driving over a switch. This switch is pointed at the track towards the 

shunting and industry area (in our case study this would be switch $267B ZLW). The switch is located on CBG tracks, 

meaning; this is the last point of train detection. Real-time event data is available regarding freight trains driving over 

the switch, nested deep into several internal systems. This results in the following process of an incoming freight train: 

1. Firstly, to detect when the train leaves the main tracks, an event should be created which indicates the start of 

an incoming freight train. Based on this event, data should be automatically gathered from several systems to 

retrieve a wagon list of the freight train in question; 

2. Secondly, the train drives past detection points (sensors) at the entrance of the shunting yard. This is the first 

instance where the train is detected and identified; 

3. Lastly, the process of an incoming freight train stops when the train enters the shunting yard. Detection sensors 

can be used to monitor which track the train is entering.  
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A freight train could deliver or pick up certain wagons of the train in the next stage of the process. The subsequent step 

in the process is the actual ‘shunting’. Which is the process of rearranging wagons. However, as the following section 

will demonstrate, shunting knows several phases and complications. 

 

Shunting process 

While the shunting process is not within the scope of this research project. It is of interest for the further development 

of the subsystem. The shunting process as defined by Christou (1999) is seen in Figure 10. It is usually aimed at sorting 

the freight wagons at the premises of a company (terminal) or at a harbor into complete trains (or the other way around). 

 Note that trains cannot overtake each other without a parallel track. Tracks which are not connected on both 

sides impose extra restrictions on train movement. A track which is only connected on one side can block other trains 

that need to leave.  

 
Figure 10: Shunting process (Christou, 1999) 

 

The wagons are moved to a shunting yard nearby where there are a couple of processes that could take place. The 

locomotive can be changed, and it can be necessary for a freight train to depart in the opposite direction. This means the 

locomotive has to be decoupled, drives around the train on a parallel track and is attached to the other side of the train.  

 The main process on a shunting yard consists of waiting for all wagons to arrive and combining them. This 

includes a locomotive that gathers wagons at several industry terminals which are connected to the shunting yard. There 

are several ways to arrange the wagons. Most often, a push or pull method is used. In this method a locomotive drives 

back and forth to move wagons for composing or decomposing a train. A more efficient way is found at shunting yard 

Kijfhoek, which uses a hill. In this process the freight train moves up the hill and releases the wagons one by one. A 

computer system arranges the switches to move the wagons to the appropriate track. Automatic braking ensures the 

wagons do not crash. However, our case study (and most other shunting yards) do not have this system. Still, even in 

Kijfhoek, there is no verification of wagon lists. Furthermore it is important to note that during shunting every single 

movement or action has to be reported by the transporter within five minutes.  

 

 

Concluding, an incoming train can be modeled into three phases. This is visualized in Figure 11 below. Note that where 

a traditional BPM process discovery stage results in a process model according BPM Notation, this model uses a 

representation which relates better to those used in the railway domain.  

 The process model starts at Phase 0, which is the last detection point on main tracks. At the connecting track 

towards the shunting yard the train gets detected again, this is denoted as Phase 1. Detection takes place through a 

Passage sensor P. Thereafter an incoming train will drive through a camera portal C. Subsequently the train can be 

tracked, which is denoted as Phase 2: localization. This can take place through switch sensors S and passage sensors P. 

This results in the process model as seen below in Figure 11. 
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Figure 11: Phased process model of an incoming freight train on shunting yards 

 

In this Paragraph, several sensors are introduced. Next to this, previous sections introduced the possibility to retrieve 

data from ProRail systems. This results in an availability of several data sources which will be discussed and discovered 

in the next Paragraph. 

 

 

3.5. Data collection and understanding 

Before delving into artifact design directions, it is of importance to map every data source and its value to the process of 

an incoming freight train. This Paragraph delves into data collection and understanding, which is split in to two sections; 

(I) external- and (II) internal data sources. External referring to sensors, internal referring to ProRail data sources. 

 

 

Several external data sources can provide real-time input.  Firstly, sensor placement on Moerdijk is shown and the nature 

of the sensors regarding sensor performance is discussed. Thereafter the passage sensors (P), track switch position 

sensors (S) and material recognition (C) sensors are discussed, of which the latter recognizes a set of earlier mentioned 

railway specific numeric codes located at both sides of an incoming freight train. 
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Figure 12: Sensor placement on Moerdijk 
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As stated in previous sections, the subsystem uses passage, switch sensors  and a camera system as input. These sensors 

generate a bulk of data. Their placement in case study Moerdijk can be seen in Figure 12. Note that an incoming train 

enters the shunting yard from the right side. Earlier process models are configured from left to right for better 

understanding. The process however, is the same. This setup and process is developed to be applicable and generalizable 

to every shunting yard. 

 

 A typicality of a system using sensor input is that it is heavily dependent on the sensors’ performance, which 

has more uncertainty associated than just sensor. In turn, the performance of a sensor is highly dependent of its accuracy, 

which is determined by the number of correct observations. Incorrect (or missed) sensor observations can be denoted 

as error. This may occur due to multiple reasons such as inaccuracies in the placement of devices, incorrect interpretation 

of measurements, or device failure (Gama & Gaber, 2007).  

 This results in the consequence that threats to the solution are largely sensor based. Due to the contracting 

nature of ProRail, it is not in the interest of this research to reduce sensor noise or error at measurement level. Still, to 

reduce risk at the system level, Gama & Gaber (2007) state that the risk of erroneous data relies on redundancy and 

diversity in the system. Sensor networks can include a diversity of sensors for observing the same phenomenon which 

can either improve confidence in the correctness of the data (when the sensor readings agree), or point out possible 

errors (when readings disagree). Therefore, when determining the placement of sensors as seen in Figure 12 below, a 

redundant setup has been chosen. Each track, before and after a switch, has a passage sensor to (I) confirm that the 

train heads the same direction as the switch is pointing, and (II) to verify earlier passage measurements. Furthermore, 

note that there is a track (1002) before the camera system (C) which leads to industry area TRS 4. This is an important 

switch and track to incorporate in the artifact design as it could result in several complications such as trains partly 

entering Phase 1 and drive back to track 1002. Or trains which will be recognized by the camera system as an incoming 

train without WLIS wagon lists. For a better understanding of the sensors and the data they generate, each individual 

component will be discussed below.  

 

Events 

External data sources share a common aspect from the perspective of real-time data processing. They all generate and 

send data instances which are generally referred to as events. An event as something that occurs after an activity in any 

kind of system has happened (Cugola & Margara, 2012). Event instances have a certain format depending on the data 

source and generally consist of a header, a payload and eventually some additional content. Therefore, the next couple 

of sections will explain the elements which compromise events per data source. 

 

Passage sensors (P) 

Passage sensors, denoted with ‘P’ in Figure 12, provide data about passaging trains. More specifically they measure the 

number of passing axles through a certain point. Depending on the sensor intelligence, the passage sensors can measure 

several parameters (cargo containers, axles, wagons). Several physical sensors spread across the yard are needed to 

determine where freight trains pass. To ensure a redundant passage sensor setup, 3 sensors are placed at the entrance 

of the shunting yard. Two of the sensors are placed after the track split; left to drive through track 2021B, right directing 

to shunting tracks. Sensor produced events have headers and bodies. The event header contains details about the event 

(ID, event type, event timestamp, etc.), these factors are always present in every incoming event (Michelson, 2006). 

Several mandatory and optional elements are discussed with suppliers, these are seen in Table 3 and stated below. 

The passage sensors transform their measurements to a JSON (JavaScript Object Notation) event. Which is a lightweight 

data-interchange format which is easy for sensors to parse and generate. A JSON event consists of a header, a payload 

and eventually some additional open content. Several mandatory and optional measurement elements are discussed 

within this structure. These are found on the left side of Table 3.   
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Required Objects

{"device_brand":"ThingsConne
cted","device_type":"assentelle
r","sensor_id":"assenteller_342

00001","event":{"t0":"2019-
09-09 

12:30:36.856+0200","tspan":5
5,"direction":"out","length":22
9,"axles":{"count":34,"confiden
ce":1},"speed":{"base":"axle","

min":2,"max":7.3,"start":2,"end
":7.3,"avg":4.9,"confidence":1},
"wagons":{"count":16,"confide

nce":1}}}

Event Objects

"event":
 time 
 axles 
 speed 
 wagons 

"device_brand":"ThingsConn.."
"device_type":"assenteller"
"sensor_id":"34200001"

JSON Event

Header

Payload

direction: string
speed: double
length: double
wagons: single
battery: single

device_brand: string
device_type: string
sensor_id: single
event: single
axles: single

Mandatory

Optional

 
 

 

Track change position sensors (S) 

Track change position sensors (denoted with ‘S’ in Figure 12) are physically placed on a switch and generate data / 

information about the status of individual track change position. These sensors indicate ‘left’ or ‘right’ depending on the 

number of degrees the sensor is tilted. An important characteristic of these kind of sensors is that they send an event if 

the switch position changes. A general update is given every couple of hours. Switch position sensors also create events 

in JSON format, an example is seen in Table 4 below. 

 

Required Objects

{"device_brand":"skylab","devi
ce_type":"wisselcontact","sens
or_id":"wisselstandsensor_100
11","sensor_eui":"008EF77B16

F04052",
"event":{"time":"2019-09-

09T12:30:44.927928006Z","ga
teways":1,"msb":0,"uid":0,"lsb"
:106,"position_of_switch":"Rig

ht","battery":126,"temperature
":18, "retry_counter":0}}

Event Objects

"event":
 time 
 position_of_switch 
 battery 
 temperature 

"device_brand":"skylab"
"device_type":"wisselcontact"
 sensor_id":"100011"

JSON Event

Header

Payload

temperature: single
battery: single

device_brand: string
device_type: string
sensor_id: single
time: single
position_switch: string

Mandatory

Optional

 
 

As stated before, passage and switch position sensors are developed by suppliers. Preprocessing algorithms transform 

raw measurements into data as seen above. Therefore, several performance requirements are of effect which can be 

found in Appendix 0. Note that these sensors must recognize and correctly send at least 95% of passed axles or switch 

positions. Which will be increased to 99% in future versions. 

 

Material recognition (C) 

Material recognition is performed by using a camera with local image processing which takes pictures of every individual 

wagon. Depending on the type of camera (line scan or area scan) the camera captures visual data about passing cars at 

the start of an NCBG and uses Optical Character Recognition (OCR) to extract UIC, GEVI and UN codes. 

Table 3: Example JSON event message from Passage sensor 1 (P1) 

Table 4: Example JSON event message from Switch sensor 1 (S1) 
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 As stated in requirement CAM-2 of Appendix 0, The smart camera must send at least the following information 

from the registered train passage to the online database (XSD format) as soon as possible, but always within 5 minutes: 

A. Number of axles per car; 

B. Number of wagons; 

C. Wagon type; 

D. Cargo information (e.g. container numbers); 

  

 

 Examples of both camera systems are seen in Figure 13 below. As stated in requirement CAM-3; in 95-100% 

of cases, the camera needs to recognize the GEVI and UN numbers correctly. For the other information (e.g. car number), 

at least 90% of the cases must be correctly recognized up to 120 km/h (when reading from the side of the train).  

 Suppliers develop their own OCR algorithms in order to comply with ProRail’s requirements. They provide 

cargo information through recognition GEVI-UN and UIC numbers present on each side of a wagon. Next to this, they 

also provide a confidence measure to indicate how reliable the OCR result is. These numbers can be used for 

identification of each wagon and its cargo, which is further elaborated below. 

 

 
Figure 13: Snapshot of a freight wagon containing dangerous cargo from the Connection Systems camera 

 

 

The recognized (1) UIC, (2) GEVI and (3) UN codes are referential to various properties and compromised as follows: 

 

1. UIC. The UIC (Union International des Chemins de fer) uses a code for use on freight wagons and locomotives. 

It is a unique 12-digit number for each vehicle type, containing information about the vehicle. This coding is 

the same for all railway companies affiliated with the UIC. Using the code as seen in the red box (left) of a 

shunter or other interested party can immediately see which equipment type he is dealing with. These numbers 

are located on both sides of the vehicles. 
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Table 5: UIC code dissection and example UIC 37 80 7809 977-7 

TYPE AND NATIONALITY GOODS CHECK 

1 2 3 4 5 6 7 8 9 10 11 12 
Type of rail 

vehicle and 

international use 

Country of 

registration 

Type of freight 

wagon 

Sub-type freight 

wagon 

Individual running number  

(serial number) 

Self-check 

digit 

 

TYPE AND NATIONALITY GOODS CHECK 

3 7 8 0 7 8 0 9 9 7 7 7 

Goods: RIV5, 4+ 

axles, rented 
Germany 

70 to 79: type Z, 

Tank car for liquid 

and gaseous 

substances 

Sub-type freight 

wagon 
ID 977 

Self-check 

digit 

 

The check digit can be calculated through the Luhn algorithm6 or Luhn formula, also known as the "modulus 

10" or "mod 10" algorithm (named after its creator, IBM scientist Hans Peter Luhn), is a simple checksum 

formula used to validate a variety of identification numbers. 

 

2. GEVI Code. The hazard identification number (Gevaarsidentificatienummer, GEVI) is a number indicated on 

the upper half of a ‘Kemler’ sign. The first digit gives an indication of the main hazard, corresponding to the 

ADR hazard classes. If the 2nd digit is the same as the first, it indicates an increase in the main hazard. 

 In this case 263 indicates toxic, flammable gasses. 

 

3. UN Code. The substance identification number or UN number is seen in the right green box of, This is indicated 

on a Kemler sign, which is used for the transport of dangerous goods by road and rail. The UN code is a four-

digit number that identifies a hazardous substance during transport, according to United Nations regulations 

(the "Recommendations on the Transport of Dangerous Goods"). It is used among other things in the ADR, the 

European regulations for the transport of dangerous goods by road. 

 In this case 1040 indicates that this freight wagon contains ‘ethylene oxide’. 

 

 

 

Next to external data sources, there are several internal data sources which together form ProRail’s master data. While 

there are many more ProRail systems which gather data, the relevant system for OVGS, (M)TPS and WLIS. These are 

shortly summarized in Table 6 and discussed in detail below. 

 

Table 6: Internal data sources 

System  Description 

MTPS 

 

Material and Train Position Server 

(Materiaal en Trein Positie Server) 

Train position (enriched with GPS train positions), 

train numbers, speed, and wagons 

OVGS Online Transport of Dangerous Goods  

(Online Vervoer Gevaarlijke Stoffen) 

Train composition associated with train number, 

including (dangerous) cargo information 

W-LIS Wagon Load Information System 

(Wagen Lading Informatie Systeem) 

Registration of train composition on occupied tracks 

on shunting yards 

                                                                 
5 RIV: International Wagon Regulations (Regolamento Internazionale Veicoli or Regolamento Internazionale dei Veicoli), indication 

for goods wagons that are used internationally. 
6 https://en.wikipedia.org/wiki/UIC_wagon_numbers#Calculation_of_the_self-check_digit 
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Material Train Position Service, (M)TPS 

The Materieel Trein Positie Service (MTPS) aims to provide a live representation of trains and rolling stock on the rail 

network. This creates a uniform train information provision that is independent of sources such as GPS or TPS (Train 

Position Service). The rationale behind this system is that combining data from different sources results in a level of 

quality that cannot be achieved with each individual source.  

 In addition, MTPS Train Equipment and Load Composition (TML) receives messages from the communication 

between OVGS and IGS. These TML messages contain information about wagon lists. MTPS uses the TML messages to 

link with messages from the existing TPS/GPS flow so that it can also provide position data for freight trains and rolling 

stock. Note that this is only available for the main tracks and not for shunting yards. 

 

Online Vervoer Gevaarlijke Stoffen, OVGS 

Train composition information in the form of a wagon list should be provided by the transporter to the Online Transport 

of Dangerous Goods (OVGS) system at least five minutes before departure in the Netherlands. When a train want to 

cross the border into the Netherlands from the surrounding Infrastructure Management areas (such as DB Netz, Infrabel, 

and Bentheimer Eisenbahn), this has to be provided 30 minutes before departure for border passage.  

 The information required per railway undertaking, per track, yard or group of wagons is: 

I. Sequence number; 

II. Car UIC number; 

III. Load status (empty/loaded); 

IV. Gross weight; 

V. In the case of RID loads: the hazard identification number (GEVI) and UN number per load, net weight 

and possible indication of limited quantities (LQ). 

 

 The current setup defines a ‘complete’ wagon list as a composed message of (M)TPS and OVGS. A detailed 

composition and metadata overview can be found in Appendix D. However, ProRail has an additional system which is 

used by rail freight transporters to register this information; the Wagon Load Information System (WLIS). 

 

Wagon Load Information System (WLIS) 

Rail freight transporters are legally obliged to share information about hazardous substances on the railways. The WLIS7 

system managed by ProRail is used to register this information and contains information of the freight train, such as the 

railway undertaking, times, departure, timetable, train path, material units, loading composition, and the order of 

wagons as seen from the head of the train. Currently, the system is also used for the registration of non-hazardous 

substances (although the carriers are not obliged to do so).  

 Accurate information about rail freight (particularly hazardous substances) and the location of freight wagons 

enables incident response to take place in a safe manner. A new system W-LIS 2.0 (WLI) is planned for 2020 with 

functional improvements, higher availability and adaptability than the current systems and which meets current 

architectural standards with simplified and reduced interfaces. This is conditional to the planned safety improvement 

for hazardous substances. W-LIS 2.0 is able to receive measurement and validation results from this subsystem. 

However, interviews revealed that processing these results is planned for later iterations of the system. 

 A metadata and grid overview of an XML wagon list can be found in Appendix D, together with an example 

XML wagon list of an incoming train in Moerdijk. 

 

 

The next section will summarize the acquired information per data source in the developed process model from sub-

paragraph 3.4.5. 

 

                                                                 
7 https://prorailbv.sharepoint.com/sites/ictplaza/producten/WLIS/SitePages/Introductiepagina.aspx 
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3.6. Data event sequence 

To summarize the data understanding phase, all data sources are visualized in the process model as seen in Figure 14 

below.  
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Figure 14: Process architecture and data availability of incoming freight trains 

 

The start of an event can be triggered by a TPS event when a train enters a certain section or switch. This initiates the 

process of an incoming train, which is segmented in the following three phases: 

 

 Phase 0: A TPS event triggers the ESB adapter to gather information from ProRail’s internal system based on 

the train number derived from TPS. A more detailed process model of the ESB adapter can be found in 

Appendix E. This generates an XML wagon list which forms the master data of each incoming freight train. 

This phase is intentionally called phase 0, as it is an initiation phase, which starts the process of an incoming 

train. 

 Phase 1: The train is subsequently detected by the passage sensor to confirm that it is entering the shunting 

yard. This is also the first data source to see if the number of axles in the wagon list is correct. Next, the Camera 

system identifies each individual wagon and its cargo. The camera system also detects the total number of 

wagons. 

 Phase 2: The freight train now physically enters the shunting area. Switch position sensors indicate if the 

upcoming track is positioned left or right. Subsequently confirmed by a passage sensor which detects the 

number of axles. Providing a redundant number of axles measurement. 

 

 

This process is used for the design of an artifact in Chapter 4. However first, the next section will discuss problem 

understanding conclusions. 
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3.7. Problem understanding conclusions 

To conclude, this Chapter aimed to achieve a deeper problem understanding by delving into the NPD funnel stages by 

discussing previous concepts for automatic registration of rolling stock. Two concepts made it through the first gates; 

(1) position and registration with Smart sensors and smart cameras and (2) position and registration with (D)GPS -info 

from wagons. The early prototypes results yielded a plethora of unsolved problems, but one concept with enough 

potential to continue; leading to the start of this research. Thereafter, stakeholders are mapped and a process model is 

setup through process investigation and process discovery stages. 

