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“Would you tell me, please, which way I ought to go from here?” 

“That depends a good deal on where you want to get to,” said the Cat. 

“I don't much care where –” said Alice. 

“Then it doesn't matter which way you go,” said the Cat. 

“– so long as I get somewhere,” Alice added as an explanation. 

“Oh, you're sure to do that,” said the Cat, “if you only walk long enough.” 

 

Lewis Carrol, Alice in Wonderland 
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ABSTRACT 

Railway signalling systems can be considered a group of complex systems that together 
provide control, supervision and protection of railway operation. When a failure 
occurs in the railway signalling system, other safety mitigation measures are put into 
place to continue railway operation, e.g. reduced speed, with the driver responsible for 
safe operation. Briefly stated, failures of the railway signalling system affect both the 
capacity and safety of the railway. The purpose of this study is to propose 
methodologies and tools to assess the dependability and safety of infrastructure 
signalling systems during the operation and maintenance phase to facilitate continuous 
improvement of dependability and safety of signalling by the use of field data. 

The overall research strategy is a case study at Trafikverket (Swedish transport 
administration). Quantitative data have been collected through the fault reporting 
system (0Felia) for a specific railway line and through interviews, document studies, 
and observations. The type of failure is either random or systematic, according to the 
railway standards. The analysis of random failures is based on a theoretical framework 
of RAMS (Reliability, Availability, Maintainability, and Safety) for signalling systems. 
Failure data have been analysed using such methodologies as FMECA (Failure, Mode, 
Effects, and Criticality Analysis), Markov analysis, and reliability analysis for repairable 
systems. Systematic failure data analysis is based on theories and expert judgement in 
the area of configuration management and information logistics.  

The results of the study can be divided into two parts. The first part comprises three 
tools that can be used to assess the dependability and safety performance of railway 
infrastructure signalling systems based on random failure data. The first tool in this 
section adapts the FMECA logic in an analysis model to assess the operational 
dependability performance for different levels of infrastructure signalling systems. The 
second tool combines statistical methods with expert assessment to perform a reliability 
assessment of complex long-lived repairable systems, such as railway signalling systems. 
The third tool evaluates the safety and availability of the railway operation based on the 
state of signalling systems. The second part of the study is a guide on how to apply 
configuration management and information logistics to deal with systematic failures 
related to infrastructure signalling systems. 

These tools can be used during the operation and maintenance phases to assess the 
dependability and safety of a signalling system in the railway infrastructure. For 
example, the FMECA-based tool reveals that a maintenance approach based on the 
causes of failures instead of particular systems can be more appropriate to support 
improvement of the maintenance of railway signalling systems. The results obtained 
from the case study show the importance of external influences on the dependability of 
signalling systems and the need to improve the quality of collected data. This was 
manifested by a high variability of the reliability and maintainability of different systems 
with the same architecture and operational characteristics. This has two implications for 
the study. First, it shows the focus of the adapted tools to analyse failures must be on a 
system level, instead of on more detailed indenture levels. Second, it suggests how to 
improve maintenance support by enhancing the configuration management and 
information logistics. The results can be used improve the management of all types of 
failures, thereby reducing risks and supporting the safety integrity of signalling systems. 

Keywords: railway, signalling system, dependability, safety, reliability, maintenance, Sweden. 





v 

LIST OF APPENDED PAPERS 

Paper I Morant, A., Larsson-Kråik, P.-O. and Kumar, U., (2014), “Data driven 
model for maintenance decision support - A case study of railway 
signalling systems”. Proceedings of the Institution of Mechanical 
Engineers, Part F: Journal of Rail and Rapid Transit. 
10.1177/0954409714533680 

Paper II Morant, A., Karim, R. and Larsson-Kråik, P.-O., (2013), “Information 
logistics for maintenance of railway signalling systems: A case study”. 
International Journal of Railway Technology, vol. 2, no. 2, pp. 97-112. 
10.4203/ijrt.2.2.5 

Paper III Morant, A., Karim, R., Tretten, P. and Larsson-Kråik, P.-O. (2013), 
“Dependability improvement through configuration management – A 
study of railway signalling systems”, International Journal of 
COMADEM, vol. 16, no. 4, pp. 31-40. 

Paper IV Morant, A., Garmabaki A.H.S., Ahmadi A., Larsson-Kråik, P.-O. and 
Kumar, U., (2015). Reliability assessment of complex long-lived 
repairable systems: A case study of the Swedish railway signalling 
system. Submitted for publication 

Paper V Morant, A., Gustafson, A., Söderholm, P., Larsson-Kråik, P.-O. and 
Kumar, U., (2015). Safety and availability evaluation of railway 
operation based on the state of signalling systems. Submitted for 
publication  

  

  

 

  



 vi  

OTHER RELATED PAPERS 

Morant, A., Gustafson, A., Söderholm, P., Larsson-Kråik, P.-O. (2015), “Safety 
and availability evaluation of railway signalling systems”, Proceedings of the 1st 
international conference ICRESH-ARMS 2015, June 2015, Luleå. 

Morant, A., (2014), “Dependability and maintenance analysis of railway signalling 
systems”, Licentiate thesis, Luleå University of Technology, Luleå, Sweden. 

Morant, A., Westerberg M and Larsson-Kråik P.-O., (2014), “Knowledge 
management in a railway network: The case of signalling systems”, Proceedings of 
The Second International Conference on Railway Technology: Research, 
Development and Maintenance, France, 8-11 April 2014. 

Morant A., Karim R., Tretten P., Galar D., (2012) “Improvement of 
configuration management in railway signalling systems”, Proceedings of the 2nd 
international workshop and congress on eMaintenance, December 2012, Luleå.  

Morant A., Wisten Å., Niska S., Galar D., Kumar U., (2012), “Railway EMI 
impact on train operation and environment”, Proceedings of the Conference EMC 
Europe 2012. 

Morant A., Galar D., Tamarit J., (2012), “Cloud computing for maintenance of 
railway signalling systems”, Proceedings of The Ninth International Conference on 
Condition Monitoring and Machinery Failure Prevention Technologies. 

 

 



 

vii 

ACRONYMS AND SYMBOLS 

A Availability 

A2 Anderson-Darling goodness-of-fit test 

AD Anderson-Darling Trend Test 

ALARP As Low As Reasonable Practicable 

Ao Operational Availability 

ASFA Anuncio de Señales y Frenado Automático 

ATC Automatic Train Control  

BG balise group 

BTS Base Transceiver Station 

CBM Condition Based Maintenance 

CBTC Communications-based train control  

CM Configuration Management 

CMM  Capability Maturity Model 

CMMI  Capability Maturity Model Integrated 

COI Continuously Operating Item 

CV(X) Estimation of the coefficient of variation of the Xi 

D Descriptive 

dof Degrees of freedom 

DT Down Time 

E Exploratory 

EB Emergency Brake  

EMC Electromagnetic compatibility 

ERTMS European Railway Train Management System 

ETA Event tree analysis  

ETCS European Railway Train Control System 

F(t) Failure probability 

FAR False Alarm Rate 

FME(C)A Failure Mode Effect and Criticality Analysis 

FTA Fault Tree Analysis 

GAD Generalised Anderson-Darling Trend Test 

GAMAB Globalement Au Moins Aussi Bon 

GSM-R Global System for Mobile Communications – Railway; GSM-Railway 

GSS General Stationary Sequence 

H(t) Hazard Rate 

H0 Null Hypothesis 

H0 Null Hypothesis 

H1 Alternative Hypothesis 

HAZOP Hazard and operability study 

HPP Homogeneous Poisson Process 

iid Independent and identically distributed  

IRP Imperfect Repair Process 

IXL Interlocking 

K-S Kolmogorov-Smirnov goodness-of-fit test 

KVB Contrôle Vitesse par Balise 

LC Level crossing 

LCC Life Cycle Cost 

LEU Lineside Electronic Unit 

LR; ULR Lewis Robinson Trend Test 

LRU Line Replaceable Unit 

LZB Linienzugbeeinflussung 

M Mann Trend Test 

MDT Mean Down Time 

MEM Minimum Endogenous Mortality 

MIL; Z Military Handbook trend test 

MTBF Mean Operative Time Between Failures 



 viii  

MTBSF Mean Time Between Safety System Failure 

MTTM Mean Time To Maintain 

MTTR Mean Time To Restore 

MUT Mean Up Time 

N Number of failures during the observation time 

N(t) Function of the number of failures 

NA Not applicable 

NFF No Fault Found 

NHPP Non Homogeneous Poisson Process 

NP Non parametric 

NR Not recommended 

P Parametric 

P degraded RC Probability of a railway corridor of being on a degraded state 

P degraded TS Probability of a track section of being on a degraded state 

P faulty RC Probability of a railway corridor of being on a faulty state 

P faulty TS Probability of a track section of being on a faulty state 

P operative RC Probability of a railway corridor of being on a operative state 

QL Qualitative 

QT Quantitative 

R(t) Reliability (success probability) 

RAMS Reliability, Availability, Maintainability and Safety 

RBC Radio Block Centre 

RBD Reliability Block Diagram 

RC Railway corridor 

RP Renewal Process 

RQ Research Question 

RRT Relative Restoration Time 

RT Restoration time 

SB signalling board 

SIL safety integrity level  

SoS System of Systems 

SPICE Software Process Improvement 

T Final observation time 

TBF Time between failures 

TC Track circuit 

THR Tolerable Hazard Rate 

Ti Time when the failure i occurs 

TMS Train Management System 

TO Initial observation time 

TQM Total Quality Management 

TS Track section 

TTM Time To Maintain 

TTR Time To Restore 

TTRS Time To Return to Safety 

TVM Transmission voie-machine 

U Laplace trend test 

UT Up time 

v(t) Rate of occurrences of failures 

WO Work Order 

WT Waiting time 

Xi Interarrival time for the failure i 

Α Significance level 

Λ Failure rate 

Σ Variance 

μ Restoration Rate 

μo Operational restoration rate 



 

ix 

CONTENTS 

PREFACE ....................................................................................................................... i 
ABSTRACT .................................................................................................................. iii 
LIST OF APPENDED PAPERS ..................................................................................... v 
OTHER RELATED PAPERS ...................................................................................... vi 
ACRONYMS AND SYMBOLS .................................................................................. vii 
1.  INTRODUCTION ................................................................................................. 1 

1.1. Maintenance and operation of the railway system ............................................... 1 
• Railway signalling systems ........................................................................ 1 
• Swedish railway signalling system: a case study ................................................ 3 

1.2. Problem statement ............................................................................................. 5 
• Railway signalling system as a complex repairable system.................................... 5 
• Safety .................................................................................................. 6 
• Maintenance support ................................................................................ 6 