 

 To summarize the design problem; the registration and location of (dangerous) cargo at shunting yards needs 

improvement. Reason for this is that the problem understanding phase identified risks and logistical bottlenecks based 

on unverified data delivered by transporters. Furthermore, ProRail currently is completely dependent on transporters 

for freight train composition data. This has been addressed with the start of NPD idea’s, idea selection and researching 

several concepts in FEI stages. This resulted in one concept which is deemed most feasible, and worthy of further 

exploration and development.  

 Process discovery led to a process model which is enriched through data collection and understanding. This led 

to a data event sequence, and forms the basis for subsequent artifact design stages.  

 Therefore, the next Chapter will aim to design a subsystem which links the necessary information such that 

risks can be identified and dangerous cargo can be tracked, obtain correct information independently, improve WLIS 

accuracy, assess risks and track dangerous cargo. The next Chapter will try to achieve this in two parts:  

 

(I) Design requirements and artifact directions;  

(II) Artifact design. 

 

In the first part, data understanding is used to feed back to system design. This is achieved through finding several 

design issues and the formulation of design requirements. These design issues are subsequently researched to find 

suitable design directions. This will provide the foundation through a substantiated design approach for (II) Artifact 

design. 
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Before delving into the actual design of the Artifact, requirements specification is the first step of the artifact design 

phase (Wieringa, 2014).  This Chapter aims to achieve this by answering Research Question 2 as seen below. 

RQ2. Which requirements underlie in increasing the wagon list quality? (artifact design) 

Requirements lead to new insights in the problem solving domain. The most important requirements are therefore 

elaborated and converted into a smaller subset of design issues in Section 4.1. Thereafter design directions for the subset 

of issues have been discussed in Section 4.2. To conclude, a final design approach is formulated in Section 4.3.  

 

 

4.1. System requirements elicitation 

In this Paragraph, requirements are identified and act as goals for the to-be-designed treatment (Engelsman & Wieringa, 

2012; Wieringa, 2014). Requirements are identified through focus groups with experts. During this process, several 

design issues are derived from requirements. Therefore, only the most relevant requirements which led to design issues 

are discussed below. Thereafter, system and project risks are identified followed by a context diagram which 

communicates a clear scope of the interlinked systems.  

 

 

When stakeholders are asked for their expectations about a product, they can often not express them. Stakeholders 

expectations could include; easy to use, how quick it reacts, failures, and so forth. Sub-Paragraph 1.2.4 stated a short set 

of preliminary requirements. These are re-used in a set of functional requirements and quality attributes (non-functional 

requirement), of which the latter are statements that describe how well the system does something. The final set of 

requirements can be found in Appendix 0. 

 Recommendations of Wiegers and Beatty (2013) have been taken into consideration. This translates in the 

following set of quality attributes for real-time systems: performance, efficiency, reliability, robustness and usability. 

Furthermore, robustness is added for a how well the system responds to unexpected operating conditions. 

Interoperability for interconnection and exchange data of the subsystem with other systems or components and 

verifiability for testing purposes through the case study. Furthermore, design constraints are defined. 

 Requirement elicitation is performed through elicitation interviews with the program manager and two focus 

groups with selected members of the commissioning party (WLIS department). The focus group method is based on the 

defined steps in focus group research of Kontio et al. (2004). The method and results can be found in Appendix L.  

 Many interesting aspects have been discussed, this can easily lead to a large set of requirements. Hence, the 

functional and non-functional requirements are identified with the research scope in mind. An example of limiting this 

scope is found in discussing options to feedback measurement results to the renewed WLIS8 system. Integrating 

measurement results into master data is an MDM task, this needs a separate research and requirements elicitation 

process when the new WLIS is ready.  

 To define a substantiated set of requirements within the scope of this research, many authors suggest 

requirements prioritization (Allen & Cervo, 2015; Drury, Conboy, & Power, 2011; Wieringa, 2014). This will help to 

further shape the research design in terms of detecting dangerous cargo on shunting yards. To set a clear prioritization, 

the main functional requirement to be satisfied in for the subsystem is functional requirement 1 (FUN-1): 

FUN-1: The subsystem must be able to increase the current average wagon list accuracy of 77% by comparing 

measurement results with the submitted wagon lists. 

 

Accuracy can be interpreted in many ways. In this case it is related to errors in wagon lists as provided by transporters. 

Hence, this functional requirement results in a design issue as seen in Table 7 below. 

                                                                 
8 WLIS 2.0 is the system upgraded version in which multiple ProRail systems will be united, aimed for completion medio 2020 
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During the focus groups two additional functional requirements were discovered on top on the initial set of 

requirements. These are remarkable and deemed worthy of further exploration:  

 

I. A ‘valid’ measurement should include a confidence indicator. In this way, a measurement with only 50% 

confidence (due to a dirty oil slick on the wagon) can be recognized through a low confidence level. Focus group 

members stated that they need to determine a confidence level that is good enough. For now a confidence greater 

than 98% is acceptable in WLIS, below 98% has to be processed in a different way. For example a warning could 

be triggered for unusual results that need to be checked. This results in the following requirement: 

FUN-3: The subsystem should include measurement confidence for assessment of validity of material 

recognition measurements 

 

II. In both focus groups a question is raised regarding processing measurement results. Reason for this is that the 

system’s main motive is to check every wagon in comparison with the supplied wagon list for identifying 

discrepancy and reduce risk at the shunting yard in case of an accident. In this case, the question arises if wagon 

list discrepancy and risk should be interrelated? The answer is yes. However, a confidence level should be used 

to indicate how reliable the measurements are. This results in the following requirement: 

FUN-4: The subsystem must be able to return an easy interpretable output, including FUN-3, in the form of 

risk to identify incorrect registered wagons. 

 

 

The artifact must process sensor events to achieve its goals. This requires a service and method which receives and 

processes events. An event processing engine is responsible for filtering and combining such notifications to understand 

what is happening and notify to event consumers. Azure Event Hubs9 is used for this purpose. This is a fully managed 

Platform-as-a-Service (PaaS), big data streaming platform and event ingestion service which is able to stream events 

from any source. Data sent to an event hub can be transformed and stored by using any real-time analytics provider or 

batching/storage adapters. However, it remains a challenge to link the right events to an incoming train. Depending on 

the type of sensor; measurement acquisition, pre-processing and measurement latency can result in events that arrive 

dispersed from the real-world situation. This results in the third design issue as stated in Table 9 below.  

 

After requirements elicitation, system and project risks need to be identified. Ignoring or neglecting risks in more 

complex application domains most often creates (or neglects) unsalvageable high-risk elements which could lead the 

project down the path of failure (Boehm, 1991). In design science for information systems it may interfere with the 

predicted effect. Thus, to assess whether a theory is usable and useful, the next section is aimed at identifying system 

and project risks which can prevent the satisfaction of the requirements or research goals.  

                                                                 
9 https://docs.microsoft.com/en-us/azure/event-hubs/event-hubs-about 

Intelligent method which can incorporate (I) wagon list error, (II) measurement confidence to identify (III) 

risks on the shunting yard. 

Table 8: Design issue 2 

Event processing methods and time management 

Table 9: Design issue 3 

Detecting wagon list errors and data quality dimensions. 

Table 7: Design issue 1 

https://docs.microsoft.com/en-us/azure/event-hubs/event-hubs-about
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System and project risks serve as input for the use cases and ATAM evaluation in Chapter 5. Software risk management 

traditionally includes two phases with several steps: (I) risk analysis, which compromises risk identification, analysis 

and prioritization. And (II) risk control, which compromises risk management planning, risk resolution and risk 

monitoring (Boehm, 1991). Although a full risk management study will be carried out after this study, it is of importance 

to further limit the scope by solely identifying potential system risks which are relevant to this research. Risks have been 

identified and classified per phase in Table 1 of Appendix B.  Next to system risks, risks can involve threats which 

influence the solution (Ward & Chapman, 2003). These threats to the solution can be found in Table 2 of Appendix B. 

They are identified in a condition-consequence format. That is, a statement about the risk condition or cause of 

uncertainty, followed by the potential adverse consequence from the condition.  

 

 

The process identification phase indicated that multiple systems are interlinked and contain different bits of information 

which together composes a wagon list. In order to communicate a clear scope of these interlinked systems, a context 

diagram clearly visualizes the data flow between the several entities and the system. Moreover, it is configured to display 

the environment (and boundaries) in which the system operates. 

 Figure 15 below presents the context diagram, in which the earlier mentioned internal data sources are 

displayed at the top. The lower part displays the sensors, connected with arrows which communicate the data flows. 

Furthermore, 2 new additions are visible. Reason for this is that intermodal stakeholders have indicated that they are 

willing to cooperate in the tests if they can retrieve data themselves. Secondly the location of freight trains on shunting 

yards can be visualized by a newly developed visualization system called RMS (Rail Monitoring System) of which a 

prototype version can be found in Appendix I. Next to that, ProRail made arrangements with emergency services that 

they will receive data to develop their own visualization. 
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Figure 15: Context diagram 
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4.2. Artifact design directions 

So far a subset of design issues have been established. This has been established through a deep problem understanding 

and requirements elicitation. This section aims to define a set of well substantiated design directions by researching 

alternative treatments for RQ3 and RQ4 as found in Section 1.2.2. 

 

The following design issues will be addressed in the coming sub-paragraphs are respectively: 

1. Detecting wagon list errors and enhancing wagon list accuracy; 

2. Intelligent method which can incorporate (I) wagon list error, (II) measurement confidence to identify (III) 

risks on the shunting yard; 

3. Event processing method for handling sensor latency and time management. 

 

 

Wagon list Data Quality (DQ) is an important aspect to reduce risk on shunting yards. Hence, this research has shown 

that detecting errors in wagon lists are crucial in relation to safety in marshalling yards. To give more definition to 

‘errors’ in wagon lists this sub-Paragraph will define its definition and measurement method, to subsequently delve into 

its relation to enhancing wagon list accuracy. 

 

Errors in wagon lists  

Table 10 indicates all elements which can be identified in Phase 1 of the defined process. This is followed by the data type 

and output. The output indicates several classes to which a measurement result can belong. An identified UIC code on a 

freight wagon can be considered correct if it perfectly corresponds to the UIC code registered by the transporter (the 

reference value). However if some elements of the 12 character long integer are not identical to the reference value, the 

output can be considered different. Or even new if no character is identical. 

 

Table 10: Phase 1 measurements, types and measurement results 

Measurements Data type Output 

UIC code Integer, 12 characters Correct, Different, New 

GEVI, UN code Integer, 3 to 7 characters Correct, Different, New 

Wagon total Count integer 1 .. n Lower, Correct, Higher 

Wagon order Count integer Correct, Different, Mirrored 

Axle total Count integer 1 .. n Lower, Correct, Higher 

 

If A is the reference value retrieved from ProRail and B is the measurement result, then: 

 

Correct: measurement A is the same as the reference value B,    A = B 

Different:  several characters of A are different from the reference value B,  A ⊂ B 

New: measurement A is completely different from the reference value B, A ⊄ B  

 

Note that several measurement results can be considered ‘different’ from ProRail’s reference value. One of the goals of 

enhancing wagon list accuracy is to automatically recognize differences, with a certain degree of confidence, to discover 

risky situations when freight trains enter the shunting yard. 

 

Data quality aspects 

DQ is the underlying domain in preventing risk full situations on shunting yards. Bad DQ of wagon lists results in 

increased risk on shunting yards in emergency scenarios. Many researchers delved into DQ dimensions. This research 

adopts the list as defined by Allen & Cervo (2015) to represent the type of dimensions generally used: completeness, 

conformity, consistency, accuracy, uniqueness, integrity, validity and timeliness.  
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 “The best way to avoid DQ issues and their costly effects is to prevent them from occurring” (Allen & Cervo, 

2015, p. 142). Hence, ProRail tried many different ways to ensure high DQ at the entry point. A financial reward system, 

tightened business rules for data entry and increased checks at shunting yards. However, many factors keep (negatively) 

influencing the DQ of wagon lists. To ensure consensus and understanding of DQ in the setting of this research, 

stakeholders are approached regarding WLIS DQ and an interpretation of its definition. Resulting in interest of accuracy 

and completeness of the freight train’s wagon lists. Their definitions in the context of our problem are as followed: 

 

 Wagon list accuracy. Accuracy is a dimension which knows many definitions by a plethora of researchers. Wang 

& Strong (1996) define accuracy as “the extent to which data are correct, reliable and certified” (p. 31). Allen & 

Cervo (2015) defines accuracy as ‘degree of agreement with an identified source of correct information’ (p. 140). 

Regarding wagon lists, this research defines accuracy (or accurate data) as ‘when the stored values correspond to 

real-world values’. Accurateness is expressed as the ratio of correct values and the total number of values. 

 

 Wagon list completeness. Completeness is defined by Batini, Cappiello, Francalanci, & Maurino (2009) as ‘the 

degree to which a given data collection includes data describing the corresponding set of real-world objects’ (p. 8). 

Allen & Cervo (2015) define completeness as the “level of data missing or unusable” (P. 140). When a transporter 

is entering values for his train wagon list, ProRail’s system business rules prevent entering erroneous data to a 

certain extent. Therefore, wagon list elements can’t be semi-complete. They are correct, incorrect (to a certain 

degree) or missing. Completeness is therefore defined as ‘measured values which are missing in the reference list'.  

 

 

Classically, selecting a type of intelligent system can be achieved though determining the problem type, input and output 

variables, their interactions and the form and content of the solution (Negnevitsky, 2005). The problem type influences 

the choice of the tool for building an intelligent system. Each method works for diverse problems. To find a method 

which suits our case, several critical aspects are defined. These are found in the left column of Table 11. 

 Since this method and sensors are new to ProRail, no historical data is available. The data which is generated 

during the development of the project cannot be used to train a model as it is characterized by measurement uncertainty 

and error. Development of (e.g.) OCR, and sensor algorithms is outsourced to external companies. Furthermore, most 

sensors start producing data during the final stages of this research. This severely limits the possibilities of AI methods. 

 Our problem is not applicable for learning or discovering methods, due to no availability of historic data for 

training a model. Furthermore, currently generated data is characterized by imprecision, incompleteness and 

inaccurateness. This drives the solution space to reasoning systems. In information technology a reasoning system or 

knowledge-based system produces inferences from the available knowledge using logical methods such as deduction 

and induction (Perera et al., 2014). Table 11 below compares methods based on earlier mentioned critical aspects. 

Inspired by the comparison of Negnevitsky (2005), reasoning methods and results from several domain specific surveys 

are included (Contreras & Vehi, 2018; Liao, 2004; Liu, Zhou, Hu, & Wu, 2018; Negnevitsky, 2005; Perera et al., 2014).  
 

Table 11: Comparison of expert systems (ES), naïve bayes (NB), fuzzy systems (FS), and case-based reasoning (CBR) 

Attributes ES NB FS CBR 

Knowledge representation     

Uncertainty tolerance     

Imprecision tolerance     

Adaptability / Modifiable     

Learning ability     

Interpretable output / explanation ability     

Knowledge discovery and data mining     

Maintainability     

The terms used for grading are:  bad,  rather bad,  rather good,  good 
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Suitable methods 

Each component has its own strengths and weaknesses. CBR seems a good fit, however its learning ability is a drawback 

in this case as the model needs to be trained. Just like NB it uses probabilistic logic, which allows decisions to be made 

based on probabilities attached to the facts related to the problem (Perera et al., 2014). However, the model requires the 

probabilities to be known in advance, and reasons witch numerical values only.  

 A FES seems most fitting for the problem. As Negnevitsky (2005) states: ‘the basic approach here is simple: if 

you cannot define a set of exact rules for each possible situation, then use fuzzy logic’ (p. 317). Bayesian probability and 

certainty factors are related to inaccuracies, which in turn are related to the outcome of a well-defined event. Fuzzy logic 

concentrates on the inaccuracy of the event itself. Together with easily understandable linguistic variables, the inherently 

imprecise properties of the problem make it a good candidate for fuzzy sets.  

 

 

This section addresses the third design issue; design direction for event processing. Time is an aspect which has to be 

considered in a (near) real-time system. Results do not only have to be correct in their value, but also in the domain of 

timeliness. Processing time constantly changes for each event as it flows through the pipeline and time continues to pass 

(Akidau et al., 2015). As a consequence, the operating system must include time management and task handling with 

defined timing constraints (Butazzo, 2011). Before sending an event, two time related domains are of interest; event time 

and processing time (Butazzo, 2011; Kaempchen & Dietmayer, 2015). How to approach this domain is captured through 

various research fields, particularly time management, but also, out-of-order processing, punctuations, heartbeats etc.   

 

Hard or soft real-time systems 

To cope with event timeliness, real-time systems can be classified as hard or soft (Kopetz, 2011; Wiegers & Beatty, 2013). 

Hard real-time systems have rigid and strict time constraints. If the systems operations cannot be performed within 

specified deadlines, this will have critical consequences. Examples of this are safety-critical control systems, e.g. air traffic 

control systems where a failed operation could result in a collision. Soft real-time systems are also conditional to time 

constraints, but on the contrary to hard real-time systems, consequences of failing to meet timing deadlines during 

operations are less severe. The goal of the system is not to serve as a traffic control or management system. No accidents 

or collisions will take place due to failing system operations. However, the systems functionality will be severely limited. 

This might change for later iterations, depending on the purpose of subsequent versions to be used for traffic control.  

 

Event-Triggered Versus Time-Triggered 

A trigger is an event that initiates an operation in the system, such as performing a task or transmitting a message. This 

depends on the trigger mechanisms for the start of communication and processing actions in each node of a system. 

Kopetz (2011) defines two distinctly different approaches to the design of the control mechanisms of real-time systems, 

event-triggered control and time-triggered control.  

 In event-triggered (ET) control, all communication and processing activities are initiated whenever a significant 

event other than the regular event of a clock tick occurs. In an ET system, a dynamic scheduling strategy to activate 

the appropriate software task that services the event.  

 In a time-triggered (TT) system, all activities and processing are initiated by the progression of real-time. Therefore 

the clocks of all nodes have to by synchronized to a global time. Every observation should be time-stamped according 

this global time. The universality of global time must be chosen in such a way that the time sequence of two 

observations made anywhere in a TT system can be determined from their timestamps with sufficient confidence.   

 

 The main advantage of ET systems is their capability to react quickly to asynchronous external events. As a 

result, they lead to greater real-time performance compared to TT systems. A disadvantage of TT architectures is the 

limited flexibility and scalability. A small change in one subsystem can necessitate an entirely new system design. The 

system design itself is complex with a limited number of adequate tools for the design process (Albert & Bosch, 2004).  
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Event processing logic 

Development of the event processing logic comprises stream-oriented languages and rule-oriented languages (Cugola & 

Margara, 2012). Processing logic is performed in a rule-oriented manner through Python. Based on incoming events, 

production rules, active rules and logic programming rules can be used to process events. These are setup to detect state 

changes in a forward-chaining way by firing an action once a condition has been fulfilled in the event stream from Azure. 

These active rules act according an event-condition-action chain by waiting for a specific event to occur (e.g. an axle 

counter), evaluating this for a given condition (e.g. the sensor ID and Axles), and firing an action once it is fulfilled.  

 

Measurement frequency and latency  

In a multi-sensor configuration, systems have to cope with different and varying sensor measurement frequencies, the 

sensors measurement latency as well as asynchronous measurement times. This is confirmed in the experimental setup 

of PoC Botlek. Measurement errors, missing measurements or wrong time stamps of events can cause a synchronous 

system to create a distorted view of the real situation. Kaempchen & Dietmayer (2015) state that measurement latency 

𝑇𝐿,𝑠𝑒𝑛𝑠𝑜𝑟 is defined by the measurement acquisition time, the pre-processing time and the latency introduced by the 

communication transfer time before the sensor fusion system receives the measurement Figure 16. The latter is 

especially important with larger size measurements in conjunction with the transfer rate of the network.  

 

 

 

Figure 16 shows the general case of a sensor measurement process where the pre-processing may be performed parallel 

to acquisition and transfer. In addition to the measurement latency 𝑇𝐿,𝑠𝑒𝑛𝑠𝑜𝑟, the sensor is characterized by its 

measurement cycle duration 𝑇𝐶,𝑠𝑒𝑛𝑠𝑜𝑟. In general, 𝑇𝐿,𝑠𝑒𝑛𝑠𝑜𝑟 and 𝑇𝐶,𝑠𝑒𝑛𝑠𝑜𝑟 vary. For time-critical systems, the worst-case 

sensor latency is of interest (Kaempchen & Dietmayer, 2015).  