1.3. Purpose and objectives ....................................................................................... 7 
1.4. Research questions ............................................................................................. 8 
1.5. Scope and limitations ......................................................................................... 8 
1.6. Structure of the thesis ......................................................................................... 9 
1.7. Contribution .................................................................................................... 10 

2.  THEORETICAL FRAMEWORK ........................................................................ 11 
2.1. Railway´s operation and maintenance .............................................................. 11 

• ERTMS/ETCS RAMS requirements specification ........................................ 14 
2.2. Railway signalling systems as a System of Systems ............................................. 15 
2.3. Methods and models for performance evaluation and dependability analysis ...... 17 

• Maintainability verification (IEC 60706-3: 2007) ........................................ 18 
2.4. Maintenance support (IEC 60300-3-14: 2008) ................................................. 18 

• Information logistics ............................................................................... 19 
2.5. Reliability assessment ....................................................................................... 20 

• RAMS of railways signalling systems: previous research ................................... 21 
• Trend tests .......................................................................................... 23 
• Independence test .................................................................................. 26 
• Goodness-of-fit tests ............................................................................... 26 

2.6. Safety evaluation .............................................................................................. 27 
3.  SWEDISH RAILWAY SIGNALLING SYSTEMS: AN EXPLORATORY 
ANALYSIS ................................................................................................................... 29 

3.1. Information logistics ......................................................................................... 29 
• 0felia: the corrective maintenance database .................................................... 30 

3.2. Inter-organisational knowledge management in the Swedish railway ................ 32 
3.3. Architecture data .............................................................................................. 33 
3.4. Operative data .................................................................................................. 34 

• Operational states ................................................................................. 35 
3.5. Corrective maintenance data ............................................................................ 36 

• Data processing .................................................................................... 39 
• Failure occurrence .................................................................................. 40 
• Failure mode, causes of failure and corrective actions ........................................ 41 
• System vs. Symptom ............................................................................. 42 
• No fault found phenomenon ..................................................................... 43 



 

 x  

3.6. Preventive maintenance ................................................................................... 44 
3.7. Conclusions from data collection and exploratory analysis ................................ 44 

4.  RESEARCH METHODOLOGY .......................................................................... 47 
4.1. Research strategy ............................................................................................. 47 
4.2. Data collection and processing ......................................................................... 48 

• Unstructured interviews ........................................................................... 49 
• Literature review ................................................................................... 50 

4.3. Methods of dependability evaluation ................................................................ 50 
4.4. Dependability assessment .................................................................................. 51 
4.5. Configuration management for maintenance support improvement .................. 52 
4.6. Reliability evaluation: analysis of failure data .................................................... 52 
4.7. Safety and availability evaluation ...................................................................... 53 

• The Markov model ................................................................................ 54 
4.8. Reliability and validity of the results ................................................................. 57 

5.  RESULTS: METHODS FOR PERFORMANCE EVALUATION OF RAILWAY 
SIGNALLING SYSTEMS ............................................................................................. 59 

5.1. Dependability assessment .................................................................................. 59 
5.2. Configuration management for maintenance support optimisation .................... 60 
5.3. Reliability assessment ....................................................................................... 63 

• Framework for reliability assessment of complex systems .................................... 64 
5.4. Safety and availability evaluation ...................................................................... 66 

• Markov model architecture ....................................................................... 67 
• Framework for safety and availability evaluation of the railway operation ............... 68 

5.5. Model implementation ..................................................................................... 68 
6.  VALIDATION, RESULTS AND DISCUSSION .................................................. 71 

6.1. Dependability assessment .................................................................................. 71 
6.2. Configuration management for maintenance support optimisation .................... 74 
6.3. Reliability evaluation ....................................................................................... 76 

• Expert assessment and model readjustment ................................................... 79 
6.4. Availability and safety evaluation ...................................................................... 80 
6.5. Final considerations .......................................................................................... 82 

7.  CONCLUSIONS AND FURTHER RESEARCH ............................................... 83 
7.1. Thesis contribution .......................................................................................... 84 
7.2. Further research ............................................................................................... 85 

8.  REFERENCES ...................................................................................................... 87 

 

 



 

xi 

FIGURE INDEX 
Figure 1: RBD of a signalling system. .............................................................................. 4 
Figure 2: Example of state transition diagram (EN 50126-2, 2007) ................................... 4 
Figure 3: Maintenance approaches (EN 13306, 2010). ................................................... 11 
Figure 4: Factors influencing railway RAMS (adapted from EN 50126, 1999). ............... 12 
Figure 5: Systems vs Systems of Systems (Gorod et al., 2008) ......................................... 16 
Figure 6: Data fusion architecture schema. ..................................................................... 29 
Figure 7: Number of systems per track section of the studied case (50 track sections) ...... 34 
Figure 8: Schedule for the sections KOS to NTV, from 18:00 to 20:00 (Trafikverket) ... 34 
Figure 9: Correspondence between the different times. .................................................. 35 
Figure 10: Left: Failure asset classification; Right: Real failure associated to the WO. ..... 37 
Figure 11: Annual number of failures per system and location ........................................ 38 
Figure 12: Failure frequency depending on track section ................................................ 39 
Figure 13: Event plot for the IXL, LC and TC systems in three locations ....................... 40 
Figure 14: Plots of cumulative number of failures  (Left: IXL; Right: LC) ...................... 41 
Figure 15: System where the failure occurs depending on symptom ............................... 42 
Figure 16: Research strategy .......................................................................................... 49 
Figure 17: Concurrent mixed methods design (Bergman, 2008) ..................................... 57 
Figure 18: Decision support model based on failure analysis ........................................... 60 
Figure 19: System configuration baselines. ...................................................................... 61 
Figure 20: Change control management process. ............................................................ 62 
Figure 21: Integrity process assurance. ............................................................................ 63 
Figure 22: Framework for reliability assessment .............................................................. 65 
Figure 23: Markov diagram ............................................................................................ 67 
Figure 24: Maintenance processes (IEC 60300, 2004) ..................................................... 69 
Figure 25: MTTM, MTTR and MRTTR depending on system asset ........................... 73 
Figure 26: Relative restoration time depending on system asset ...................................... 73 
Figure 27: Operational probabilities for the simulation scenarios (S-1 to S-3) ................. 80 

 

 



 

 xii  

TABLE INDEX 
Table 1: Relationship between research questions and papers ........................................... 9 
Table 2: Contribution of each author to the appended papers ......................................... 10 
Table 3: RAMS parameters (adapted from EN 50126, 1999, IEC61703, 2001) ............... 14 
Table 4: Methods for dependability analysis .................................................................... 17 
Table 5: Previous research on RAMS of railway signalling systems .................................. 22 
Table 6: Parametric trend tests ........................................................................................ 25 
Table 7: Risk evaluation and acceptance (EN50126, 1999) ............................................. 27 
Table 8: Tolerable hazard rate (h-1) ................................................................................. 27 
Table 9: Trafikverket databases related to signalling systems ............................................ 29 
Table 10: 0felia corrective maintenance: parameter description ....................................... 31 
Table 11: Different work orders can be related to the same failure .................................. 43 
Table 12: Trafikverket preventive maintenance for railway signalling systems .................. 44 
Table 13: Qualitative style versus quantitative style (Neuman, 2003) ............................... 47 
Table 14: Approaches to study railway signalling systems ................................................ 48 
Table 15: Scenarios to model .......................................................................................... 56 
Table 16: States .............................................................................................................. 66 
Table 17: Corrective action depending on real failure ..................................................... 72 
Table 18: System design baseline ..................................................................................... 75 
Table 19: Installation baseline ......................................................................................... 75 
Table 20: Documentation baseline .................................................................................. 75 
Table 21: Results of the GAD trend test ......................................................................... 76 
Table 22: Goodness-of-fit values for HPP; RP distributions; AD test (p-value) and 
parameters (with standard error for NHPP) ..................................................................... 78 
Table 23: Probabilities for each scenario for the railway corridor (*10^-2) ...................... 80 
Table 24: Comparison results thesis with ERTMS RAMS requirements ......................... 82 
 



 

13 

 

 

 

PART I 

 

 

Thesis Chapters 
 





 

1 

1. INTRODUCTION 

The first chapter describes the area of research and provides the problem statement. It defines 
the research questions and gives the purpose, scope and limitations of the thesis. Finally, it 
summarises the structure of the thesis. 

1.1. Maintenance and operation of the railway system 

The railway network is a complex and distributed system with several technologies 
working together to fulfil the demands on capacity, speed and mobility to transport 
goods and passengers. The railway system can be divided into different systems 
depending on functionality, for example, the rolling stock, the track, the power 
supply, the signalling system, etc. (Pěnička, 2007). The operation and maintenance 
of all parts is a complex issue that makes a challenge the planning and execution of 
the maintenance (Jimenez-Redondo et. al., 2012). Railway infrastructure managers 
need maintenance analysis and planning tools to systematically analyse and optimise 
budget needs, minimise the total costs for the required reliability, availability, 
maintainability and safety (RAMS) level, and guarantee the quality of the railway 
assets in the long run (Zoeteman, 2001). Systematic maintenance management of 
railway assets is required to deal with short-term costs and performance demands 
and to guarantee RAMS in the long term (Wilson, 1999).  

A number of stakeholders have a share in the operation and maintenance of the 
railway infrastructure, depending on the policies of the country (e.g. the 
infrastructure manager, operators, maintenance companies, railway manufacturers, 
consultancy companies, universities and research institutes, etc.). Each stakeholder 
requires different information, depending on the work performed (e. g. operation 
management, corrective or preventive maintenance, RAMS studies, safety 
management, etc.). All stakeholders play a part in the operation and maintenance 
performance of railway signalling systems. Each has different knowledge access and 
needs, but they all work on the railway systems.  

Railway signalling systems 

Railway signalling systems protect, control and supervise the railway traffic in order 
to ensure safe operation. There are a large number of items within the category of 
signalling systems (Theeg and Vlasenko, 2009). For example, track circuits, axle 
counters and GPS-based systems can be used to locate a train. Track circuits and 
signals can help to control the traffic on the railway line to prevent collisions. 
Balises and radio based systems allow the train control centre to restrict the 
movement of trains, and advanced systems i.e. European Rail Traffic Management 
System (ERTMS) or Automatic train control system (ATC), supervise and control 
the railway network. They interpret the inputs from the other systems, creating 
restrictions on the train route to ensure safe operation.  
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The development of signalling is closely linked to the development of railways. It 
began as a manual system determining access to a line, but the growing demand for 
transportation and the increasing number of trains made this system inadequate. 
Advanced technologies were implemented to supervise and control railway lines; 
these were mainly analogue systems, based on relay technology (e.g. track circuit, 
axle counter, relay interlocking). Today these systems are being replaced by digital 
control systems based on electronics (e.g. balise, electronic interlockings, etc.), but 
both systems coexist in most of the railway network. Depending on the type of 
exchange of information between the infrastructure and the train, railway signalling 
systems can be classified into the following groups: 

 Infrastructure, wayside or lateral signalling. This is limited to wayside signals 
informing the driver of operating restrictions. The driver is responsible for 
acting according those restrictions. This is only possible at low speeds, since 
it depends on the capability of the driver. 