 

Modeling real-time systems 

Similar to business information systems, visual modeling is a potent analysis technique for modeling and specifying real-

time systems (Wiegers & Beatty, 2013). State-transition diagrams or their more sophisticated variants, such as state 

chart diagrams (Lavi & Kudish, 2005) and UML diagrams (Jong, 2002; Pasaje, Harbour, & Drake, 2001), are particularly 

relevant. Timing requirements or deadlines lie at the heart of real-time control systems. Undesirable outcomes can result 

if signals are not received from sensors as scheduled, if the software cannot send control signals to the hardware when 

anticipated, or if the physical devices do not perform their actions on time.  

 

 

4.3. Conclusions and design approach 

This section discussed design requirements and artifact design directions. This is achieved through requirements 

elicitation, data collection and understanding. Several artifact design issues are identified for which artifact directions 

are discussed. The approach for Part II of the artifact design section will feature the artifact development in the form of 

a prototype of a subsystem. This will be achieved by developing DQM indicators, a FES for identifying train wagon list 

risks and the developed prototype system. The latter is approached by defining system timeliness aspects, and the 

formulation of scenarios and use cases, which will lead to the development of an UML sequence diagram and system 

framework.  The developed prototype will be modelled using Flow Charts for each phase of the earlier identified process.   

Figure 16: Measurement latency (𝑇𝐿,𝑠𝑒𝑛𝑠𝑜𝑟) and cycle duration (𝑇𝐶,𝑠𝑒𝑛𝑠𝑜𝑟) (Kaempchen & Dietmayer, 2015). 
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This Chapter explains the rationale behind the developed artifact. This is achieved by defining a framework of operations 

which results in a method to answer Research Question 3 and 4 as seen below. 

RQ3. How can  wagon composition lists be verified and its data quality increased using current sensors when entering 

shunting yards? 

RQ4. How can freight trains be tracked using current sensors on shunting area’s? 

 

The Chapter is subdivided into several subsections. These sections cover the artifact design in the stages as defined in 

Part I of this Chapter: 

(1) Developing DQM indicators    (Paragraph 4.1);  

(2) A FES for identifying train wagon list risks  (Paragraph 4.2); 

(3) Soft real-time system design   (Paragraph 4.3). 

 

The latter is achieved by defining system timeliness aspects, the formulation of scenarios and use cases, which will lead 

to the development of an UML sequence diagram and system framework. Final, an introduction to the artifact itself will 

be covered. The developed prototype system is visualized using Flow Charts. In this way, each phase is visualized and 

the steps shortly explained. A visualization of the intended artifact is found in Figure 17 below. 
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Figure 17: The to-be designed artifact 

 

  



 

PART II – ARTIFACT DESIGN 

44 

 

4.1. Artifact design; DQM dimensions 

In the previous section, DQM Dimensions of interest are defined. Table 10 displayed the elements to be incorporated. To 

define the DQ dimensions, the framework of Doyle et al. (2013) is adopted and slightly modified. This provides a detailed 

overview through multiple aspects of the measurement method. Furthermore it includes the way of assessing the DQ 

dimension.  The first two elements are the UIC and GEVI UN codes which are used to measure the wagon lists’ accuracy. 

A freight train’s wagon list is considered 100% accurate if the measurements are equal to the reference values stated in 

the wagon list. That is, if the UIC and GEVI UN codes correspond 100% to the values of wagon 1 .. n  in the wagon list. 

Table 12 below explains the DQ accuracy dimension in detail. Note that only OCR measurements with a confidence of 

98% of higher are included in the assessment (FUN-6). 

 

Table 12: DQ Accuracy dimension 

Term Definition 

DQ Dimension Accuracy 

Definition Degree of agreement with an identified source of correct information; if the stored values 

correspond to the incoming train on the shunting yard. 

Condition Only OCR results with a confidence of < 97% or higher are considered to be significant and 

valid for DQ assessment and possible inclusion into master data. 

Scope Per wagon:  

1. UIC 

2. GEVI UN 

Train DQ accuracy assessment is performed at wagon level; if one of these elements is 

erroneous, the wagon is processed as a faulty 

Method Every incoming train will have an accuracy assessment which is the ratio of correct values  

(Boolean value) and the total number of values: 

1. If the measured value does not correspond with the reference value, it is considered 

as an erroneous value denoted by 0 

2. If the measured value does correspond with the reference value, it is considered as 

a correct value denoted by 1 

Example If an incoming train contains 8 correct elements out of 10 measurements relative to the 

provided wagon list, the train’s DQ Accuracy is 80%. 

Logic FOR 

Wagon 1 .. n 

IF 

Measurement A is the same as the reference value B  (A = B ) 

THEN 

Return 1 

ELSE 

Return 0 

Calculation Accuracy = (Sum of 1 / total measurements) * 100 

Domain The score can be any value between [0, 100] 

 

 

The Accuracy dimension is the main benchmark for assessing wagon lists. As mentioned before, the aim is to achieve an 

average accuracy of 98%. However, to protect master data integrity, a condition has been formulated.  

 From a DQ perspective, if a measurement result has a lower confidence than the set threshold it should be 

regarded as insignificant. E.g. a recognized UIC code which is different than the reference value by the provider should 

not be automatically be labeled as an erroneous value and thus be modified in the master data.   
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Completeness is related to accuracy. However, where accuracy is concerned with the degree of agreement, completeness 

is concerned with the level of missing data. During completeness assessment, each field should be assessed complete or 

not complete (Boolean value) to calculate completeness as the ratio of complete values and the total number of measured 

values.  

 

Table 13: DQ Completeness dimension 

Term Definition 

DQ Dimension Completeness 

Condition Only OCR measurements with a confidence of 98% or higher are valid for DQ assessment 

Definition Measured values which are completely missing in the reference wagon list 

Scope Per wagon: 

1. UIC 

2. GEVI UN  

Train DQ assessment is performed at wagon level; if one of these elements is erroneous, the 

wagon is processed as a faulty 

Method Every incoming train will have a completeness assessment; each field should be assessed 

complete or not complete (Boolean value) to calculate completeness as the ratio of complete 

values and the total number of measured values. 

1. If there is no reference value present for a measured value, it is considered as 

missing and denoted by 0 

2. If there is a reference value present for a measured value, it is considered as 

complete and denoted by 1 

Example If the system detects an incoming train which contains 10 UIC numbers (wagons) out of 8 

provided in the wagon list, the train’s DQ completeness assessment is 80%. 

Logic FOR 

Wagon 1 .. n 

IF 
UIC is measured and present in wagon list 

GEVI is measured and present in wagon list 

THEN 

Return 1 for each complete wagon 

Calculation Completeness = (sum of 1 / total number of wagons) * 100 

Domain The score can be any value between [0, 100] 

 

 

Lastly, previous Section introduced two measurement values which are not incorporated in the previous DQ dimensions. 

These are (1) the total number of wagons and (2) a check if a train comes in mirrored relative to the provided wagon 

list. Not directly relating to DQ dimensions, these indicators should be included as logical checks: 

 

(1) The measured number of wagons relative to the provided number is included for n the case of an exceptional 

situation it could occur that an UIC number cannot be recognized by the camera. The wagon will be identified 

as a wagon without UIC of GEVI UN. Therefore the total number of wagons will be an additional parameter. 

(2) Often, freight transporters reverse the train direction using a sidetrack or shunting area along the way. This 

means the train is parked at a parallel track, the locomotive leaves the train, drives around and returns on the 

other side to push or pull the train. This is also an activity which should be registered by the transporter, but 

often is not. In this case the list can be mirrored to see if the accuracy and completeness increase. This does 

not influence the DQ assessment, but is a useful indication when a train is rated with a very low accuracy value. 
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4.2. Artifact design; Fuzzy ES for Identifying Wagon List Risks 

This Paragraph contains the development of the chosen method for intelligent risk identification; FES. A typical process 

for developing a FES incorporate the following steps (Negnevitsky, 2005): 

1. “Specify the problem and define linguistic variables. 

2. Determine fuzzy sets. 

3. Elicit and construct fuzzy rules. 

4. Encode the fuzzy sets, fuzzy rules and procedures to perform fuzzy inference into the ES. 

5. Evaluate and tune the system” (p. 115). 

 

 The main goal is to indicate a risk per wagon in linguistic terms. This classification helps in subsequent steps. 

Immediate actions can be taken in high circumstances. Risks are based on expert opinion. 

 

STEP 1: DEFINING LINGUISTIC VARIABLES 

For the identification and verification of rolling stock problem we want to discover discrepancy between the 

(transporter) supplied departure composition of a freight train, and the composition retrieved through the system. The 

goal of this system is to attach risks, depending on the type of discovered discrepancy. There are three main linguistic 

variables: WLIS correctness w, measurement confidence (OCR confidence) c, and risk r.  

 WLIS correctness w, is the ratio of correct UIC and GEVI UN characters in the retrieved departure composition 

retrieved from WLIS, compared to the measurement which is recognized by the system.  

 The goal is to determine the risk r, given the WLIS correctness c and measurement confidence (OCR 

confidence) c. In other words, for ProRail to determine which action has to be taken depends on the risk. In the case of 

a recognized GEVI UN code (with high confidence) which was not in the WLIS departure composition compiled by the 

transporter, there would be a very high risk in the case of an accident. Based on the risk level outcome, ProRail can 

determine which consequence is necessary. An example is shown below:  

 

 

Firstly, the setup of the three linguistic variables are explained. Secondly, their ranges are compiled. where the intervals 

for w, c and r are defined within the range of [0, 1]. During the defining of linguistic variables, advised linguistic terms 

for the input and output variables are preferred; very low, low, medium and high (Zadeh, Abbasov, Yager, Shahbazova, 

& Reformat, 2014).  

 

WLIS train composition correctness 

As mentioned, the UIC code is used for identifying the cargo and contains 12 characters as seen in Figure 18. The 

possibility that a transporter enters a UIC or GEVI UN code of a different length then standardized is ruled out. This is 

due to automated WLIS checks through several business rules. The entered data by the transporter has to comply with 

these rules. Else WLIS automatically declines the departure composition. An example of these rules is found in the fact 

that a UIC code can only contain 12 numeric characters. Hence, the correctness ratio always retrieves a 12 number UIC 

code from the departure composition to compare with the OCR measurement.  

 The correctness is a ratio of the incorrect numbers divided by the total number of characters. The correctness 

output is Boolean; 1  if the number is the same, 0 if it is different. The result is a ratio of correctly registered UIC numbers 

by the transporter. Thereafter, the correctness function normalizes the output to a percentage. This ensures the 

measurement can be characterized within the universe of discourse 𝑋𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑛𝑒𝑠𝑠 = [0, 1].  

 Interviews with WLIS experts indicated that the level of correctness is an important indicator for processing 

subsequent measures and claims by transporters. Experts indicated a couple of problematic scenarios in which they 

encountered problems: 

“If  (WLIS correctness is NEW)  and  (measurement confidence is HIGH)  then  (risk is HIGH)” 
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1. Transporter enters a random UIC or GEVI UN code to get fast approval for departure; 

2. Wagons are switched in the train composition list due to various reasons, attaching data to the wrong wagon 

in the provided wagon list based on the departure composition; 

3. Transporters blame faults on typing error and ask for proof of claims (sample checks are performed manually, 

which has led to court cases). 
 

Therefore, correctness is defined through four fuzzy quantifiers, resulting in 4 membership functions (MF) 𝜇(𝑥): 

1. Few, if only a few characters are correct then  → correctness 𝜇(𝑥): very low 

2. Several, if several characters are correct then  → correctness 𝜇(𝑥): low 

3. Most, if most characters are correct then  → correctness 𝜇(𝑥): medium 

4. Many, if many (all) characters are correct then → correctness 𝜇(𝑥): high 
  

Correct characters refer to the correct number of items in the measured object in relation to its reference value. An 

example is seen in Figure 18 below. 
 

TYPE AND NATIONALITY GOODS CHECK 
1 2 3 4 5 6 7 8 9 10 11 12 

Type of rail 
vehicle and 

indication of 
international use 

Country code of 
registration 

Type of freight 
wagon 

Sub-type freight 
wagon 

Individual running number  
(serial number) 

Self-check 
digit 

 

3 7 8 0 7 8 0 9 9 7 7 7 

 

3 7 8 0 0 0 0 0 0 7 7 7 

 

1 1 1 1 0 0 1 0 0 1 1 1 

 

Reference

Measured

Count

 
𝑇𝑜𝑡𝑎𝑙 (𝑛): 12, 𝐶𝑜𝑟𝑟𝑒𝑐𝑡 (𝑐): 8, 𝐼𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡 (𝑖): 4 

 

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑟𝑒𝑠𝑢𝑙𝑡:         Correctness = LOW 
 

Figure 18: WLIS correctness, UIC example 

Measurement confidence 

A second statement was that ProRail needs to know when a measurement is ‘good’. A form of assurance or certainty 

that the measurement is valid with the actual wagon. Therefore a ‘confidence’ variable is incorporated in the system. 

This measurement confidence is not the same as a confidence interval. 

Instead, it is a confidence value which corresponds to the OCR engine's certainty of the recognized digit identity 

(Biondich et al., 2002). Depending on the digit's confidence value, the system should identify a ‘high’ confidence level. 

In this case, ProRail could automate processes based on high risk measurements with a high confidence value. Therefore, 

a confidence rating is a real value within the range of [0, 1], with 1 being very confident. 

 OCR measurement results are provided with a confidence percentage, its linguistic variables can be seen in 

Table 16. Interviews with WLIS and ProRail experts revealed that only a measurement with a high confidence score of 

<97% can be assumed valid. Else, for low confidence measurements, images might need to be checked manually to see 

if the measurement is correct.  
 

Definition of risks 

A collision or derailment involving a train carrying hazardous substances may have consequences for the surroundings. 

The likelihood of such an accident is very small, but the consequences can be considerable. For example, a crack in a 

tank wagon could cause toxic liquid to escape. The annual site-specific risk may not exceed 1 per millionth per annum, 

as determined by law10. The probability of someone dying as a result of an accident involving hazardous substances on 

the railways may not exceed 1 millionth per annum. 

                                                                 
10 Wet vervoer gevaarlijke stoffen, Hoofdstuk III, Het basisnet, Paragraaf 1. Algemene bepalingen, Artikel 11  
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 Risk in this research is defined in the context of wagon list DQ; through identifying incoming freight trains with 

wagons and cargo which is not, or wrongly registered by the transporter. Incorrect train composition data dramatically 

increases the risk on shunting yards during an incident for the fire brigade and everybody involved. Therefore, the risk 

is approached as a consequence of the main objective; providing all involved parties with correct information on the 

location of hazardous substances in the freight train, in a shunting yard, in the event of an incident. A high-risk situation 

in this context would be a measurement/recognition of a non-registered freight wagon containing dangerous substance. 

In the case of an incident involving this train, the fire brigade has no assurance of the (complete) train composition. 

Without this subsystem the dangerous cargo is located close to the firemen and all involved instances without them 

knowing.  

 

Risk levels 

For a constructed understanding of risk measurements requires appropriate expert elicitation procedures based on 

developing risk models (Aven & Heide, 2009). A procedure suggested by Cornelissen, Van Den Berg, Koops, & Kaymak 

(2003) is adopted, consisting of six steps: (i) Define the domain(s) of knowledge, (ii) Identify candidate-experts within 

each domain of knowledge, (iii) Selection criteria, (iv) Selection of experts based on criteria, (v) Determining elicitation 

methods in relation to purpose, ease of use and ease of interpretation and (vi) eliciting knowledge using interviews and 

questionnaires. The 3 most important OVGS/WLIS stakeholders have been asked during interviews to assess 12 

measurement results on their level of risk. The results are seen in Appendix 0.  A balance is sought between accuracy 

and simplicity: where possible, a relatively rough discretization is preferred. This relates to the rather rough 

discretization of the linguistic variable ‘risk’, which considers four categories. The comments in Table 16 explain possible 

actions which could be taken by the WLIS team based on the risk identification. Which, as Table 18 and Table 21 show, 

are related to the level of uncertainty if the wagon (or dangerous cargo) measurement matches the data as provided by 

the transporter. Since this involves a PoC, these risk classifications are merely indicative. However, experts indicated 

that future systems could initiate automated decisions based on high risk measurements on track. 

 

Table 14: WLIS wagon registration correctness, w 

Linguistic value Notation MF shapes MFs Comment 

VERY LOW 1  (VL) Triangular [0.00, 0.00, 0.20] Many characters incorrect 

LOW 2  (L) Trapezoidal [0.15, 0.20, 0.70, 0.80] Some characters incorrect 

MEDIUM 3  (M) Triangular [0.75, 0.90, 0.98] A character might be incorrect 

HIGH 4  (H) Trapezoidal [0.94, 1.00, 1.00] Registration is completely correct 

 

Table 15: Measurement confidence, c 

Linguistic value Notation MF shapes MFs Comment 

VERY LOW 1  (VL) Trapezoidal [0.00, 0.00, 0.70, 0.80] OCR < 75% is very unreliable 

LOW 2  (L) Triangular [0.70, 0.80, 0.90] Needs manual image check 

MEDIUM 3  (M) Triangular [0.88, 0.90, 0.98] Significant, manual image check needed 

HIGH 4  (H) Triangular [0.94, 1.00, 1.00] Reliable, direct actions can be taken 

 

Table 16: Risk indication, r 

Linguistic value Notation MF shapes MFs Comment 

NONE 1  (N) Trapezoidal [0.00, 0.00, 0.20, 0.40] Safe, no risk involved during verification 

LOW 2  (L) Triangular [0.20, 0.40, 0.60] Caution, manual check by ProRail 

MEDIUM 3  (M) Triangular [0.40, 0.60, 0.80] Warning, direct check by transporter 

HIGH 4  (H) Triangular [0.60, 0.80, 1.00, 1.00] Alarm, direct consequences 

 

The following sub-paragraph showcases visualizations of the fuzzy sets, including in depth reasoning regarding their 

membership functions. 
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  STEP 2: DETERMINING FUZZY SETS 

 

 

 

Fuzzy sets can have a variety of shapes. 

However, a triangle or a trapezoid can often 

provide an adequate representation of the 

expert knowledge, and at the same time 

significantly simplifies the process of 

computation. 

 Figure 19,  Figure 20 and Figure 21 

respectively, show the fuzzy sets for all 

linguistic variables. One of the key points was 

to maintain sufficient overlap in adjacent fuzzy 

sets for the fuzzy system to respond smoothly. 

 

  Figure 19 represents the fuzzy sets for the 

correctness indication of the wagon list 

element in comparison with the measured 

value. The risk indication heavily depends on 

the correctness in combination with the 

confidence of the measurement as seen in  

Figure 20. Since the room for error in wagon 

lists is minimal, the fuzzy sets of correctness 

are characterized by a large set for ‘very low’ 

and ‘low’ correctness. As requested by experts, 

‘high’ correctness has a threshold of 0.98, the 

same reasoning applies for the fuzzy sets of 

measurement confidence. However, as  Figure 

20 shows, even stricter. The fuzzy sets are 

heavily skewed to the right due to strict 

confidence requirements of the experts. Their 

aim is to only automatically correct master data 

based on OCR results with a confidence of 

>0.97. Furthermore, ‘very low’ correctness and 

‘high’ confidence could indicate that the 

measurement corresponds to a wagon which is 

not in the wagon list (a new wagon).  

 

Lastly, Figure 21 shows the fuzzy risk sets. 

These are equally divided in 4 sets. 

  

 Figure 20: Fuzzy sets of measurement confidence c 

 

Figure 21: Fuzzy sets of risk indication r 

Figure 19: Fuzzy sets of WLIS correctness w 
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STEP 3: CONSTRUCTION OF FUZZY RULE BASES 

Every incoming cargo wagon contains a UIC code for identification and a GEVI-UN code to indicate the type of hazardous 

substance the wagon ‘might’ contain. Not every wagon transports a dangerous substance. Hence, 2 FRBs have been 

setup. These are explained below. Table 17 shows the variables, their categories and the corresponding measurement 

method. Table 18 shows the relation of the used variables in a matrix, indicating the linguistic consequent per relation. 

Table 19 is the actual rule base; the written version of the risk matrix. The same order and function applies for the UIC 

FRB construction seen in Table 20, Table 21, Table 22 respectively. 

 

GEVI UN  
(dangerous cargo) 

  

Table 17: GEVI UN variables and categories 

Variable Category Measurement 

 1 2 3 4  

WLIS correctness Very Low  Low  Medium High Similarity  

Measurement confidence Very low Low Medium High OCR confidence 

Risk None (N) Low (L) Medium (M) High (H)  

 

Table 18: Risk matrix GEVI UN 

WLIS 

correctness 

4 
L L N N  ‘None’: 

In case of an incident, the system is certain that the provided data 

is correct with high confidence 

3 
M M H H ‘Low’: 

In case of an incident, the measurement is correct but with (very) 

low confidence; creating a slight uncertainty if the cargo is correct 

2 
H H H H ‘Medium’: 

In case of an incident, the measurement confidence is (very) low 

and several characters are wrong; creating uncertainty 

1 
H H H H ‘High’: 

In case of an incident, the system is certain that dangerous cargo 
data is incorrect. Due to low correctness and/or confidence 

 

 
1 2 3 4 

  

 

 

Measurement 

confidence 

  

 

Table 19: Rule base 1 for hazardous substances recognition (GEVI UN) 

Rule Base 1 

1. If (WLIS correctness is ‘high’) and (measurement confidence is ‘very low’) then (risk is ‘low’) 

2. If (WLIS correctness is ‘medium’) and (measurement confidence is ‘very low’) then (risk is ‘medium’) 

3. If (WLIS correctness is ‘low’) and (measurement confidence is ‘very low’) then (risk is ‘high’) 

4. If (WLIS correctness is ‘very low’) and (measurement confidence is ‘very low’) then (risk is ‘high’) 

5. If (WLIS correctness is ‘high’) and (measurement confidence is ‘low’) then (risk is ‘low’) 

6. If (WLIS correctness is ‘medium’) and (measurement confidence is ‘low’) then (risk is ‘medium’) 

7. If (WLIS correctness is ‘low’) and (measurement confidence is ‘low’) then (risk is ‘high’) 

8. If (WLIS correctness is ‘very low’) and (measurement confidence is ‘low’) then (risk is ‘high’) 

9. If (WLIS correctness is ‘high’) and (measurement confidence is ‘medium’) then (risk is ‘none’) 

10. If (WLIS correctness is ‘medium’) and (measurement confidence is ‘medium’) then (risk is ‘high’) 

11. If (WLIS correctness is ‘low’) and (measurement confidence is ‘medium’) then (risk is ‘high’) 

12. If (WLIS correctness is ‘very low’) and (measurement confidence is ‘medium’) then (risk is ‘high’) 

13. If (WLIS correctness is ‘high’) and (measurement confidence is ‘high’) then (risk is ‘none’) 

14. If (WLIS correctness is ‘medium’) and (measurement confidence is ‘high’) then (risk is ‘high’) 

15. If (WLIS correctness is ‘low’) and (measurement confidence is ‘high’) then (risk is ‘high’) 

16. If (WLIS correctness is ‘very low’) and (measurement confidence is ‘high’) then (risk is ‘high’) 
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The matrices of Table 18 and Table 21 show that when a measurement involves dangerous cargo, the risk 
automatically and substantially increases. This even occurs with small data deviations and insignificant measurement 
confidence. Reason for this is that differences in dangerous cargo is risky, as some are flammable at -40 ℃. In the 

contrary, UIC numbers only generate high risk if the system is sure that the identified wagon is a different wagon then 
the transporter provided at the relative position of the wagon list. Reason is that this can influence the wagon order, 

and overview of wagon locations and composition on the shunting yard. 
 

UIC 

(wagon identification numbers) 

 

Table 20: UIC variables and categories 

Variable Category Measurement 

 1 2 3 4  

WLIS correctness Very Low  Low  Medium High Similarity  

Measurement confidence Very low Low Medium High OCR confidence 

Risk None (N) Low (L) Medium (M) High (H)  

 

Table 21: Risk matrix UIC  

WLIS  

correctness 

4 
L N N N  ‘None’: 

In case of an incident, the system is certain that the provided data 

is correct with high confidence 

3 
L L L M ‘Low’: 

In case of an incident, the measurement is correct but with low 

confidence; creating small uncertainty  

2 
L M M M ‘Medium’: 

In case of an incident, there is uncertainty as to whether this wagon 

is incorrect or not registered by the transporter 

1 
M M H H ‘High’: 

In case of an incident, the system is certain of a different or new 

wagon then registered, which can affect the complete wagon list 

 
 

1 2 3 4 
  

 

 

Measurement 

confidence 

  

 

Table 22: Rule Base 2, for train identification recognition (UIC) 

Rule Base 2 

17. If (WLIS correctness is ‘high’) and (measurement confidence is ‘very low’) then (risk is ‘low’) 

18. If (WLIS correctness is ‘medium’) and (measurement confidence is ‘very low’) then (risk is ‘low’) 

19. If (WLIS correctness is ‘low’) and (measurement confidence is ‘very low’) then (risk is ‘low’) 

20. If (WLIS correctness is ‘very low’) and (measurement confidence is ‘very low’) then (risk is ‘medium’) 

21. If (WLIS correctness is ‘high’) and (measurement confidence is ‘low’) then (risk is ‘none’) 

22. If (WLIS correctness is ‘medium’) and (measurement confidence is ‘low’) then (risk is ‘low’) 

23. If (WLIS correctness is ‘low’) and (measurement confidence is ‘low’) then (risk is ‘medium’) 

24. If (WLIS correctness is ‘very low’) and (measurement confidence is ‘low’) then (risk is ‘medium’) 

25. If (WLIS correctness is ‘high’) and (measurement confidence is ‘medium’) then (risk is ‘none’) 

26. If (WLIS correctness is ‘medium’) and (measurement confidence is ‘medium’) then (risk is ‘low’) 

27. If (WLIS correctness is ‘low’) and (measurement confidence is ‘medium’) then (risk is ‘medium’) 

28. If (WLIS correctness is ‘very low’) and (measurement confidence is ‘medium’) then (risk is ‘high’) 

29. If (WLIS correctness is ‘high’) and (measurement confidence is ‘high’) then (risk is ‘none’) 

30. If (WLIS correctness is ‘medium’) and (measurement confidence is ‘high’) then (risk is ‘medium’) 

31. If (WLIS correctness is ‘low’) and (measurement confidence is ‘high’) then (risk is ‘medium’) 

32. If (WLIS correctness is ‘very low’) and (measurement confidence is ‘high’) then (risk is ‘high’) 
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STEP 4: FUZZY INFERENCE INTO THE EXPERT SYSTEM 

The next task after defining fuzzy sets and fuzzy rules is to encode them, and thus actually build a FES.  

 Most researches apply a fuzzy logic development tool such as MATLAB Fuzzy Logic Toolbox 1 from the 

MathWorks or Fuzzy Knowledge BuilderTM. However, one of the design contraints (CON-2) of this research is to develop 

the subsystem in Python, since this is the programming language of choice for ProRail’s Innovation, Development and 

Datalab department. The chosen toolbox for developing FES in Python is SciKit-Fuzzy (skfuzzy) (Scikit-team, 2019). 

Scikit-Fuzzy is a collection of fuzzy logic algorithms intended for use in the SciPy Stack, written in the Python computing 

language. The package is imported as skfuzzy and works with numpy arrays. 

 

 To implement the FES, a choice should be made on which inference method to apply; Mamdani or Sugeno?  

The Mamdani method is widely accepted for capturing expert knowledge (Negnevitsky, 2005). It allows us to describe 

the expertise in more intuitive manner as its consequents are fuzzy sets. On the other hand, the Sugeno method is 

computationally effective and works well with optimization and adaptive techniques, which makes it very attractive in 

control problems, particularly for dynamic nonlinear systems. However, the sub-system is not a particular dynamic 

nonlinear system, nor is there intent to implement mathematical functions as consequents to the rules of the previous 

Paragraph. The basic structure of Mamdani-style fuzzy inference can be seen in Appendix H. 

 

 The main stages of the Mamdani-type fuzzy logic inference are fuzzification, aggregation, activation, 

accumulation, and defuzzification (Zadeh et al., 2014). The corresponding linguistic meaning and degree of fuzzy set 

membership are determined for each input variable on the fuzzification stage (Zimmerman, 2001).  

 

Table 23 below shows the function of the SciKit-Fuzzy toolbox which implements Mamdani inference on the left, and 

the actual implementation on the right. 

 

Table 23: FES method Python application 
 

compute_rule (rule)[source] 

 

The three step Mamdani method 

consists of: 

1. Aggregation 

2. Activation 

3. Accumulation 

 

.. 

1 # UIC risk identification loop 

2 uic_risk = [] 

3 for first, second in zip(uic_corr, uic_conf): 

4     # Fuzzy UIC risk inputs 

5     fuzzy_uic.risk_sim.input['correctness'] = first 

6     fuzzy_uic.risk_sim.input['confidence'] = second 

7     # Fuzzy Risk Calculation 

8     fuzzy_uic.risk_sim.compute() 

9     uic_risk.append(fuzzy_uic.risk_sim.output['risk']) 

10    print(fuzzy_uic.risk_sim.output['risk']) 

11    fuzzy_uic.risk.view(sim=fuzzy_uic.risk_sim) 

12 

13 # GEVI UN risk identification loop 

14 gevi_risk = [] 

15 for first, second in zip(gevi_corr, gevi_conf): 

16    ## Fuzzy GEVI risk 

17    fuzzy_gevi.risk_sim.input['correctness'] = first 

18    fuzzy_gevi.risk_sim.input['confidence'] = second 

19    # Crunch the numbers 

20    fuzzy_gevi.risk_sim.compute() 

21    gevi_risk.append(fuzzy_gevi.risk_sim.output['risk']) 

22    print(fuzzy_gevi.risk_sim.output['risk']) 

23    fuzzy_gevi.risk.view(sim=fuzzy_gevi.risk_sim) 

.. 

 

A maximum operator ensures that the highest risk is chosen to indicate the risk level per wagon. This option is chosen 

instead of combining the rule bases since the GEVI UN number is not always present. Only for wagons transporting 

dangerous cargo a GEVI UN number is present. The operator is defined as: 

 

𝑚𝑎𝑥𝑟𝑖𝑠𝑘 = (𝑈𝐼𝐶, 𝐺𝐸𝑉𝐼 𝑈𝑁) 

  

https://pythonhosted.org/scikit-fuzzy/_modules/skfuzzy/control/controlsystem.html#ControlSystemSimulation.compute_rule
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 STEP 5: EVALUATING AND TUNING THE SYSTEM 

 

Step 5 involves evaluating and tuning the 

fuzzy system. This is done through best 

practices as defined by Negnevitsky (2005), 

involving the following number of actions: 

 

1. Input and output variables are reviewed 

and ranges are redefined to meet expert 

requirement. 

2. The fuzzy sets are reviewed, and 

trapezoid sets are used for wide sets. No 

additional sets are required as the 

maximum operator is used for finding 

the highest risk.  

3. Overlap between neighboring sets is set  

between 25% and 50% of their bases 

(triangle-to-triangle and trapezoid-to-

triangle) (Cox, 1999). 

4. The existing rules are reviewed, and  

checked through two example cases as 

seen in Figure 24 and Figure 25 below. 

No new rules are added to the rule base.  

5. The rule base is examined for 

opportunities to write hedge rules. The 

scenarios where correctness is very low 

can be used to discover if a wagon is 

‘new’ if passage sensors discover a 

difference in the number of measured 

axles. 

 

During artifact validation, the steps can be 

repeated to discover if the method contains 

redundant rules. Elimination of less 

important rules is called pruning. This can 

be supplemented by merging of neighboring 

rules which describe the same behavior. 

 

As FESs are highly tolerant of shape 

approximation, they are very suitable to 

this case. The approximate nature of the system ensures it can still behave well even when the shapes of the fuzzy sets 

are not precisely defined.  

 The final risk identification result is plotted in 3d plots as seen in Figure 23 for GEVI UN measurements, and 

Figure 22 for UIC measurements. It is very evident that when dangerous cargo is detected (GEVI UN measurement), 

which doesn’t match the reference value in the wagon list, the risk rises tremendously. Even during low confidence 

measurements it is a very steep climb for any measurement which is not highly correct.   

Figure 23: 3d plot of GEVI UN risk identification 

Figure 22: 3d plot of UIC risk identification 
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UIC example 

 

correctness = 0.50 

confidence = 0.99 

risk = 0. 444  medium 

correctness = 0.98 

confidence = 0.50 

risk = 0.349  low 

Figure 24: UIC risk identification results of 2 example cases 

 

GEVI UN example 

 

 
correctness = 0.50 

confidence = 0.99 

risk = 0.919  high 

correctness = 0.98 

confidence = 0.50 

risk = 0. 349  low 

Figure 25: GEVI UN risk identification results of 2 example cases 

 

Figure 24 and Figure 25 are part of a series of small tests to see if the method provides the correct results. The centroid 

technique appears to be consistent and results are satisfactory. Therefore, there is no need to develop and test other 

defuzzification methods. The centroid technique is a well- balanced method sensitive to the height and width of the total 

fuzzy region as well as to sparse singletons (Kantardzic, 2011; Negnevitsky, 2005).  

 The method can be supplemented by producing warnings if the confidence measure indicates ‘very low’. This 

is a sign of poorly legible lettering on the passing wagons. However, this is part of the artifact design which will be 

continued in the Paragraphs below. 

  



 

PART II – ARTIFACT DESIGN 

55 

4.3. Artifact design; Soft Real-Time System 

This section aims to achieve to organize the system’s components that produces overall system behavior. The central 

idea is that system-level phenomena are defined. The output should be a system that behaves like intended this is 

achieved through the Event processing approach defined in Section 4.2.6.  

 

 

For event-triggered (ET) control, all communication and processing activities are initiated whenever a significant event 

other than the regular event of a clock tick occurs. Therefore, the prototype will aim to develop a dynamic scheduling 

strategy to activate the appropriate software task which services the event. In this way, events can be gathered 

independent of their timestamps. 

 

Timing requirements 

Figure 26 below is a snapshot of ProRails visualization database; TOON. This software provides the ability to visualize 

every train movement on CBG area. This software is used to see train movements at the entrance of Moerdijk. The 

zoom-in of Figure 26 shows freight train 51361 driving over switch $267B which points to track 915, this is the entrance 

track of Moerdijk and simultaneously the last part of CBG area.  

Track 915 to Moerdijk

 
Figure 26: TOON visualization of CBG with a zoom pane at a train (yellow) entering Moerdijk through track 915 

 

This is used to get an indication of train movements at the entrance of NCBG’s. Several things have been observed. 

Firstly, trains often use the entrance tracks as part of shunting; moving or storing (parts of) trains on the entrance track 

to pick it up later (or simply enter and leave within a short amount of time). All these movements will trigger TPS events, 

which are denoted with punctuation marks or a simple string like ‘loc’ (locomotive). These are considered incomplete 

train numbers. Furthermore, regarding timeliness, a freight train can wait for several hours at the entrance of track 915 

before continuing its path to the shunting yard.  
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However, the goal is to determine timing deadlines. Hence, defining a time constraint at the entrance will be hard. To 

ensure that no incoming train is missed through unnecessary killing of processes, the timing deadline for an incoming 

train in phase 0 has been set at 3 hours. As seen in Figure 27 below, the timing deadlines for phase 1 and 2 has been set 

at 20 min. respectively. This is deemed sufficient for the cause of this research and therefore, needs subsequent analysis. 

3 hr.

20 min.

20 min.

0 t

Phase 0

Phase 1

Phase 2

Worst case latency

 
Figure 27: Worst case latency 

 

When the ESB adapter forwards an event to the system, Phase 0 starts. This phase waits for a maximum of 3 hours; if 

detection takes place through the first passage sensor, Phase 1 is started. If no train detection takes place within the 

timing deadline, the process is labeled as part of ‘shunting’ activity and killed. If the passage sensor detects the incoming 

train in Phase 1 within 20 minutes; the process continues and Phase 2 is asynchronously started. Since these tracks are 

relatively short and cross the busiest intersection of industry area Moerdijk, an incoming train never stops longer than 

necessary on these tracks. Hence, the 20 minute timing deadlines for both phases. 

 

 

Use cases are aimed at interactions between a system and an external, which helps in understanding what the user 

needs. Therefore, use cases are used for their help in understanding the conceptual interactions between the actor and 

the system. The actor in this case is the freight train, which by means of various actions encounters multiple sensors. A 

necessary prerequisite to designing a software system is to understand what information is available at which time, and 

what needs to happen to link it together to create the desired output.  

Figure 28 shows a flow chart visualization of use cases, which are 

usually setup using normal flows, alternative flows and exceptions 

(Wiegers & Beatty 2013).  

 

1. Normal flow, the normal flow is often referred to as the main 

flow, basic flow, primary scenario, success scenario, happy path 

etc. The normal flow can be found in the first use case of every 

Phase. In the normal flow, sensors and other components in the 

process send valid measurements. This means that every 

passing train and wagons will result in correct measurements 

per sensor stated in the process as defined in Paragraph  3.4.5.  

 

2. Alternative flow, other success scenarios within the use case 

are called alternative flows or secondary scenarios. Alternative 

flows deliver the same business outcome (sometimes with 

variations) as the normal flow but represent less common or 

lower-priority variations in the specifics of the task or how it is 

accomplished. The normal flow can branch off into an 

alternative flow at some decision point in the dialog sequence; it 

might (or might not) rejoin the normal flow later. The steps in 

the normal flow indicate where the user can branch into an 

alternative flow. 

START

Step 1

NORMAL FLOW

Step 2

Decision point Step 3a

Step 3

Step 4

Step 3b

END

(Branch condition)

(Continuation condition)

ALTERNATIVE FLOW

(use case preconditions)

(use case postconditions)

Figure 28: Flow chart visualizing normal and 
alternative flow 
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3. Exceptions, conditions that have the potential to prevent a use case from succeeding are called exceptions. 

Exceptions describe anticipated error conditions that could occur during execution of the use case and how they are 

to be handled. 

 

 

Use Case scope 

Scenarios describe single instances of events of the subsystem, scenarios are identified through document analysis and 

interviews with experts from previous tests (Helmholt, TNO, 2018a, 2018b; Serrarens, 2017; Verbraeck, TU Delft, 2018). 

The scope of use cases is limited to scenarios that, in consultation with experts, prove that the system can demonstrate 

an improvement of DQ dimensions of interest11. These are further defined through use cases, which act as a textual 

narrative of the goals and interactions with the system. Hence, not every identified scenario is translated into a use case. 

The majority of identified scenarios relate to the earlier mentioned risks as found in Appendix C. Due to the nature and 

goal of this research project they are deferred to later iterations or releases. Table 24 gives an overview of the use case’s 

scope, alternative flows and exceptions. The latter is based on the robustness requirement (ROB-1); the subsystem should 

be robust enough to handle scenarios in which one of the sensors is not working. 

 

Table 24: Use case scope and numbering 

Flow Scenario Use Cases 

Normal flows 
All components are able to results in accordance with the 

performance requirements within the timing deadlines. 

This is also referred to as the happy flow 

UC-1, UC-3, UC-7 

Alternative flows 
One system component fails to deliver no measurement or 

result within the timing deadlines. 

UC-2, UC-4, UC-5, UC-8, 

UC-9 

Exceptions 
Use cases are based on no measurement per phase. 