 Combination of infrastructure and onboard signalling. This can be divided 
into subgroups, depending on whether the information provided to the 
cabin is intermittent or continuous. In intermittent transmission, the transfer 
occurs in a discontinuous way, usually through balises transmitting 
information to the train cabin when the train passes above them. In 
continuous transmission, the transfer is through a radio system which 
exchanges information continuously from and to the train. 

In the case of a combined wayside and onboard signalling system, it is possible to 
find different types of signalling system based on the technology used to calculate 
the position of the train, i.e., fixed and moving blocks: 

 Fixed block identifies if a train is on a section of the track between two fixed 
and determined points. The track sections are usually determined by track 
circuits and have signals at both start and end. A train is not allowed to enter 
a track section if another train (or obstacle) is in it. Furthermore, there is 
usually restricted access to the previous track section for safety measures. The 
length of the block is given by various parameters, such as the maximum 
speed and weight of the train (to calculate the speed curves and the distance 
required to stop). The main disadvantage is that this system has a limit of 
capacity given by the length of the blocks and the speed of the trains. 

 Moving block solves the disadvantage of the fixed block by locating 
continuously the exact position of the train and its speed curve, together 
with a safe margin. The restrictions of operation are given by this block, and 
the train receives different movement and speed restrictions continuously 
depending on the operation of other trains. 

Over the years, many signalling and train control systems have evolved, creating a 
highly technical and complex industry. Every country has developed different 
solutions. Most signalling systems are based on a fixed block location, such as the 
Automatic Train Control (ATC), with several solutions available in the market (e.g. 
EBICAB, LZB, KVB, TVM, ASFA, etc.). The increasing demand to transport 
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goods and passengers across countries led to the recent development of an 
interoperable system:  the ERTMS. This signalling system has different levels of 
operation, with Levels 1 and 2 based on a fixed block and Level 3 and Regional 
based on a moving block. Another solution based on a moving block is used for 
underground rail: the CBTC system. A more accurate and complete description of 
the different signalling systems can be found in Theeg and Vlasenko (2009).  

Several contributions seek to standardise systems in order to achieve interoperability 
between the control and supervision systems (UNISIG SUBSET 026, 2011; 
EIRENE SRS, 2006). In addition, standards have been developed for the RAMS 
of the different railway systems (EN 50126, 1999), with special focus on the systems 
for signalling, communications and processing (EN 50128, 2001; EN 50129, 2003). 
These standards aim to enable interoperability while ensuring safety. 

Swedish railway signalling system: a case study 

To operate on a specific railway corridor, the signalling systems of train and 
infrastructure must be interoperable. The main purpose of the railway signalling 
systems (i.e., to ensure the safe operation of the railway) is fulfilled by the 
combination of the functionalities of all its parts, even though each part has its own 
particular goal and can be considered a complex system on its own. When 
managing railway signalling systems, it is not possible to consider the different parts 
independently; functionality depends on the relationship between them. The 
Swedish signalling system is composed of the following subsystems (Trafikverket, 
2012a): 

 Traffic management system (TMS): creates an interface between the traffic 
operator and the railway network. 

 Signals: give or restrict permission to the train on coming into a track 
section. 

 Interlockings (IXL) / Radio Block Centre (RBC): receive the input from 
the different systems (e.g. track circuits, level crossings, signals, TMS), and 
calculate and return as an output the train operation restrictions to ensure 
safe traffic operation. 

 Track circuits (TC): responsible for the train location.  
 Balise group (BG): give input from the track to the onboard signalling 

system (e.g. speed limits, driving mode, etc.). 
 Level crossings (LC): coordinate the road traffic crossing the railroad. 
 Signalling boards (SB): give the train fixed information (e.g. on tunnels, 

bridges, speed restriction areas, etc.). 

The requirements and solutions will vary depending on which one is installed in a 
railway corridor. In order to guarantee safe operation, the railway signalling divides 
the railway corridor into track sections (or blocks) where only one train is allowed 
at a given time (Anik et al, 2011). Figure 1 shows the Reliability Block Diagram 
(RBD) for the minimum operative section from the point of view of the signalling 
system in a railway network.  
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Figure 1: RBD of a signalling system. 

The various systems, such as track circuits or level crossings, provide input to 
interlocking systems and radio block centre systems (RBC). Interlocking systems 
receive information, process it and make new restrictions on system components. 
For example, they can provide information to onboard signalling systems through 
the GSM-R system. The onboard signalling system is composed of a centralised 
computer that processes the different inputs, giving supervision during the train’s 
operation. An odometry system constantly measures the speed and acceleration of 
the train. The balise antenna reads the information from the balises placed on the 
track. The man-machine interface allows the driver to interact with the onboard 
computer. The juridical recorder records the information generated during the 
operation (e.g. driver operations, balises and odometry information, etc.). Finally, 
the GSM-R exchanges information between the wayside and onboard signalling 
systems.  