Further detailed exceptions are found in section 1.6 
UC-6 

 

 

Section names and capacity 

The case study is located in Moerdijk. An incoming train passes the following sections in chronological order, starting at 

the last switch at Lage Zwaluwe (ZLW, which is CBG) to the industry area of Moerdijk (NCBG): 

 

(1) Lage Zwaluwe (ZLW)   switch 269 

(2) Moerdijk (MDK)    track 915 

(3) Moerdijk shunting area (MDK)  track 1021a 

 

MDK track 1021a, as seen in Figure 12, is the incoming track when entering from ZLW – MDK, and the location of the 

material passage sensor and material recognition camera. Track section 915 is the single entrance/exit to industry area 

Moerdijk. The last switch from the CBG area is switch $267B on entry / exit of track 915 of the ZLW area. This switch 

triggers a TPS event when the train leaves the CBG area to Moerdijk. When driving uninterrupted from ZLW to MDK it 

takes a freight train around 30 minutes to pass the camera system from this point. Transporters reserve TRS area’s per 

hour, this also applies for the entrance track (915). Thereafter, the train will enter Trs 1, which is the shunting yard, 

whereas Trs 2 to 4 are industry area’s with direct (private) connections to companies. 

                                                                 
11 Functional requirement 1 (FUN-1) 
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The use cases incorporate an estimate of how often a particular scenario occurs. To provide a well-founded estimate for 

the normal flow, ProRail (2017) analyzed the utilization of Moerdijk in 2017. Table 25 below shows the number of trains 

(per direction) per week. The distinction in freight type is an indication of the number of wagons that only transport 

containers. 

Table 25: Weekly capacity at Moerdijk 

Freight type Transporter Frequency total 

Wagonload trains DB 30 

Container trains DB 10 

Container trains Kombirail 6 

Container trains Captrain 6 

Container trains Crossrail 6 

Container trains RRF 4 
 

Total per week:  64 

Average per working day: 12 

 

Wednesday and Friday are the busiest days at Moerdijk with 14 trains. From Saturday morning until Sunday morning 

it is unusual for train traffic to take place, but it can occur. 

 

 

 

Although many use cases can be described in simple process, an UML activity diagram is chosen for its ability to visually 

represent the logic flow in a complex use case, as illustrated in Figure 29.  This visualization is based on the system 

interactions during normal flow. On the left side short descriptions are noted to further explain the interactions. 

 

ESB 
adapter

<System>

Phase 1

<System>

Phase 2

Switch267B(event)

Incoming 
train

Wagon list()

(20 min.)

<System>

Phase 0

StartProcess()

ReturnSwitchPositionEvents()

(20 min.)

<start>

TrainPassageEvent() <start>

ReturnTrainPassageEvent()

StartProcess()

(30 min.)

ReturnWagonList(XML)

StartProcess()

Finished

Description

Event stream
New train arrives

TPS event from switch
Adapter composes WagonList

System start

Train on shunting yard

End Running

Start Phase 0 for train X

End Phase 0

Start Phase 1 for train X

Wait for
Passage

Sensor P1

End Phase 1

Start Phase 2 for train X

End Phase 2

Wait for Passage Sensor P1

Train detected by P1

Wait for Camera WagonList

XML WagonList retrieved

Retrieve Passage P and
Switch S events

Store 
Switch S
events

Passage retrieved

IF Switch S1 =  left 

Max. 3 hr. 
window to detect 
train in phase 1

 
Figure 29: UML diagram of Phases 



 

PART II – ARTIFACT DESIGN 

59 

 

Several important design decisions are visible. Firstly, the system has to cope with trains entering at track 915 for 

shunting purposes and driving in front of the camera (partly) and going back. If no timing deadlines are implemented, 

the system keeps expecting, or waiting for the next event which will never take place. Therefore every phase is started 

as a sub-process with timing constraints. 

 Secondly, recall the problem regarding the sidetrack (1002) before the camera system seen in Figure 12. As 

stated before, it is hard to detect and correctly identify freight trains which enter the entrance track (915) and stay there 

for a very long period of time before being detected in phase 1. In that long period of time it is plausible that a train 

passes phase 1 which originates from industry area TRS4 through track 1002. This is solved by the system to include the 

condition that switch 10001 must remain the ‘left’ hand position during this time. During this time, the system waits a 

maximum of 3hrs. for detection by passage sensor P1 to continue, or kill the process. 

 

 

4.4. System Prototype 

This Paragraph presents the artifact in which is depicted by using simple box-and-arrow diagrams. Firstly, the event 

processing logic is shortly presented with some Python examples. Thereafter, flow chart diagrams visualize the steps in 

the artifact accompanied by short descriptions of the process steps. 

 

 

 

The event processing framework is seen in Figure 30. Every arrives event through a receiving stream as seen in Table 

26 below. This stream runs for a configured amount of time (or indefinitely) - real-time - from the cloud service. Raw 

events have to be converted to JSON or XML format, depending on the type of event. Filters are applied to pick up 

important information from JSON headers (e.g. sensor ID’s) or camera XML events. Subsequently checks are performed 

to see if the event is complete and filter out erroneous messages. Thereafter they are transformed into variables for 

processing. 

 The complete source code of the developed artifact can be found in Appendix K, categorized per phase. 

 

 

SUBSYSTEM

Azure cloud:
Event Hubs 

stream

EVENT: 
receiving 

stream

CONDITION: 
Event checks

ACTION: 
Process

Transform

for use
Filter events

 
 

  
Figure 30: Event processing. Event-Condition-Action 
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Table 26: Phase 1 receiving stream from Azure Event Hubs including Event filters 

 

Multiprocessing 

To support spawning a new phase 1 at the arrival an event, multiprocessing is used. This API package offers both local 

and remote concurrency, effectively using sub processes instead of threads. Applications in a multiprocessing system are 

broken to smaller routines that run independently. The operating system allocates these threads to the processors 

improving performance of the system. During multiprocessing, phases can be started overlapping each other; using 

multiprocessing, each process runs independently. 

 

Threading 

A thread is a separate flow of execution. This means the system can have two processes happening in one script. Python 

threading allows different parts of the script to run concurrently. This simplifies the design and is used to start flows 

depending on the pre-conditions per scenario. An example is shown in Table 27 below. 

 

Table 27: Normal flow thread of phase 1 

.. 

98  #NORMAL FLOW THREAD 

99  def normalflow(): 

100 

.     """   

.     Departure composition lists WLIS 

.     Train composition discrepancy analysis 

.     Data quality indicators 

.     Crisp input for risk identification 

.     Fuzzy risk identification 

.     CSV OUTPUT 

.     """  

272 

273 normalflow = threading.Thread(target=normalflow) 

.. 

Firing the thread under specified conditions: normalflow.start() 

 

The next  sub-Paragraphs contain Flow chart visualizations of the artifact and a step-by-step description per phase.  

.. 

61 try: 

62    receiver = client.add_receiver(CONSUMER_GROUP, PARTITION, prefetch=100, 63offset=OFFSET) 

63    client.run() 

64    start_time = time.time() 

65    batch = receiver.receive(timeout=1200) #20 mins (1200 sec.) of streaming 

66    while batch: 

67        for event_data in batch: 

68            last_offset = event_data.offset 

69            last_sn = event_data.sequence_number 

70            print("Received: {}, {}".format(last_offset.value, last_sn)) 

71            print(event_data.body_as_str()) 

72             # Event filters 

73            if 'assenteller_34200001' in event_data.body_as_str(): 

74                 if 'in' in event_data.body_as_str(): 

75                      p1 = event_data.body_as_str() 

76            if 'wisselstandsensor_10001' in event_data.body_as_str(): 

77                 s1 = event_data.body_as_str() 

78            if 'wisselstandsensor_10002' in event_data.body_as_str(): 

79                 s2 = event_data.body_as_str() 

80             # Find if event data are camera results 

81            if 'camera' in event_data.body_as_str(): #change tag 

82                 c = event_data.body_as_str() 

83            total += 1 

84        batch = receiver.receive(timeout=1200) #20 mins (1200 sec.) of streaming 

85 

86    end_time = time.time() 

87    client.stop() 

88 except KeyboardInterrupt: 

89    pass 

89 finally: 

90    client.stop() 

.. 
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Figure 31 below is a flow chart visualization of Phase 0. Every step is denoted with a number, which is used to briefly 

explain the events on the left hand side of the visualization. 

 

 

 

 

FLOW CHART STEPS 

 

EVENT: receiving stream. 

Continuous receiving stream. 

Switch positions are stored. 

 

Filter sensor events. 

A wagon list filter checks for 

wagon list events. 

 

Transform for use. 

Wagon list is transformed from 

string to XML. 

 

CONDITION: Valid train number 

Only valid train numbers start a 

new process. Else shunting. 

 

Store wagon list. 

For retrieval and analysis in sub-

process Phase 1. 

 

CONDITION: Wagon list present. 

Check if the adapter successfully 

retrieved the wagon list using 

the train ID. 

 

ACTION: processing 

If all conditions are passed a 

multi-process is started for Phase 

1. This is further explained in the 

next sub-Paragraph.  

Figure 31: Flow chart Phase 0 
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FLOW CHART STEPS 

 

EVENT: receiving. 

20 minute deadline 
 

Filter passage sensor 
event. End process after 

20 minutes. 
 

Multi-process, start of 

Phase 2 when/if train 
passage is detected. 

 

Check for camera event 
within timing deadline. 

 
Transforming events 

into variable lists. 

 
Discrepancy checks in 
composition lists and 

Camera measurements. 
 

DQ assessment based 

on previous step. 
 

Lists are prepared for 
Fuzzy risk identification 
Correctness of GEVI UN 

and UIC codes are 
calculated. 

 

Fuzzy inference system 
checks which rules are 

active depending on the 
input; risk assessment 

 

A crisp list of risks is 
returned per wagon. 

 

Localization of train. 
 

The lists are compiled 

and saved as CSV. 
  

Figure 32: Flow chart Phase 1 
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One notable risk derived from the previous PoC (Botlek) set-up, is no redundancy in axle counters. As a result, it was 

relatively difficult to determine whether an axle counter had counted the correct number of axles. If several axle counters 

were installed on one branch of the railway, a comparison of several axle counters on one continuous route would make 

it possible to determine which axle counters made mistakes. If several axle counters are strategically placed in the 

topology, not only can the wrong axle counter be detected, but also the number of axes counted can be corrected. 

However, this is beyond the scope of this assessment. 

 

 

 

FLOW CHART STEPS 

 

 

EVENT: receiving. 

20 Minute timing deadline. 
Switch positions are 

retrieved. 
 

Filter sensor events. 

Filter checks for passage 

events. 

 

Transform for use. 

Passage events to JSON 

format. 

 

Storing relevant information 
to variables for processing. 
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Figure 33: Flow chart Phase 2 
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Chapter 5. Artifact validation 

This Chapter aims to answer Research Question 5 as seen below and provides a well-founded basis for the conclusions. 

RQ5. Does the designed artifact meet the artifact requirements? (artifact validation) 

This is achieved through two main steps: 

 Validation assesses whether a product satisfies customer needs (doing the right thing), by demonstrating that 

the artifact is capable of delivering the intended results with a degree of certainty; 

 Verification determines whether the product of some development activity meets its requirements (doing the 

thing right) (Wiegers & Beatty, 2013). 

 

To assess whether requirements have been satisfied this Chapter firstly discusses artifact validation. This is achieved by 

an ATAM inspired framework. Which is chosen for its risk identification early in the life-cycle, clarified requirements for 

further development and increased communication among stakeholders. Secondly, verification of artifact requirements 

and stakeholder goals is discussed to subsequently draw conclusions. 

 An early goal of this research was to perform real-time tests. However, sensor and camera suppliers are still 

developing their algorithms. This results in very inconsistent results. Both camera systems are not ready to be evaluated, 

nor to carry out real-time testing. Camera system 1 is increasingly delivering consistent and correct results which can 

be used to test scenarios with real data. Camera system 2 is not operational yet. This results in scenario testing supported 

with selection of real case study data of measurements that comply with the set requirements for suppliers and sensors 

as mentioned in Section 4.1.2 and stated in Appendix C. 

 

 

5.1. ATAM Architecture Evaluation 

The ATAM process consists of gathering stakeholders together to analyze business drivers to extract quality attributes 

that are used to test scenarios (Kazman et al., 2000). These scenarios are then used in conjunction with real case study 

data and architectural decisions to create an analysis of trade-offs, sensitivity points, and risks (or non-risks).  

 The steps as found below are inspired by the ATAM framework of Kazman et al. (2000) and conducted with 

the Program Manager (Paul Kootwijk) and previous PoC Architect (Pascal Serrarens). Which are concomitantly the most 

important (and only) stakeholders in terms of content knowledge and understanding of this project, and previous 

projects. For this evaluation the approach solely focused on events within the scope of this research. 

The process starts with the goal of the meeting and steps are discussed with the assembled stakeholders. Business 

drivers, goals and the primary architectural driver; the subsystem must be able to increase the current average wagon 

list accuracy of 77%. Thereafter, the (high level) proposed architecture is discussed, and reasoned how it addresses the 

main problem. The next 2 sub-paragraphs are the equivalent of the two main phases of the ATAM process. 

 

 

1. Main scenarios and design approaches. 

In this step the main architectural approaches are identified through running through the scenario tree and use cases as 

found in Appendix F.  This is performed with the research goal in mind: to improve the registration of dangerous cargo 

and track individual freight wagons at shunting yards without train detection methods. By linking the necessary 

information such that risks can be identified and dangerous cargo can be tracked, in order to obtain correct information 

independently, improve WLIS accuracy, assess risks and track dangerous cargo. 
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2. Analyze architectural approaches. 

Based upon the high-priority factors identified in the previous step, the design approaches that address those factors are 

elicited and analyzed. During this step initial risks, sensitivity and tradeoff points are identified and discussed. This is 

performed by (I) understanding the approach, (II) looking for well weaknesses within the approach, (III) looking for the 

approach's sensitivity points and (IV) finding interactions and tradeoffs with other approaches. 

 The main set of points discussed are: 

 

a. How are trains processed which drive in reversed relative to the provided wagon list? 

b. How are extra (or less) wagons recognized and processed by the method? 

c. Will all errors be detected in wagon lists under the normal flow? 

d. How to determine the correct order of events when for example phase 2 events are retrieved before phase 1 events? 

e. What happens when a switch position is not switched before the train passes, does the system know the position 

of the switch? 

f. What happens if the camera produces erroneous results? 

 

The questions allow to probe the scenarios and formed the basis for the scenario-based analysis as shown in the Section 

below. 

 

 

3. Prioritizing scenarios. 

Taking into account this research objective, the ATAM stakeholders were most interested in Performance of the 

subsystem. Furthermore, after some discussion, Robustness sparked their interest. In Section 4.1 the following 

Performance and Robustness quality attributes are defined: 

 

 PER-1: The subsystem and sensors must be able to recognize differences in wagon lists within 15 minutes after the 

train passed 

 ROB-1: The PoC subsystem should be robust enough to handle scenarios in which one of the sensors is not working. 

 

Based upon the scenarios from the previous step and use cases, a prioritized test scenario list is compiled and found in 

Table 28 below. This involves 4 scenarios, the associated use cases, a description of the scenario and the corresponding 

quality attributes. 

 

Table 28: Prioritized scenarios and descriptions 

Scenario Use Case Description Quality Attribute 

1 Normal flow: UC-1, 3, 7 Train with a correct wagon list Performance 

2 Normal flow: UC-1, 3, 7 Train with an incorrect wagon order (reversed) Performance 

3 Normal flow: UC-1, 3, 7 Train with errors in the provided wagon list Performance 

4 Alternative flow UC-1, 5, 7 Train with erroneous measurement (camera) Robustness 

 

Per scenario a matching train is selected and the following data retrieved: 

 Wagon lists as compiled by transporters from ProRail’s database (in XML format as received through the adapter); 

 The Camera results of the train in question are searched in the Camera database (converted to the agreed XML 

format); 

 Passage and Switch position events of the specific timeframe are retrieved from ProRail’s Azure database (JSON). 

 

This data is subsequently real-time transmitted in chronological order to ProRail’s Azure system via Microsoft Powershell 

while the subsystem is running. The results are discussed in the coming steps.  
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4. Artifact application: case study PoC Moerdijk 

The focus in this step lies with testing the specified scenarios to subsequently discuss the effect of artifact in context. As 

previously mentioned, the camera systems are currently in development. This causes that most results do not meet the 

set of performance requirements for sensor suppliers. However, there are a small number of cases in which the 

measurement results are correct. These are derived by visually comparing the OCR results with the camera images from 

which they are derived. These cases are selected for testing and are shown in the first 3 test scenarios of Table 29 below. 

 
Table 29: Test scenarios and selected trains from case study Moerdijk 

Scenario Detected train Detected time Test Description 

Test 1 62094, 22 wagons 2019-09-26 10:42:41 Correct wagon list 

Test 2 51018, 24 wagons 2019-09-29 15:17:49 Incorrect wagon order (reversed) 

Test 3 51361, 26 wagons 2019-10-08 10:08:12 Errors in the provided wagon list 

Test 4 62092, 11 wagons 2019-10-05 10:11:57 Missing passage sensor, working camera 
 

Table 30 below shows the results of test 1. The train (62094) was detected by the camera system at 2019-09-26 10:42:41. 

As the researcher initially assessed the wagon list to be correct, the system detected UIC errors in wagon 19 & 20 as they 

were calculated by the FES to contain Medium Risk. A quick glance at the results showed that the transporter in question 

has reversely entered the two wagons. A perfect example of human error. 
 

Table 30: Test results of train 62094, measurements taken on 26-09-2019 10:42:41 

 ProRail trainnumber 62094   
 

 
 

 

 Location 1021B       
 Wagon list reversed FALSE       
 Accuracy 90,91 %       
 Completeness 100 % 

 

     
 ProRail wagons 22    

 

  
 Camera wagons 22       
         

# ProRail UIC Camera UIC UIC Risk 
ProRail 

GEVI UN 
Camera 
GEVI UN 

GEVI UN 
Risk 

Maximum Risk 

1 338779321086 338779321086 0,081 8392218 8392218 0,081 0,081 None 

2 338779940240 338779940240 0,081 8392218 8392218 0,081 0,081 None 

3 378078091865 378078091865 0,088 2631040 2631040 0,081 0,088 None 

4 378078091923 378078091923 0,084 2631040 2631040 0,081 0,084 None 

5 378078094190 378078094190 0,081 2631040 2631040 0,081 0,081 None 

6 378078094182 378078094182 0,081 2631040 2631040 0,081 0,081 None 

7 378078385267 378078385267 0,081 3361093 3361093 0,081 0,081 None 

8 218024593129 218024593129 0,081    0,081 None 

9 218024585182 218024585182 0,081    0,081 None 

10 218024620344 218024620344 0,081    0,081 None 

11 218024582254 218024582254 0,081    0,081 None 

12 218024624643 218024624643 0,081    0,081 None 

13 218024597237 218024597237 0,081    0,081 None 

14 218024626101 218024626101 0,081    0,081 None 

15 218024576884 218024576884 0,081    0,081 None 

16 218024575472 218024575472 0,081    0,081 None 

17 218024624023 218024624023 0,081    0,081 None 

18 218024578864 218024623025 0,650    0,650 Medium 

19 218024623025 218024578864 0,650    0,650 Medium 

20 218024593491 218024593491 0,081    0,081 None 

21 218024598276 218024538276 0,081    0,081 None 

22 218024594838 218024594838 0,081    0,081 None 

Risk Assessment 

output UIC 

(FRB 2) 

Risk Assessment 

output GEVI UN 

(FRB 1) 

Maximum  

Risk 

per wagon 



ARTIFACT VALIDATION 

67 

The remaining test case results are found in Appendix J and summarized in Table 31 below.  
 

Table 31: Summary of results of the remaining test cases 

Results Test Case 2 Test Case 3 Test Case 4 

ProRail trainnumber 51361 51018 62093 

Location 1021B TRS1 shunting TRS1 shunting 

Wagon list reversed FALSE TRUE FALSE 

Accuracy 23,07% 0% - 

Completeness 100% 100% - 

ProRail wagons 28 24 11 

Camera wagons 28 24 6 

UIC Errors 19 24 1 

GEVI UN Errors 18 0 1 

FES max. train risk High Medium High 

 

The subsystem correctly identified wagon list errors in all normal flow instances in which the sensors provided correct 

data. The same applies for a reversed train and errors or differences in UIC and GEVI UN results relative to the provided 

wagon lists. The FES Risk identification fired correct rules for risk identification instance.  

 However, sensitivity points are discovered during test case 4. As shown in Table 31, this scenario involved an 

incoming freight train which contained 11 wagons (of which 10 with dangerous cargo according to the transporter). 

However the camera measured 6 wagons with 2 erroneous measurements. This scenario currently depicts the majority 

of the results. Reason for this is found in risks as stated in Section 4.1.2 and detailed in Appendix B. During measurement 

transporters can stop, head back or (in exceptional cases) even disconnect a train. A result of a corresponding activity is 

seen in Figure 34. These situations are not (yet) properly recognized by the camera system and yield unreliable results. 

Currently, the differences in wagons are detected by passage sensors. A warning is generated due to incorrect number 

of wagon measurements between passage sensors and camera. This indicates that the effectiveness of the system is as 

good as the development of the sensors. 

 

 
Figure 34: Erroneous wagon image stitching of train 62093 at 2019-10-05 10:11:57 (1: left-, 2: right-, 3: topside) 

 

5. Analyze design approaches.  

This step reiterates step 4, with the highly ranked scenarios considered to be test cases for the analysis of the design 

approaches determined thus far.  The sensitivity and tradeoff points found: 

 

 Due to the event driven nature of the current setup, timestamps are not synchronized in terms of time zones. 

This does make it complicated to find the correct events in retrospect and order of the messages in exception 

situations (tradeoff point); 

 The current focus on risk identification localizes errors but can only suffice as MDM error correction and 

integration method if a separate rule base is developed based on a data integration strategy (tradeoff point). 
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 Sensor performance, more specifically erroneous wagon separation and image stitching of wagons by the 

camera systems (sensitivity point). 

 Because the limited set of test cases, not all input possibilities for the FES have been tested. Therefore no rule 

activation assessment has been carried out for FES optimization (sensitivity point). 

 

 

5.2. Verification of artifact requirements and stakeholder goals 

The artifact requirements are found in Table 2 of Appendix C. To address the performance of the artifact, verification is 

performed against the functional requirements which are desired functions of an artifact (Wieringa, 2014).  

 To achieve verification of FUN-1, real-time testing can prove that the Artifact can increase an average wagon 

list accuracy of 77%. However, the two camera systems are still in development. Still, case study results prove that in 

normal scenarios, errors and incomplete wagon lists can be accurately detected. However as indicated in scenario test 

4, this greatly depends on the quality of the measurement results. However, from a testing point of view this satisfies 

FUN-1 and FUN-2 as the method proves to generate the desired output. To satisfy FUN-3 (incl. measurement confidence), 

a measurement confidence threshold is incorporated together with correctness of measurement results to assess risks 

based on wagon lists. The ‘easy interpretable output’ requirement of FUN-4 is achieved through a FES. Obtaining 1 crisp 

continuous variable linked to an easy interpretable linguistic variable to indicate a risk per wagon. Subsequently FUN-5 

is satisfied through a redundant sensor setup which detects which track the train entered. Lastly FUN-6 is satisfied by 

incorporating a threshold of >97% OCR measurement confidence in risk identification as lower confidence 

measurements with significant risks are still marked as a risk-full measurement. The same applies for DQ assessment 

where invalid results based on low confidence are not incorporated in the assessment. However, as the ATAM and 

Chapter 7 shows; these results are accompanied by a considerable number of risks and recommendations. 

 

 

5.3. Case Study Conclusions 

As this research is aimed at designing and testing an artifact, this Paragraph draws conclusions related to the artifact in 

context. Through testing 4 scenario’s several sensitivity and tradeoff points have been detected. Ultimately, it can be 

concluded that the subsystem can link the necessary information to identify risks and dangerous cargo can be tracked.  

 Real-world data has been obtained and depending on the performance of the camera system (for identifying 

UIC and GEVI UN numbers). The tests indicate that if suppliers are able to meet the performance requirements, the 

system is able to increase the wagon list accuracy significantly. Moreover, the FES accurately detects errors in wagon 

lists and identifies risks accordingly. Furthermore, statifying FUN-3, the importance of including measurement 

confidence has been proven in several measurement results. In wagon #6 of train 51361 (test case 2), correct (UIC and 

GEVI UN) results are identified relative to the reference data. However, a 

‘very low’ confidence percentage of 78% for the GEVI UN number indicated 

that the measurement is beneath the required threshold. A quick glance at 

the picture of the wagon showed that the Kemler sign is placed exceptionally 

high on a round tanker, which causes the numbers to be visually skewed. 

Furthermore, wagons with poorly visible Kemler signs (as seen in Figure 35 

on the right) have occurred. The system detects a single number in this case, 

resulting in a high risk indication relative to the data provided by the 

transporter. However, to detect erroneous OCR results will remain a problem. More specifically; wagon separation and 

image stitching of wagons by the camera system often appears problematic. The same applies for tracking of trains. A 

redundant setup in which Switch positions and Passage sensors are used can theoretically always give an indication of 

where a train is headed, even when one of the two sensors is not working.  

 Concluding, accurate measurements of the number axles or wagons is a necessary requirement to detect 

erroneous camera results, creating yet another system’ dependency.  

Figure 35: Poorly masked Kemler plate 
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Chapter 6. Design implementation 

This Chapter covers a condensed design implementation through answering to research question 6 as found in Section 

0. As stated before, the thesis research stops at the artifact validation stage. However, this Chapter covers in depth 

recommendations for implementation, without the actual implementation itself.  As Wieringa (2014) describes in his 

book Design Science Methodology for Information Systems and Software Engineering; implementation could cause 

some confusion for researchers from different fields. However, preliminary research revealed that the technology and 

data could have the potential to enhance rail freight logistics. 

RQ6. What is the possible value of adoption for ProRail and transporters? (implementation) 

 It’s not self-evident that this will occur, as the majority of the rail freight innovations are not adopted due to 

limited (or no) improvements in product characteristics, limited (or no) improvements in user requirements, high costs, 

and limited effects of the innovations on the total transport solution. A rail innovation must also affect (improve) the 

total rail freight transport solution (Wiegmans, Hekkert, & Langstraat, 2007). This Chapter therefore suggests a way to 

do so through firstly mapping the rail freight journey in Section 6.1. Subsequently, interviews have taken place with all 

stakeholders in the mapped process which are discussed in Section 6.2. Lastly, Section 6.3 discusses well-founded 

business models based on these results. 

 

 

6.1. Stakeholders in the rail freight journey 

A complete rail freight journey is visualized in Figure 36. This is mapped during a meeting hosted by Ovinto12 with 

representatives of all intermodal stakeholders and subsequently confirmed during interviews. Every step is shortly 

depicted in the steps of the process diagram. However, as this Chapter shows, it knows many bottlenecks. 

 The rail freight journey starts with a shipper booking a transport for cargo and creating a freight letter. Often, 

digital freight letters are optional as transporters can exchange data through e-mail. However, this is error sensitive. 

Next, the operator validates the freight letter administratively (start/end location, wagon number, dangerous cargo 

information and contract number). The transporter also performs a physical validation of the wagons which includes 

technical checks, wagon numbers, (RID) labels, number of wagons and wagon loads. Thereafter, the transporter 

performs shunting activities to gather all wagons for the freight train. During this process, the transporter is obliged to 

register every step in the W-LIS system of ProRail within 5 minutes. This can be achieved through manually registering 

through the ProRail developed app, but often happens through constant phone calls by the locomotive machinist to the 

transporting company to reduce the administrative burden on the operator. After shunting, the transporter composes 

the train composition bulletin. This includes train numbers, locomotive, wagons (axles, load, UIC, GEVI UN), rail path 

number. track position, train length etc. The infrastructure manager (ProRail) receives this data and verifies data entry 

through simple business rules to see if wagon specific numbers and loads correspond with valid numbers. Thereafter 

ProRail assigns a rail path and timetable to the transporter. Schedules journeys can (and often are) booked 1 year 

beforehand, or created ad hoc for single operations. During the journey, wagons often transit through different shunting 

yards prior to departure to their final destination. Infra structure managers offer possibility to share position data shared 

with other infrastructure managers in case of border crossing. Arrival data is currently a manual process, no data 

platform informs the shipper or other intermodal stakeholder. Often the transporter makes a call when waiting outside 

of the gate to get in and deliver the wagons. In case of damage, a “Wagenmeister” is assigned in case of damage to assess 

what is wrong and officially document this. When no damage is present, the flow ends. Cleaning of the wagon is a sub 

flow, and only occurs if the wagon is going to transport a different kind of cargo in a new journey. 

                                                                 
12 https://www.ovinto.com/ 
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Figure 36: A typical rail freight journey 

 

 

6.2. Interview results 

The interviews are summarized in Table 32 below. The left column provides links to the transcripts in Appendix 0.  

 

Table 32: Interviews intermodal stakeholders of Moerdijk 

Interview Stakeholder Interviewee(s) 

M.1 Port of Moerdijk Harbor Master, Program Manager Safety 

M.2 Transporter 1 Project Engineer 

M.3 Transporter 2 Operational planner 

M.4 Terminal Project Engineer 

M.5 Terminal transshipment/storage company Logistical manager 

M.6 Trailer, container and shipping service Chief Executive Officer 

 

A schematic summarization of results is found in Appendix N. Table 33 provides an overview of bottlenecks as discovered 

from interviews with stakeholders. Table 33 exposed six problem categories which have 1 common theme running 

through them; lack of information due to insufficient or no data during the complete intermodal process.  

 Due to its complex nature, and changing market due to unstable trends, Single Wagon Load (SWL) market 

continually changes (European Commission, 2015). Interviewees M1 and M2 of Table 32 report their market to consist 

of fierce rivalry, in which data sharing is almost non-existent. Therefore, a big focus lies with improving the quality of 

service provided in a tough market (Marinov, Woroniuk, & Zunder, 2012). The next section briefly discusses how a 

technology of this nature can be used to optimize the market through an innovative business model. 
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Table 33: Interview results, summarized freight train logistic bottlenecks 

# Problem category Specific issues 

1 
No (or wrong) wagon list 

information available 

a. Check if ordered number of cars are coming in 

b. Data about incoming wagons 

c. If the wagons are loaded or not (and how much) 

2 
Unreliable arrival and departure 

times 

a. Scheduled times 

b. Realized times 

3 W-LIS related problems 

a. Poor administration of tracks which are used for storage of wagons (‘rommelspoor’) 

b. Fines for not providing information (within time limits) 

c. Every action has to be manually registered in WLIS 

d. Train often comes in mirrored 

4 Mistakes due to human input 
a. High registration and time load of wagon masters and machinists 

b. Errors made during shunting causes administrative errors and extra work 

5 Capacity utilization too low 

a. TRS reservation is often too long 

b. Dispatcher has no real-time operational overview of NCBG 

c. No timeslot application available (only available on small number of NCBG’s) 

6 
Problems with wagons or 

containers of incoming trains 

a. Damage on wagons (undercarriage) or containers 

b. Problem proving the damage was not conflicted by the receiving party 

c. Theft of cargo 

d. Problematic technical condition of wagons 

e. Overloading (weight, axle pressure, distribution of load) 

 
 

6.3. Business model generation 

A business model describes the rationale of how an organization creates, delivers, and captures value (Osterwalder & 

Pigneur, 2010). Sometimes a technological innovation may have an obvious business model. When this is the case, 

perspectives should be expanded to find or develop an appropriate business model to capture value from that technology. 
 

Data as a Service (DaaS) 

The artifact can be used to impose fines, for example if a transporter provides incorrect data regarding dangerous cargo. 

Transporters are legally obliged to register this correctly. High-risk measurements can be used as a reference for this, 

with actual photos as proof. However, Infrastructure Managers as service providers can approach this in a more 

innovative way. Knowledge and optimization gained from smart transportation systems are expected to form the future 

of the ‘lagging’ railway industry domain (European Commission, 2015). Recently, the tech. industry has experienced a 

shift toward the utilization of flexible consumption business models (FCMs). Also known as “as-a-Service” or -aaS 

models, these business models offer options that allow them to purchase access to products as a service (Deloitte, 2018).  

Data as a service (or DaaS) is derived from software as a service (SaaS). DaaS builds on the concept that data can be 

provided on demand. Some examples of DaaS include detailed APIs, data licensing, and pricing models (Vu, Pham, 

Truong, Dustdar, & Asal, 2012). A strong business motivation is found in ownership of data (Zheng, Zhu, & Lyu, 2013).  
 

Conclusions 

To conclude, this Chapter highly recommends formulating DaaS and API strategies to help infrastructure managers 

custom tailor accessible data needed per intermodal stakeholder (with pricing strategies to match). Some examples are: 

 Correct and updated wagon list information and location of freight for industry stakeholders (category 1 and 2); 

 Automating registration of freight trains and shunting to provide DaaS to stakeholders (category 4 and 5); 

 High definition images (multiple angles) for stakeholders to assess (and prove) damages to wagons and containers 

inflicted before entrance in order to cope with liability claims (category 6). 
 

However, next to significant legal constraints, data is often associated with various concerns that must be explicitly 

described and modeled. This ensures that the data consumers can find and select relevant data services as well as utilize 

the data in the right way (Truong & Dustdar, 2009).   
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Chapter 7. Conclusions 

 

In this research, the design of the artifact includes both scientific as practical aspects which are taken into account. As a 

result both sides are intertwined into one project. This Chapter therefore draws conclusions from both sides by 

answering the main research question: 

 

“How to design a subsystem that validates and enhances wagon composition lists, assess risks and 

subsequently tracks incoming trains on non-centrally operated areas with current wayside sensors?” 

 

 First, the conclusions are presented as main findings in the first Paragraph. Thereafter the relevance to IM is 

discussed. The second Paragraph discusses the research limitations of which the third and final Paragraph addresses the 

defined limitations by defining several future research directions. 

 

 

7.1. Main findings 

To provide the reader with a complete view, this Paragraph firstly addresses an artifact design summary. Secondly, the 

main findings and conclusions are dressed. Thirdly, practical recommendations are stated after which the specific 

relevance of this research for Innovation Management is addressed. 

 

 

This research is performed in accordance with design science for IS. At the start, the projects’ position in the 

‘development’ stage of the IM funnel has been established. This resulted in the establishment of a unique method and 

approach for rapid prototyping of a rail freight innovation in the form of a soft real-time systems.  

 The data collection process for all data sources and sensors was aimed at understanding which data the sensors 

generate at what time. This is performed through process discovery which mapped the process of an incoming freight 

train on shunting yards. During process discovery attention is paid to develop it in a generalizable manner which is 

applicable to any entrance of a shunting yard. Additionally, to make the process comprehensible in further research 

stages, train detection methods are mapped in a phased overview. Subsequently, the data event sequence has been 

explored and visualized within the process model.  

 Subsequently, to discover which requirements underlie in increasing the wagon list quality, requirements 

elicitation and prioritization shaped the artifact through discovering a subset of design issues. To establish how wagon 

composition list can be verified and DQ increased using current sensors, the design issues are translated to design 

directions. This resulted in a discovery that errors in critical wagon list elements can be related to risk on shunting yards. 

Risk in this research is defined in the context of wagon list DQ; through identifying incoming freight trains with wagons 

and/or cargo which is not, or wrongly registered by the transporter. Incorrect train composition data dramatically 

increases the risk on shunting yards during an incident for the fire brigade and everybody involved. Therefore, the risk 

is approached as a consequence of the main objective; providing all involved parties with correct information on the 

location of hazardous substances in the freight train, in shunting yards, in the event of an incident. This, in turn, is 

approached as a fuzzy notion. This is realized through approaching errors in wagon lists with a degree of difference that 

exists between a measurement value, and its reference value extracted from master data. After all, one of the main goals 

of enhancing wagon list accuracy is to automatically recognize these difference. In this assessment, measurement 

confidence plays a factoring role. In this way the system is able to assess risks on shunting yards.  
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 Thereafter, the artifact system design is approached as a soft real-time system in which event processing logic 

is developed and performed in a rule-oriented manner through Python. Based on incoming events, production rules, 

active rules and logic programming rules to process events. 

 To test if the designed artifact meets the artifact requirements validation is performed according to an ATAM 

inspired method. Several sensitivity and tradeoff points have been discovered from testing 4 prioritized scenarios with 

real-world data from 4 incoming freight trains. As the next section shows, this has led to several conclusions. 

 

 

The most significant conclusion is that the system automatically detected all wagon list errors during simulation. This is 

achieved through simulating scenarios with correct measurement results, and therefore could arguably be labeled as an 

obvious conclusion. Hence, a second conclusion is drawn from the fact that through simulating these real-world 

scenarios; the system was able to retrieve the events automatically and identified DQ errors, assessed risks accordingly 

and correctly validated wagon lists in 4 real-time situations. Furthermore, the method proved its ability to adapt the 

output in instances where measurements are provided with a confidence indication lower than the set threshold. This, 

together with a crisp risk output from the developed FES system which correctly assessed risks in all cases of the four 

tests proves the performance of the system. However, these conclusions are accompanied by a number of critical aspects. 

 Firstly, erroneous sensor measurements still remain a problem when using a single camera system. The camera 

systems’ wagon separation and image stitching of wagons is currently the main problem. The same applies for tracking 

of the trains. A redundant setup in which Switch positions and Passage sensors are used can theoretically always give 

an indication of where a train is headed, even when one of the two sensors is not working. However, accurately indicating 

the number axles or wagons is needed to detect erroneous camera results, creating yet another dependency which 

indicates that the effectiveness of the system is as good as the development of the sensors. 

 Secondly, in this research DQ assessment is derived from the method as used by the infrastructure manager 

and thus performed on wagon level. More accurate DQ assessment can be performed by changing this to the assessment 

per measurement element. Thus incorporating UIC and GEVI UN as separate assessment. Furthermore, reversed trains 

are currently processed from a DQ perspective. That is, even if their UIC numbers are correctly present in the list, the 

assessment is performed relative to the position in the train. This means a reversed train can result in 0% accuracy, 

which is true to the real-world scenario on the shunting yard. 

 Thirdly, FES calculations only takes a few milliseconds and prove to be computationally easy. However, 

although FES allows the use of expert knowledge, it still depends on the rules which are extracted from experts; and 

thus might be wrong in some situations. It depends on experts and, in this case expert judgement represents what the 

infrastructure manager asses to be risk-full. Therefore, all rules need further testing, tuning and reviewing during long 

term testing (which can be a prolonged and tedious process). 

 

 

 Firstly, Chapter 6 discussed design implementation recommendations in terms of possible value for 

infrastructure managers relative to other stakeholders. After mapping the process of a rail freight journey and the 

stakeholders involved. Structured interviews resulted in rail freight transport bottlenecks which are bundled in six 

categories. The possibilities created by the data gained from the artifact stretch further then RA and DQ improvement. 

Therefore, this research introduced the concept of DaaS as a business models. A practical recommendation is to research 

per stakeholders which APIs, data licensing, and pricing models they would be interested in.  

 Secondly, the crisp RA output can be used in multiple areas. For example, automating warnings can be 

developed in low and medium risk situations. Providing an indication of when UIC or GEVI UN numbers are badly visible 

(correct measurement result with <high confidence). It is a legal requirement throughout Europe that Kemler signs are 

clearly visible at all times. Likewise, high risk situations can result in automated processes where in extreme cases 

Infrastructure Managers can order the transporter to stop at the first possible occasion and re-enter wagon list data. 

 Thirdly, section 4.2.4 introduced the Luhn algorithm in the last number of the UIC codes. It is recommended 
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to include this method in subsequent versions of this system. However, it is recommended to include the Luhn algorithm 

to check whether the UIC number (as recognized by the camera) is valid. During this research, the researcher was not 

able to find the actual algorithm. 