The functionality of a railway signalling system is based on the principle of “fail 
safe”; this means the railway section where a failure is located will not be fully 
operative until the failure is repaired, to ensure safety (EN 50126, 1999; EN 50126-
2, 2007). Figure 2 shows a state transition diagram, with an overview of the main 
states of the systems (EN 50126-2, 2007). Since a failure of the signalling systems 
still allows operation of the railway, although limited, it is not sufficient to study 
their effect on the railway operation in terms of reliability and safety by considering 
only the failures and delays. Furthermore, the probability of being operative in a 
degraded mode is not easily measurable, as it is not directly linked to the number of 
failures and delays. 

 

Figure 2: Example of state transition diagram (EN 50126-2, 2007) 

To ensure safe operation, a track section is supervised by an interlocking located at 
the end of that section, usually at a station. Signals are placed at the entrance of 
every section and sometimes in the middle to allow or restrict the passing of a train 
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into that section. Signals restrict the passing of a train when a failure occurs on a 
track circuit or an interlocking, and warns it to circulate with caution when there is 
a failure in a level crossing. When a signal fails, the balise group associated with it 
will force the train to stop. If a balise does not work properly, this will produce an 
emergency brake (EB). A single TMS controls the railway traffic of various 
corridors simultaneously. If the TMS fails, the operation has an automatic mode 
that allows normal operation for a maximum of two hours. After that time, 
operation is not possible. If there is a stoppage of operation caused by a failure on 
the signalling system of a track section, railway operation can still be possible on 
that section if the dispatcher allows the driver to circulate with caution in a 
degraded operational mode. In this case, the maximum speed is 40 km/h and the 
driver’s visual supervision is required to ensure safe circulation (e.g. there is no 
damage in the track, the switch is in the correct position etc.).  

In the area of maintenance, the train records can help to identify a failure because 
they contain the information received from the infrastructure. In the Swedish 
railway, two different signalling solutions are used: ATC and ERTMS. Although 
the systems composing them are the same, there are differences in internal 
architecture and software.  

1.2. Problem statement 

Previous studies have shown the importance of signalling systems on the 
dependability of the railway network (Patra, 2009; Granström, 2012; Stenström et 
al, 2013). Signalling systems supervise and control the railway operation with 
different technologies installed both in the infrastructure along the track and in the 
rolling stock. In railway, the standards for reliability, availability, maintainability and 
safety (RAMS) give guidelines on how to provide evidence of the system’s 
compliance with safety and reliability recommendations (EN50126, 1999); 
however, the specifications to fulfil are allocated to the different subsystems and 
system components, and this can lead to an overestimation of availability or safety 
(Vernez and Vuille, 2009).  

Railway signalling system as a complex repairable system 

Signalling systems are large complex systems made of multiple hierarchical layers 
(Vernez and Vuille, 2009), with a long expected life (in general, between 30 and 40 
years). The performance evaluation of complex systems has its own challenges, i.e. 
the lack of a system overview and conflicting objectives or unclear distribution of 
responsibilities between the actors involved (e.g. the manufacturer, operator, 
maintainer, etc.) (Vernez and Vuille, 2009). System, operating and maintenance 
condition can affect greatly the operating performance of complex systems as well, 
explaining the large discrepancies observed between the intrinsic and effective 
reliability of existing systems (Vernez and Vuille, 2009; Pecht and Nash, 1994; 
EN50126, 1999).  
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The long life of the system means the process used to record failures could be 
modified before end-of-life, leading to inconsistent or incomplete data (Louit et al., 
2009; Ascher and Feingold, 1984; Sun et al., 2011). In addition, there may be 
component modifications, design updates, or changes in maintenance procedures 
etc. Finally, data sets are collected for maintenance management rather than 
reliability engineers; hence, they may lack vital information for a proper reliability 
evaluation which can lead to wrong or incomplete conclusions (Louit et al., 2009). 
How to choose the right input data for the research and assess its reliability is an 
important issue when studying the dependability of a system (Ekstedt et. al, 2014; 
Wallnerström, 2014). 

When the performance of a railway signalling system is being analysed, considering 
the different parts independently will not give a full picture of the global 
performance, since the final purpose (to ensure safe railway operation) depends on 
the relationship between them. In a railway signalling system, different failures can 
have the same failure consequence; it may be impossible to determine the specific 
system where the failure has occurred. Furthermore, the complex architecture of 
electronics and the interdependency of components and systems make it difficult to 
identify and analyse anomalous behaviours (Dorj et al., 2013). Therefore, the 
railway signalling system can be considered as a system of systems (SoS) (Baldwin et 
al., 2011), and the interoperability between the different systems need to be assured. 
The characteristics of a SoS, the differences between complex and SoS systems and 
the concept of SoS engineering is explained at greater length in the theory chapter.  

Safety 

A failure in a signalling system has economic consequences (penalties, high amount 
of maintenance resources, etc.), can affect operation (delays, cancellations, speed 
restrictions, etc.), and have safety consequences. With a failed signalling system, a 
driver will operate in a degraded mode, with safety assured by other mitigation 
measures, such as low speed restrictions. The possibility of operating in a degraded 
mode reduces the economic and operational effects of a failure of the signalling 
systems, but makes it more difficult to evaluate the railway operation, since a failure 
will not necessarily be visible when considering the delays or cancelations, even 
though safety has been compromised. Furthermore, the probability of being 
operative in a degraded mode is not easily measurable, as it is not directly linked to 
the number of failures and delays. 