 The last practical recommendation is found in the positioning of camera systems. More specifically, their 

location in the rail network. Placing systems at border crossings would: 

 

(i) Provide data to intermodal stakeholders in a very early stage of the process. This helps them in anticipating 

and optimizing their planning; 

(ii) Prevent high-risk wagon lists which involve erroneous (or uncertain) dangerous cargo measurements to 

be stopped at the first possible location. In this way impact of dangerous situations on the Dutch railway 

network can restricted, as these trains pass highly populated areas. 

 

 

As this research has been undertaken in partial fulfillment for the degree of MSc in Innovation Management (IM), this 

Section specifically addressed the relevance to IM. The overall result is a proposed multi-objective method which 

achieves: 

 

(i) Real-time assessment of risks based on automated DQ assessment and verification; 

(ii) Considering DQ related risk as a fuzzy notion; 

(iii) And more importantly, designing an artifact that adapts (I) and (II) based on real-time data. 

 

This research aims to contribute to IM by developing a technological innovation in the form of a developed artifact. The 

roots of this innovative technological design flow from concepts derived in Front End of Innovation (FEI) stages similar 

to Cooper’s NPD Funnel, also known as the IM funnel (Cooper, 1990). The artifact is approached as a design problem 

within the Information Systems (IS) domain. This involves the development and testing of a prototype through 

development stages 3 and 4 of the IM funnel.  

 This lead to the establishment of a unique method and approach for rapid prototyping of a rail freight 

innovations in the form of a soft real-time systems during development stages of an NPD funnel. A design science 

approach which involved process discovery and data understanding to feed back to system design. And lastly the use of 

a subset of design issues derived from requirements elicitation. 

 

 

7.2. Limitations 

Limitations of this research are mainly a consequence of its innovative character. The results of researching an innovative 

technology during development stages in which the researcher is dependent on data from several outsourced suppliers 

means that the research process has (often known) many uncertainties and limitations. 

  

 Firstly, as every external data source is under development, the existing data is characterized by imprecision, 

incompleteness and inaccurateness. Standardized data formats are developed per sensor type. However, it was very 

uncertain whether sensor suppliers could deliver data within the timespan of this research (and if it was usable). At the 

end of the research process, one of the camera systems was able to produce several correct results. This resulted in 

artifact scenario testing with real-world data. However the initial aim was to conduct multiple longer-term, (near) real-

time tests. 

 

 Secondly, step 5 of section 4.2 (FES development) discussed pruning during artifact validation stages. However, 

as a result of the previously mentioned limitation; no significant FES pruning could be performed during scenario 
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testing. Although rule activation has been assessed during the case study, the measurement results of four scenarios are 

insignificant to assess rule redundancy in the current FRB.  

 

 Thirdly, because there was no train detection on shunting yards in the past, no data can support the system’ 

timing requirements. Therefore, these are currently based on expert opinion and sufficient to validate the artifact.  

 

 Fourthly, a limited number of alternative and error flows have been implemented to meet requirements. 

However, a detailed project and system risk overview proves that this barely scratches the surface. 

 

 Lastly, due to the complicated nature of the shunting process, the scope is limited to incoming trains. 

Furthermore, the process of outbound trains brings several complications as they are compiled at industry areas which 

are private property. The process starts when transporters retrieve parts of (or complete) freight trains during shunting 

processes. 

 

 

7.3. Implications for future research 

Addressing the defined limitations, several future research directions have been recognized. 

 

 Firstly, when a sufficient amount of data is generated, it is advised to assess sensor performance and research 

how the system can cope with erroneous measurements. Research in - and inclusion of - confidence indications for all 

sensor types could prove to be a valuable addition to the proposed system, especially for the shunting problem. 

 

 Secondly, the availability of historical data can open doors for a synergy of expert systems with fuzzy logic and 

AI methods as neural computing. This can have several advantages as increased fault-tolerance, adaptability and 

robustness. Furthermore, testing, tuning and reviewing the FES during long term testing in combination with other 

methods can deliver interesting results. 

 

 Thirdly, as sensors are increasingly delivering data regarding train movement on shunting yards, it can be used 

to research normal distributions in terms of timing deadlines per phase.  

 

 Fourthly, the shunting problem is a complicated part of the process in which past researchers have focused on 

logistical optimization. This research project can provide the basis to research the problem in terms of automatic 

registration, tracking (dangerous) cargo and researching or proving optimization models with real-time data during 

shunting operations. 

 

 Fifthly, this research approaches the problem through a focus on RA. Future research could focus on the 

problem in terms of MDM error correction and a data integration method/strategy. 

 

 Sixthly, as passage sensors from Phase 2 validate those of Phase 1; this research showed that detecting and 

reducing measurement error can be achieved through a redundant passage sensor setup. However, for a method 

applicable to 26 shunting yards; researching setups and methods other than redundancy in sensors can provide various 

interesting insights, and would be a valuable addition to the system as a whole. This also applies for camera systems. 

 

 Lastly, as the scope of this research ended with the possible value of adoption, more research into the actual 

development of DaaS, API strategies and other adjoining business models could be interesting.    
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Appendixes 

A. Map and pictures of shunting yard Moerdijk 

 

 Camera systems   Passage sensor (axle counter)  Switch position sensor 

 

 

 

  

TRS 1, testing area / case study 

 

TRS 1, testing area / case study 
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B. Project risks 

Table 1: System risks per phase table 

Table 2: Threats of solution through definition of uncertainty 

 

Table 1 

PHASE 0 

Risk catagory 1:  

retrieving MTPS 

Risk 1a: Adapter fail: retrieving nothing of incoming train 

Risk 1b: Adapter fail: only retrieving TPS when OVGS is available 

Risk 1c: Azure interprets the wagon list XML message as more than 1 message, splitting the 

event 

Risk 1d: Transporter registers entering track 915 as a shunting movement, resulting in no 

rolling stock information, only TPS when entering shutning yard 

PHASE 1 

Risk category 2: 

wagon lists 

Risk 2a: Linking wagon list to the wrong train 

Risk 2b: Retrieving the wrong wagon list 

Risk 2c: Train gets composed on ‘drive in track’ 915, resulting in retrieving incomplete wagon 

list 

Risk category 3:  

passage sensor  

Risk 3a: Passing from a full train to an empty section 

Risk 3b: Passage from unknown rolling stock to an empty section 

Risk 3c: Passage from unknown rolling stock to a non-empty section 

Risk 3d: Passage from full train to a non-empty section 

Risk 3e: Passage of a part of a train / rolling stock 

Risk 3f: Passage of more axes than expected 

Risk 3g: Braking to full stop more than 1 time during passage measurement 

Risk category 4:  

rolling stock identification 

Risk 4a: Incomplete train passes through material identification system 

Risk 4b: Train passes material identification system in different order 

Risk 4c: Passage with interpretation of different train 

Risk 4d: Adding wagons in front of camera to unknown rolling stock 

Risk 4e: Removing wagons in front of camera to unknown rolling stock 

Risk 4e: Adding wagons in front of camera to known rolling stock 

Risk 4f: Removing wagons in front of camera to known rolling stock 

Risk 4f: Train partly passes camera, and drives back to not return 

Risk 4g: Recognition of more wagons than actually present 

Risk 4h: Recognition of less wagons than actually present 

Risk 4i: Wagon UIC and GEVI UN code not visible on both sides of wagon 

Risk 4j: Camera system view is blocked during measurement 

Risk 4k: GEVI UN code is partly covered because the car does not carry any dangerous cargo 

at the moment of passing, camera records a part of the code 

Risk 4l: The transporter could use multiple locomotives depending on the length of the train; 

Risk category 5:  

wagon list error detection 

Risk 5a: System error failure 

Risk 5b: System wrongly detects wagon list error 

PHASE 2 

Risk category 6:  

axis count with direction 

Risk 6a: Passage from locomotive with unknown rolling stock 

Risk 6b: Passage from unknown rolling stock to empty section 

Risk 6c: Passage from unknown rolling stock to non-empty section 

Risk 6d: Passage from locomotive with unknown rolling stock to non-empty section 

Risk 6e: Passage of part of a train / rolling stock 

Risk 6f: Passage of more axles than expected 

Risk 6g: Passage of less axles than expected 
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Risk 6h: Passage of a train switching direction to an empty section 

Risk category 7:  

axis counting without direction 

 

Risk 7a: Passage from loc with unknown rolling stock 

Risk 7b: Passage from unknown train to an empty section 

Risk 7c: Passage from unknown train to a non-empty section 

Risk 7d: Passage from loc with unknown rolling stock to non-empty section 

Risk 7e: Passage of a part of a train / rolling stock 

Risk 7f: Passage of more axes than expected 

Risk category 8:  

axis counting with switch with 

known switch position 

Risk 8a: Passage axis counter to switch section 

Risk 8b: Passage switch, read after the switch 

Risk 8c: Passage switch, inconsistent switch position  

Risk 8d: Switch sensor sends ‘error’ for switch position 

Risk 8e: Transporter drives into a switch to physically switch its direction (‘open rijden van 

wissels’) 

Risk category 9:  

axis counting with switch with 

unknown switch position 

Risk 9a: No passage event retrieved 

Risk 9b: Passage switch sends ‘error’ instead of left/right indication due to the number of tilted 

degrees is not within the measuring range of switch position sensor 

 

Table 2 

# CONDITION CONSQUENCE IMPACT 

Internal 

1 New cloud computing platform Azure, and Event 

Hubs as a big data streaming service. 

 

Unknown how the platform will react to a high 

event load and multiple sensor events at the 

same time. 

Medium 

2 An adapter must be built to retrieve wagon lists from 

ProRail’s ESB. Using ‘production grade systems’ and 

connections requires modifications of ProRail’s IT 

architecture which are outside the timeframe of this 

project. Furthermore, Azure is seen as an ‘external’ 

system by ProRail. 

Internal IT security standards and certificates 

preventing connection between the Azure 

platform and ProRail’s ESB. Therefore, the 

adapter must be built using a temporary PoC 

connection to Azure with unknown stability. 

Which could take longer than the duration of 

this research. 

High 

3 Insufficient number of experts with system/domain 

knowledge. 

 

1. Limited requirement elicitation process 

due to input restrictions; 

2. System design choices with limited 

feedback; 

3. Limited ATAM input for project validation 

Medium 

4 No historical data available. Limited intelligent system design due to no 

ability to train a model. 
Medium 

5 WLIS 2.0 might not be production ready in the 

timeframe of this study. 

The ESB adapter can be configured retrieving 

OVGS and MTPS. 
Low 

External 

1 Inability of camera system suppliers to meet 

ProRail’s performance requirements within the 

timeframe of this study; 

No ability to test scenarios through the case 

study. Simulation of sensor output is needed to 

simulate chosen test scenarios. 

High 

2 Inability of passage sensor suppliers to meet 

ProRail’s performance requirements within the 

timeframe of this study; 

High 

3 Inability of switch sensor suppliers to meet ProRail’s 

performance requirements within the timeframe of 

this study; 

High 
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C. Requirements tables 

Table 1: MoSCoW initial requirements prioritization to define the research scope 

Table 2: Functional requirements 

Table 3: System quality attribute requirements (non-functional) 

Table 4: Sensor performance requirements as formulated by ProRail in their procurements 

 

MoSCoW method (Vestola, 2010): 

 M Must have this requirement for a successful result; 

 S Should have this requirement if possible, but the project success does not rely on it; 

 C Could have this requirement if it does not affect anything else in the project; 

 W Would like to have this requirement later, but it will not be delivered this time. 

 

Must have (M) Should have (S) Could have (C) Would have (W) 

Able to compare/ validate 

wagon composition list of 

incoming trains with 

measurement results 

Accuracy of the smart camera 

has to be increased when 

incorporated in solution 

Visual representation of 

freight train and wagons on 

shunting yard 

Automated information 

system which is integrated in 

ProRail’s operating systems. 

Support master DQ 

improvement of wagon 

composition lists over 77% 

accuracy  

Subsystem which still works 

if one sensor fails. 

Mapping the complete 

process of a rail freight 

journey 

Analysis of underlying 

interests of freight 

transporters and data related 

bottlenecks 

Able to prove the incoming 

train can be tracked on 

shunting yards using current 

sensor setup 

Recommendations for system 

implementation 

Track all shunting activities 

on the shunting yard 
 

Solution validation through 

prototype/case study 
   

 

 

FUNCTIONAL REQUIREMENTS 

 

FUN-1 

 

FUN-2 

 

FUN-3  

 

FUN-4 

 

FUN-5 

 

FUN-6 

 

The subsystem must be able to increase the current average wagon list accuracy of 77% by 

comparing measurement results with the submitted wagon lists of incoming freight trains 

The subsystem should be able to assess the wagon list completeness by comparing measurement 

results with the submitted wagon lists 

The subsystem should include measurement confidence for validity of material recognition  

measurements. 

The subsystem must be able to return an easy interpretable output, including FUN-3, in the form 

of risk to identify incorrect registered wagons. 

The subsystem must be able to determine which track an incoming train is entering on shunting 

yards using passage- and switch position sensors. 

Only OCR measurements with a ‘high’ confidence (>97%) can be considered valid 
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SYSTEM QUALITY ATTRIBUTE REQUIREMENTS 

Robustness 

 

ROB-1 

How well the system responds to unexpected operating conditions  

 

The PoC subsystem should be robust enough to handle scenarios in which one of the sensors is 

not working. 

 

Interoperability 

 

IOP-1  

 

 

IOP-2 

 

How easily the system can interconnect and exchange data with other systems or components 

 

The subsystem shall retrieve the original departure composition (as delivered by the transporter) 

from an ESB adapter 

 

The subsystem should be able to recognize correct sensor events from Azure 

 

Performance 

 

PER-1 

How quickly and predictably the system responds to user inputs or other events 

 

The subsystem and sensors must be able to recognize differences in wagon lists within 15 minutes 

after the train passed 

 

Reliability 

 

REL-1 

How long the system runs before experiencing a failure  

 

If sensor data is not send within 10 minutes after detection, the system should be able to continue 

without the sensor 

 

Constraints  

 

CON-1  

 

 

CON-2 

 

CON-3 

A constraint places restrictions on the design or implementation choices available to the developer 

 

The Azure platform of the Datalab department should be used for data streaming and an event 

recording service 

 

Sub system should be programmed in Python 

 

Sensor data will only be generated and available at the final weeks of the research project 

 

Verifiability 

 

 

VER-1 

how well software components or the integrated product can be evaluated to demonstrate whether 

the system functions as expected 

 

The subsystem should be tested on incoming trains of case study in Moerdijk 
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SENSOR PERFORMANCE REQUIREMENTS 

Passage sensors13 

 

PAS-1 

 

 

 

The sensor must send the correct information in at least 95% of the cases in order to realize 

the 90% goals of the test. Depending on the length of the chain, the sensor might need to 

perform even better than 95%. 

 

Switch sensors 

 

SWI-1 

 

 

 

The sensor must send the correct information in at least 95% of the cases in order to realize 

the 90% goals of the test. Depending on the length of the chain, the sensor might need to 

perform even better than 95%. 

 

Material 

recognition 

(camera) 

CAM-1 

 

 

 

CAM-2 

 

 

 

 

 

CAM-3 

 

 

 

The smart camera should autonomously record all train passages (locomotive and cars) 

correctly up to a passage speed of 120 km/h, even with accelerating and braking trains, and 

should not produce false positives (e.g. no registrations of a passing truck on the rear road).  

 

The smart camera must send at least the following information from the registered train 

passage to the online database (XSD format) as soon as possible, but always within 5 minutes: 

A. Number of axles per car and axle distance 

B. Number of bogies and bogie distance 

C. Car type 

D. Cargo information (e.g. container numbers) 

 

In 95-100% of cases, the camera needs to recognize the GEVI and UN numbers correctly. For 

the other information (e.g. car number), in at least 90% of the cases this must be correctly 

recognized up to 120 km/h when reading from the side of the train. 

                                                                 
13 Derived from TN178349 Marktconsultatie Smart Sensors Treindetectie v1.0 -EN 
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D.  XML wagon list 

Wagon list composition metadata, schema view 

The image below shows a schema view of all components of a wagon list including metadata. ProRail denotes this type 

of event as a ‘MaterieelSamenstellingsBericht’ (equipment composition message). 
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Example wagon list 

The image below shows an XML grid view example of a complete train (51019) entering Moerdijk. This  output is 

obtained through the custom ESB adapter. In this example, wagon number 4 is unfolded in the grid view to display its 

wagons and cargo information. In this case the wagon contains 2 containers of which both are loaded (L). The first 

container is carrying a hazardous substance: 

 

- UN code 2211: POLYMERIC BEADS, EXPANDABLE, evolving flammable vapour 

- GEVI code 90:  Environmentally hazardous substance, various hazardous substances 
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E.  ESB Adapter process 

NCBG Adapter Model 
Setup in Tibco (ESB)

Check switch

 position = 267B

ProRail

MTPS

ProRail

TPS / GPS

Ces. PoC 
Moerdijk

Query TNR
Cache

Identification = 
number?

NO

YES

Identification = 
trainnumber?

NO

Train-
number

Store

PUSH
message

YES

Merge

ProRail

TNR

ProRail

OVGS

Train material composition

YES
NO

OVGS
response

Pull

SUB-SYSTEM

ProRail

W-LIS

START

Ignore
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F. Use cases 

This Appendix describes the basic scenarios through use cases of  an incoming train through… 

The use cases are applicable for PoC Moerdijk, and are made generalizable for other emplacements.  

 

General comments: 

 A ‘complete’ and valid train number contains a range of integers ranging from 000000 – 999999 Locomotive or 

wagon number Integer from 1000 – 9999; 

 ‘*’ or ‘+’ /, Shunting activity followed by an integer; wagons on the way to new composition following a new 

(complete) train number; 

 Switch sensors only generate events when the switch is physically switched by the transporter, thus without passage 

sensor after the switch the train cannot be localized; 

 Track 915 is often entered through switch $267B by locomotives or locomotives shunting wagons to compose trains. 

This creates TPS events without data about wagons (M, ‘materiaal’). In this case, the train number often contains 

‘*’ or ‘+’ /, ‘loc’ or other notation; 

 An incoming train often stops on top of passage sensors and in front of the camera to change the switch position 

manually; 

 Track 1021B is not used as a shunting track, but only to drive through to industry areas. 

INCOMING FREIGHT TRAIN SCENARIO TREE

UC-1
+(M)TPS
+ OVGS

UC-2
+ TPS

- (M) OVGS

UC-3
+ Mat. pass.
+ Mat. Rec.

UC-4
+ Mat. pass.
- Mat. Rec.

UC-5
- Mat. pass.
+ Mat. Rec.

UC-6
- Mat. pass.
- Mat. Rec.

UC-7
+ switch pos.

+ passage

UC-8
+ switch pos.

- passage

UC-9
- switch pos.

+ passage

Normal flow ExceptionsAlternative
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902

1032

903

C

C

SWIndustry

Shunting tracks

1021A P

Phase 0

Entering NCBG
Phase 1

Detection & Identification
Phase 2

Localisation

 
 

UC-1 Incoming train from CBG switch 269 to ZLW track 915 with MTPS 

 

Use case ID: UC-1 

Flow: Normal flow 

Phase: 0, entering NCBG 

Description: Train incoming  from CBG switch 269 to ZLW track 915 with MTPS. The train drives 

without stop from ZLW to MDK. 

Pre-conditions: 1. Freight train entering track 915 from switch 269 

2. Train composition (WLIS) entered by transporter 

3. Complete train number 

Post-conditions: 1. MTPS linked to passing train 

2. Train departure composition derived from MTPS 

Normal course: 1. MTPS message derived at switch 269 from ESB to Azure 

Alternative course:  Incoming train from CBG switch 269 to ZLW track 915 without MTPS, only TPS 

(UC-2) 

Exceptions:  Incoming train from CBG switch 269 to ZLW track 915 without MTPS (UC-3) 

 If the received message from ProRail is TPS without material, track 915 is shortly 

used for shunting; 

 If the received message from ProRail is TPS with a ‘*’ in front of the train number, 

track 915 is used for shunting purposes; 

 If the train is not detected by the Passage sensor within 30 minutes then the 

entrance of the train was for shunting purpose and the event will be ended. 

Frequency of use: On average; 12 times per day, 64 times per week. 

Other information: Track 915 is often entered through switch $267B by locomotives or locomotives 

shunting wagons to compose trains. This creates TPS events without data about 

wagons (M, ‘materiaal’). In this case, the train number often contains ‘*’ or ‘+’ /, or 

‘loc’. 

Assumptions: Train will not enter NCBG and stay for longer than 30 minutes on track 915. 
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UC-2 Incoming train from CBG switch 269 to ZLW track 915 without OVGS, only TPS 

 

Use case ID: UC-2 

Flow: Alternative flow 

Phase: 0, entering NCBG 

Description: Incoming train from CBG switch 269 to ZLW track without received MTPS. The train 

drives without stop from ZLW to MDK. 

Pre-conditions: 1. Freight train entering track 915 from switch 269 

Post-conditions:  New wagon list created for measurements 

 Generate alert to check train number 

Normal course: 1. (M)TPS event generated at switch 269 from ESB to Bdap Azure 

Alternative course: 1. TPS event generated at switch 269 from ESB to Bdap Azure 

2. No departure composition list available 

3. Generate alert to check train number 

Exceptions: 1. If the received message from ProRail is TPS without (M) material, track 915 is used 

for shunting purposes; 

2. If the received message from ProRail is TPS with a ‘*’ in front of the train number, 

track 915 is used for shunting purposes; 

3. If the train is not detected by the Passage sensor within 30 minutes then the 

entrance of the train was for shunting purpose and the event will be ended. 

Frequency of use: Unknown 

Other information: Track 915 is often entered through switch $267B by locomotives or locomotives 

shunting wagons to compose trains. This creates TPS events without martial (M). In 

this case, the train number often contains ‘*’ or ‘+’ /, or ‘loc’. 

PoC Adapter failed to receive MTPS/OVGS from ProRail ESB; 

If the train is not detected in Phase 1, it is a shunting activity.  

Assumptions: 1. Train will not enter NCBG and stop for longer than 30 minutes on track 915 

2. If the train has not passed the passage sensor, the shunter used track 915 

temporarily as a shunting activity 

3. During shunting train numbers are not complete yet and marked with ‘*’, ‘+’ or 

‘/’ signs in train numbers, sometimes no train numbers or false train numbers. No 

wagon-list can be retrieved in this instance. 
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902

1032

903

C

C

SWIndustry

Shunting tracks

1021A P

Phase 0

Entering NCBG
Phase 1

Detection & Identification
Phase 2

Localisation

 
 

UC-3 Incoming train from track ZLW 915 to MDK 2021A with correct material passage sensor  and material 

recognition camera. 

 

Use case ID: UC-3 

Flow: Normal flow 

Phase: 1, detection and identification 

Description: Incoming train from track ZLW 915 to MDK 2021A with material passage sensor and 

material recognition camera. Correct recognition by sensors. 

Pre-conditions: 1. UC-1 

2. Freight train entering track 1021A 

Post-conditions:  Train detected by passage sensor 

 Total number of axles measured 

 Total number of wagons recognized 

 UIC code recognized per wagon  

 If present: GEVI UN code recognized per wagon 

 Results compared with original wagon-list, correctness calculated 

 Risk indicated per wagon 

Normal course: 1. Train detected by passage sensor 

2. Passage sensor P measures total axles 

3. Camera C detects per wagon: 

a. UIC code per wagon detected, including OCR confidence 

b. If RID: GEVI UN code recognized per wagon, incl. OCR confidence 

c. Wagon-list correctness calculated 

d. Risk identification per wagon 

4. Camera C detects total number of wagons 

5. Completeness and Accurateness of wagon-list calculated 

Alternative course:  UC-4 

 UC-5 

Exceptions:  UC-6  

Frequency of use: On average; 12 times per day, 64 times per week. 

Other information: Train often stops on top of sensor P and in front of camera C to change switch position 

manually. 

Assumptions: Passage sensor P and Camera C correctly detect each wagon 
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UC-4 Incoming train from track ZLW 915 to MDK 2021A with material passage sensor, and missing 

 material recognition camera. 

 

Use case ID: UC-4 

Flow: Alternative flow 

Phase: 1, detection and identification 

Description: Incoming train from track ZLW 915 to MDK 2021A with material passage sensor, and 

missing material recognition camera 

Pre-conditions: 1. UC-1 

2. Freight train entering track 1021A 

Post-conditions:  Train detected by passage sensor 

 Total number of axles measured 

 Generated alert for train detection but no camera recognition 

Normal course: 1. Train detected by passage sensor 

2. Passage sensor P detects total axles 

3. Camera C detects per wagon: 

a. UIC code per wagon detected, including OCR confidence 

b. If RID: GEVI UN code recognized per wagon, incl. OCR confidence 

c. Correctness calculated 

d. Risk assessment calculation per wagon 

4. Camera C detects total number of wagons 

5. Completeness and Accurateness of WLIS calculated 

Alternative course: 1. Train detected by passage sensor  

2. Passage sensor detects total axles 

3. No camera recognition 

4. Generate alert for train detection but no camera recognition 

Exceptions: 1. If the train is not detected by the Passage sensor within 30 minutes then the 

entrance of the train was for shunting purpose and the event will be ended 

Frequency of use: ≤ than 1 time per week 

Other information: Train often stops on top of sensor P and in front of camera C to change switch position 

manually. 

Assumptions: Passage sensor detects each wagon. 
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UC-5 Incoming train from track ZLW 915 to MDK 2021A with missing material passage sensor, working material 

recognition camera. 

 

Use case ID: UC-5 

Flow: Alternative flow 

Phase: 1, detection and identification 

Description: Incoming train from track ZLW 915 to MDK 2021A with missing material passage 

feedback, with material recognition camera. 

Pre-conditions: 3. UC-1 

4. Freight train entering track 1021A 

Post-conditions: 1. Train detected by passage sensor 

2. Total number of wagons recognized 

3. UIC code recognized per wagon  

4. If RID: GEVI UN code recognized per wagon 

5. Results compared with original WLIS, correctness calculated 

6. Risk indicated per wagon 

Normal course: 1. Train detected by passage sensor 

2. Passage sensor P detects total axles 

3. Camera C detects per wagon: 

a. UIC code per wagon detected, including OCR confidence 

b. If RID: GEVI UN code recognized per wagon, incl. OCR confidence 

c. Correctness calculated 

d. Risk assessment calculation per wagon 

4. Camera C detects total number of wagons 

5. Completeness and Accurateness of WLIS calculated 

Alternative course: 1. Train detected by material passage Camera C 

2. Camera C detects per wagon: 

a. UIC code per wagon detected, including OCR confidence 

b. If RID: GEVI UN code recognized per wagon, incl. OCR confidence 

c. Correctness calculated 

d. Risk assessment calculation per wagon 

3. Camera C detects total number of wagons 

4. Completeness and Accurateness of WLIS calculated 

Exceptions: 2. UC-7 active when the train is detected by the material recognition camera, but not 

by the passage sensor. If the camera does not detect the train within 30 minutes 

of the TPS message, event will be ended 

Frequency of use: ≤ than 1 time per week 

Other information: Camera is not linked to the first axle counter. Can detect train. 

Assumptions: Camera C detects each wagon 
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UC-6 Incoming train from track ZLW 915 to MDK 2021A with missing material passage sensor and missing material 

recognition camera. 

 

Use case ID: UC-6 

Flow: Exception 

Phase: 1, detection and identification 

Description: Incoming train from track ZLW 915 to MDK 2021A with missing material passage 

feedback and missing material recognition camera; no detection in phase 1 

Pre-conditions:  UC-1 

 Freight train entering track 1021A 

Post-conditions:  No detection or recognition 

Normal course: 1. Train detected by passage sensor 

2. Passage sensor P detects total axles 

3. Camera C detects per wagon: 

a. UIC code per wagon detected, including OCR confidence 

b. If RID: GEVI UN code recognized per wagon, incl. OCR confidence 

c. Correctness calculated 

d. Risk assessment calculation per wagon 

4. Camera C detects total number of wagons 

5. Completeness and Accurateness of WLIS calculated 

Alternative course:  If train detected by first passage sensor in Phase 2 

o Then UC-6 

o Else ‘shunting movement’, end event 

Exceptions: -  

Frequency of use: - 

Other information: - 

Assumptions: (M)TPS message generated from switch 269 due to shunting activity track 

915 
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902

1032

903

C

C

SWIndustry

Shunting tracks

1021A P

Phase 0

Entering NCBG
Phase 1

Detection & Identification
Phase 2

Localisation

P

 
 

UC-7 Incoming train from MDK 2021A to MDK 2021B with switch position sensor and material  passage sensor. 

 

Use case ID: UC-7 

Flow: Normal flow 

Phase: 2, localization 

Description: Incoming train from MDK 2021A to MDK 2021B with switch position sensor and 

material passage sensor 

Pre-conditions:  UC-5 

Post-conditions:  Location of train number N on track number X with composition 

 Validation of passage sensor P measurement in Phase 1 

Normal course:  Event Passage sensor P (ID) 

 Retrieve Switch S (902) position 

 Check: switch position of switch S (902) pointing direction D (left/right) 

o S (902), D ‘right’ = shunting tracks 

o OR S (902), D ‘left’ = track 1021B 

 Passage sensor P verifies train entering track 

 Passage sensor P verifies Passage sensor P measurement in Phase 1 

 Logical check: 

o Switch S (902) ‘left’ = Sensor P ‘ID’ 

o OR Switch S (902) ‘right’ = Sensor P ‘ID’ 

 Confirm track 

Alternative course:  UC-10 

 UC-11 

Exceptions:  UC-12 

Frequency of use: On average; 12 times per day, 64 times per week. 

Other information:  Validate Passage sensor of Phase 1 

 Track 1021B is not a shunting track, but drive through. 

Assumptions: Train does not stop on track switches S and passage sensors P  
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UC-10 Incoming train from MDK 2021A to MDK 2021B with switch position sensor without material 

 passage sensor 

 

Use case ID: UC-8 

Flow: Alternative flow 

Phase: 2, localization 

Description: Incoming train from MDK 2021A to MDK 2021B with switch position sensor and 

without material passage sensor 

Pre-conditions:  UC-5 

Post-conditions:  Location of train number N on track number X with composition 

 Validation of passage sensor P measurement in Phase 1 

Normal course:  Event Passage sensor P (ID) 

 Retrieve Switch S (902) position 

 Check: switch position of switch S (902) pointing direction D (left/right) 

a. S (902), D ‘right’ = shunting tracks 

b. OR S (902), D ‘left’ = track 1021B 

 Passage sensor P verifies train entering track 

 Passage sensor P verifies Passage sensor P measurement in Phase 1 

 Logical check: 

a. Switch S (902) ‘left’ = Sensor P ‘ID’ 

b. OR Switch S (902) ‘right’ = Sensor P ‘ID’ 

 Confirm track 

Alternative course: 1. No Passage event sensor P (ID) 

2. Warning, no localization of train 

Exceptions: Shunting activities 

Frequency of use: ≤ than 1 time per week 

Other information:  Track 1021B is not a shunting track, but drive through. 

Assumptions: Train does not stop on track switches S and passage sensors P 
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UC-11 Incoming train from MDK 2021A to MDK 2021B without switch position sensor, with material 

 passage sensor. 

 

Use case ID: UC-9 

Flow: Alternative flow 

Phase: 2, localization 

Description: Incoming train from MDK 2021A to MDK 2021B with switch position sensor and 

without material passage sensor. 

Pre-conditions:  UC-3 

Post-conditions: 1. Location of train number N on track number X with composition 

2. Validation of passage sensor P measurement in Phase 1 

Normal course: 1. Event Passage sensor P (ID) 

2. Retrieve Switch S (902) position 

3. Check: switch position of switch S (902) pointing direction D (left/right) 

1. S (902), D ‘right’ = shunting tracks 

2. OR S (902), D ‘left’ = track 1021B 

4. Passage sensor P verifies train entering track 

5. Passage sensor P verifies Passage sensor P measurement in Phase 1 

6. Logical check: 

1. Switch S (902) ‘left’ = Sensor P ‘ID’ 

2. OR Switch S (902) ‘right’ = Sensor P ‘ID’ 

7. Confirm track 

Alternative course: 1. Event Passage sensor P (ID) 

2. No Switch S (902) position available 

3. Passage sensor P verifies train entering track 

4. Passage sensor P verifies Passage sensor P measurement in Phase 1 

5. Confirm track 

Exceptions: Shunting activities 

Frequency of use: ≤ than 1 time per week 

Other information:  Validate Passage sensor of Phase 1 

 Track 1021B is not a shunting track, but drive through. 

Assumptions: Train does not stop on track switches S and passage sensors P 
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G. Measurement risk questionnaire 

 

 

 

  

 Question LOW MEDIUM HIGH RISK 

Q1 
Transporter has not provided a GEVI-UN code 

for a particular wagon 
0 0 3 high 

Q2 
Transporter has provided the wrong GEVI-UN 

code for a certain wagon 
0 1 2 high 

Q3 
Transporter has not provided a UIC code for a 

particular wagon 
2 1 0 low 

Q4 
Transporter has provided the wrong UIC code 

for a certain wagon 
0 2 1 medium 

Q5 
Transporter has incorrectly indicated for a 

non-RID wagon whether it is loaded or not 
2 1 0 low 

Q6 
Transporter has incorrectly indicated for an 

RID wagon whether it is loaded or not 
0 1 2 high 

Q7 
Transporter has provided a departure 

composition with the wrong order of wagons 
0 2 1 medium 

Q8 
Transporter has submitted ≥ 1 wagon more 

(or less) than measured 
1 1 1 medium 

Q9 
One UIC number is detected which is not 

submitted by the transporter 
3 0 0 low 

Q10 
2 or more UIC numbers have been recognized 

which are not submitted by the transporter 
0 2 1 medium 

Q11 
One GEVI UN numbers is recognized which is 

not submitted by the transporter 
0 1 2 High 

Q12 
2 or more GEVI UN numbers is detected which 

are not submitted by the transporter 
0 0 3 High 
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H. Basic structure of Mamdani-style fuzzy inference 
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I. ProRail Rail Monitoring System (RMS) 
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J. Testing results 

Case study test 2, reversed train  

 

https://portal.connectionsystems.nl/content.php?item=4&train=292748 

 

ProRail trainnumber 51018             

Location TRS1 shunting             

Wagon list reversed TRUE             

Accuracy 0%             

Completeness 100%             

ProRail wagons 24             

Camera wagons 24             

                  

# ProRail UIC Camera UIC UIC Risk 
ProRail 

GEVI UN 
Camera 
GEVI UN 

GEVI UN 
Risk 

Maximum Risk 

1 336849531031 378049540834 0,650       0,650 Medium 

2 336849521289 336849544539 0,650       0,650 Medium 

3 378049522766 378049524994 0,333       0,333 Low 

4 238844352183 338845546584 0,650       0,650 Medium 

5 238844351094 238844352308 0,650       0,650 Medium 

6 238844352399 336849522337 0,650       0,650 Medium 

7 378049540792 238844351854 0,710       0,710 Medium 

8 238844351896 338845638919 0,650       0,650 Medium 

9 238844352571 238844351433 0,650       0,650 Medium 

10 338845546492 336849542384 0,650       0,650 Medium 

11 336849542384 338845541170 0,650       0,650 Medium 

12 338845541170 338845547425 0,650       0,650 Medium 

13 338845547425 318049542976 0,650       0,650 Medium 

14 318049542976 238844352449 0,650       0,650 Medium 

15 238844351433 338845546492 0,650       0,650 Medium 

16 338845638919 238844352571 0,650       0,650 Medium 

17 336849522337 238844351896 0,650       0,650 Medium 

18 238844352449 378049540792 0,710       0,710 Medium 

19 238844351854 238844352399 0,650       0,650 Medium 

20 238844352308 238844351094 0,333       0,333 Low 

21 338845546534 238844352183 0,650       0,650 Medium 

22 378049524994 336849521289 0,650       0,650 Medium 

23 336849544539 378049522766 0,650       0,650 Medium 

24 378049540834 336849531031 0,650       0,650 Medium 
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Case study test 3, train with wagon list errors 

 

https://portal.connectionsystems.nl/content.php?item=4&train=292918 

 

ProRail trainnumber 51361             

 Location 1021B             

 Wagon list reversed FALSE             

 Accuracy 23,07%             

 Completeness 100%             

 ProRail wagons 28             

 Camera wagons 28             

                  

# ProRail UIC Camera UIC UIC Risk 
ProRail 

GEVI UN 
Camera 
GEVI UN 

GEVI UN Risk Maximum Risk 

1 318045430267 318045430267 0,081     0,081 0,081 None 

2 318045430713 318045430713 0,084     0,081 0,081 None 

3 318045563281 318045563281 0,081     0,081 0,081 None 

4 318045581648 318045581648 0,081 902211   0,919 0,919 High 

5 318045433105 318045433105 0,081 602281 602281 0,078 0,078 None 

6 318045528227 318045528227 0,081 6681809 6681809 0,350 0,350 Low 

7 318045526593 318045526593 0,081 902211   0,919 0,919 High 

8 318045571987 318045571987 0,081     0,081 0,084 None 

9 378045652716 318045574668 0,650 862922   0,922 0,922 High 

9 378045652716 378045652716 0,081 802491   0,919 0,919 High 

10 318045574668 318045588403 0,650 301123   0,912 0,912 High 

11 318045588403 318045578065 0,650     0,081 0,650 Medium 

12 318045578065 378045532488 0,650 802735 602281 0,912 0,912 High 

12 378045583069 378045532488 0,650   602281 0,919 0,919 High 

13 378045532488 378045583069 0,650 602281   0,922 0,922 High 

14 318045578271 318045578271 0,091 6681809 6681809 0,078 0,091 None 

14 338045520263 318045578271 0,650 201018 6681809 0,922 0,922 High 

15 318045431067 338045520263 0,650 301123 201018 0,922 0,922 High 

16 318045433154 318045431067 0,650     0,078 0,650 Medium 

17 318045561400 318045433154 0,650     0,078 0,650 Medium 

18 358045576164 318045561400 0,333 3683286   0,922 0,922 High 

19 318045430291 358045576164 0,650 6681810 3683286 0,922 0,922 High 

20 318045433204 318045430291 0,650   6681810 0,922 0,922 High 

21 318045585821 318045433204 0,650     0,078 0,650 Medium 

22 318045560188 318045585821 0,650 6681810   0,922 0,922 High 

23 318045527419 318045560188 0,650   6681810 0,922 0,922 High 

24 318045434137 318045527419 0,650 8392218   0,922 0,922 High 

25 318045434137 318045434137 0,084 331993 8,4E+07 0,909 0,909 High 

25 318045565476 318045434137 0,650 802289 331993 0,922 0,922 High 

26 318045433493 318045565476 0,650 331219 802289 0,922 0,922 High 
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Case study test 4, train with camera detection errors 

 

https://portal.connectionsystems.nl/content.php?item=4&train=292918 

 

 

 ProRail trainnumber 62093             

Location 1021B             

 Wagon list reverse FALSE             

Accuracy -             

Completeness -             

ProRail wagons 11             

 Camera wagons 6             

                  

# ProRail UIC Camera UIC 
UIC 
Risk 

ProRail 
GEVI UN 

Camera 
GEVI UN 

GEVI UN Risk Maximum Risk 

1 378078092780 338078095092 0,081 2631040 2631040 0,081 0,081 None 

2 378078092855 338078095068 0,081 2631040 2631040 0,081 0,081 None 

3 378078093903 378478181365 0,081 2631040 2631040 0,081 0,081 None 

4 338078096744 378478181381 0,081 2631040 392055 0,081 0,081 None 

5 338078095068 338078131988 0,081 2631040 303295 0,081 0,081 None 

6 338078095092   0,650 2631040 00686 0,922 0,922 High 

 

 

  