Maintenance support 

Maintenance management of signalling systems is challenging, given the amount of 
information needed to perform good preventive and corrective maintenance. The 
lack of proper data can lead to incorrect failure identification, which, in turn, means 
more time spent on corrective maintenance and lower system availability. 
Maintenance support performance can be improved through configuration 
management (CM) applied to the item structure or the organisation providing 
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maintenance (IEC 60300, 2004). The item structure takes care of the items that are 
part of the system; meanwhile, the organisation providing maintenance defines the 
structure of the human resources that are needed to perform the maintenance. The 
presence of many different stakeholders running the maintenance and operation 
aspects of the railway network requires good knowledge transfer. Each stakeholder 
has different knowledge and needs, but they all work on the same railway system. 
When maintenance activities are outsourced, there is a risk of losing the knowledge 
required to perform these activities (Campbell, 1995, Espling, 2007). It can be 
difficult to find a company with the required knowledge, or to study the effects on 
maintenance of a change in the infrastructure design. The knowledge transfer of 
best practices between different stakeholders can provide benefits to all of them. 
Better efficiency of maintenance activities can be achieved by taking advantage of 
the available maintenance knowledge, thus contributing to time and costs savings 
(Mansor et al, 2012). 

 

In summary, signalling systems present a complex large system of systems, 
composed by several technologies which have to interoperate to ensure the safety 
of the railway operation. The long life of the systems, the mixture of technologies, 
and the hardware and software based systems makes the evaluation of the 
maintenance performance a challenge. It becomes even more challenging if this 
evaluation is based on field data, but using such data would make the results more 
relevant to railway managers and operators. 

1.3. Purpose and objectives 

The purpose of this study is to propose tools to assess the dependability and safety of 
infrastructure signalling systems during the operation and maintenance phase to 
facilitate continuous improvement of dependability and safety of signaling systems 
leading to risk reduction in railway operation by the use of field data. 

The main objective is to study the dependability and safety performance of 
signalling systems. The main objective can be divided into the following sub-
objectives: 

 Identify possible improvements based on dependability and processes points 
of view. 

 Propose methods for the performance evaluation of the Swedish railway 
signalling systems, based on actual data, to improve the dependability and 
safety of railway signalling systems during maintenance and operation. 
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1.4. Research questions 

The main research question in this thesis is the following: 

 How can the performance of railway signalling systems be assessed during 
the operation lifecycle phase, by the use of field data? 

To answer the main question, the following research questions (RQ) have been 
formulated. The first question identifies the areas to explore; the rest derive from 
the results of the first one: 

RQ1. What are the issues and challenges of the railway signalling systems during 
their maintenance and operation? 

RQ2. How can the maintenance support of railway signalling systems be 
improved? 

RQ3. How can the reliability of railway signalling systems be assessed?  
RQ4. How can the safety and availability of the railway operation be evaluated? 

1.5. Scope and limitations 

The thesis focuses on the performance of railway signalling systems during real-life 
operation, examining RAMS deviations in their inherent and operational behaviour 
and taking a context driven approach. The thesis is limited to the Swedish railway 
signalling systems specified in the architecture document of Trafikverket (2012a), 
and other systems are beyond the present scope (e.g. onboard signalling systems, 
change points, audio frequency track circuits, axle counters, etc.). In particular, the 
validation of the developed methods uses the corrective maintenance and 
architecture data from a railway corridor in the northern part of Sweden for a 
determined period of time. The research mostly draws on the corrective 
maintenance records, since (as stated previously) preventive maintenance is reduced 
to annual visual inspections.  

Some limitations of the research must be acknowledged: 

 This research is based on the corrective maintenance recorded in the 
database.  

 Human factors can affect the quality and reliability of the data records. 
 It assumes every Work Order (WO) is associated with a failure, and this may 

not be the case. 
 Repairs made during inspections or other corrective maintenance actions are 

not considered (note: there is no record of them).  
 For safety and availability evaluations, it considers all failures affect the 

operation of the system. 

Most of these limitations can be minimised with a more detailed analysis of the 
design and architecture of the system (encountering issues of confidentiality) and 
better data collection. Papers II and III work towards that goal. The limitations do 
not affect the models proposed, but they do affect the results obtained from the case 
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study during the validation of the model; hence, improved accuracy of the data 
would improve the accuracy of the results obtained when implementing the 
methods. 

1.6. Structure of the thesis 

The thesis consists of seven chapters and four appended papers: 

Chapter 1, Introduction, introduces the area of research, defines the problem, states 
the aim and goal, gives the research questions, and suggests the scope and 
limitations of the research. 

Chapter 2, Theoretical framework, provides the framework used in the research and 
gives a summary of the different approaches used to deal with the problem 
statement. 

Chapter 3, Swedish railway system: an exploratory analysis, describes the Swedish 
railway system used as the basis for this research, particularly the signalling system, 
and summarises the results obtained during the exploratory analysis. This answers 
RQ1 and gives the basis for approaches to answer the remaining RQs. 

Chapter 4, Research methodology, describes the research strategy and gives the reasons 
for selecting it. 

Chapter 5, Methods for performance evaluation of railway signalling systems, describes the 
methods developed during this research. 

Chapter 6, Validation, results and discussion, summarises the results obtained during 
the validation of the various methods developed. 

Chapter 7, Conclusions, summarises the conclusions extracted from the results and 
links them to the defined RQs, synthesises the contribution of the thesis, and 
suggests further work. 

The five appended papers address the RQs. Table 1 shows the relationship between 
the research questions and the appended papers. RQ1 is answered in Papers I and 
II, RQ2 is discussed in Papers II and III, RQ3 is addressed in Paper IV and RQ4 is 
answered in Paper V. 

Table 1: Relationship between research questions and papers 

 Paper I Paper II Paper III Paper IV Paper V 
RQ1 X X X X X 
RQ2  X X   
RQ3 X   X  
RQ4 X    X 

Paper I describes the framework of signalling system and explores the challenges 
faced in their maintenance and operation. It proposes a dependability model for 
maintenance decision support based on the integration of the various parameters of 
the corrective maintenance actions. It validates the model using a case study, giving 
an overview of the failure phenomena. 
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Paper II explores the use of information logistics for railway signalling systems to 
improve the efficiency of their corrective maintenance. It discusses the information 
logistics used by the current Swedish infrastructure manager for railway signalling 
systems, identifies weaknesses and suggests improvements.  

Paper III proposes a model for CM, improving the efficiency of the information 
logistics by dealing with the areas of improvement found in Paper II. 

Paper IV proposes a method to assess the reliability of long-lived complex systems 
by combining statistical methods with expert assessment and focusing on the failure 
data of the Swedish signalling systems. 

Paper V develops a method to evaluate the safety and availability of railway 
operation, focusing on the effects of railway signalling systems. 

1.7. Contribution 

The contribution of each author to the papers included in this thesis can be divided 
into the following main activities (see Table 2): 

1. Study conception and design 
2. Data collection 
3. Data analysis and interpretation 
4. Manuscript drafting 
5. Manuscript critical revision 

Table 2: Contribution of each author to the appended papers 

 Papers 
Authors I II III IV V 

Amparo Morant 1-5 1-5 1-5 1-5 1-5 
Uday Kumar 5 5 5 5 5 
Per-Olof Larsson-Kråik 5 5 5 5 5 
Ramin Karim  1,3,5 3,5   
Phillip Tretten   5   
Anna Gustafson     3,5 
Peter Söderholm     3,5 
Amir H.S. Garmabaki    3,5  
Alireza Ahmadi    5  
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2. THEORETICAL FRAMEWORK 

This chapter summarises the theory driving the research. More information can be found in the 
various references. The chapter describes the concepts of complex systems and system of systems 
and links them to railway signalling systems. It defines the concepts of maintenance, 
dependability and RAMS and links them to the railway´s operation and maintenance, 
particularly to signalling systems. It gives an example of the high requirements of a signalling 
system in the areas of reliability, availability and punctuality. It concludes by describing 
methods used to assess dependability, in particular, the maintainability, maintenance support, 
reliability and safety of a system.  

2.1. Railway´s operation and maintenance 

Maintenance is defined as the combination of all technical and administrative 
actions, including supervisory actions, intended to retain a product in, or restore it 
to, a state in which it can perform a required function. (IEC 60050,1990). The 
purpose of the maintenance process is to sustain the capability of a system to 
provide a required service to achieve customer satisfaction (ISO/IEC 15288, 2008; 
Liyanage and Kumar, 2003; Söderholm et al, 2007). A schema of the different 
maintenance approaches is given in Figure 3. 

 

Figure 3: Maintenance approaches (EN 13306, 2010). 

The dependability of a system refers to the availability performance of the system 
and the factors that can influence it: reliability, maintainability and maintenance 
supportability (EN 13306, 2010). Maintenance supportability (or maintenance 
support performance) is the ability of a maintenance organisation to have the right 
maintenance support at the necessary place to perform the required maintenance 
activity at a given instant of time or during a given interval (EN 13306, 2010). 

The railway standard EN 50126 (1999) specifies the required reliability, availability 
maintainability and safety for railway applications. This standard defines RAMS in 
terms of reliability, availability, maintainability and safety; it stresses their interaction 
and defines a process, based on the system lifecycle and tasks within it, for managing 
RAMS. The standard EN 50126 (1999) defines RAMS as the following:  

 

 



Methods for the dependability and safety evaluation of railway signalling systems 

 

12 

 Reliability is the probability that an item can perform a required function 
under given conditions for a given time interval. 

 Availability is the ability of a product to be in a state to perform a required 
function under given conditions at a given instant of time or over a given 
time interval assuming the required external resources are provided. 

 Maintainability is the probability that a given active maintenance action for 
an item under given conditions of use can be carried out within a stated time 
interval when the maintenance is performed under stated conditions and 
using stated procedures and resources.  

 Safety is the freedom from an unacceptable risk of harm. 

To maintain dependable systems and optimise system performance, factors which 
could influence the RAMS of the system need to be identified, their effect assessed 
and the cause of these effects managed throughout the lifecycle of the system by the 
application of appropriate controls (EN 50126, 1999). The RAMS of a railway 
system is influenced in three ways: by sources of failure introduced internally within 
the system at any phase of the system lifecycle (system conditions), by sources of 
failure imposed on the system during operation (operating conditions) and by 
sources of failure imposed on the system during maintenance activities 
(maintenance conditions) (EN 50126, 1999); see Figure 4. These sources of failure 
can interact. Improving the factors influencing RAMS will improve dependability. 

 

Figure 4: Factors influencing railway RAMS (adapted from EN 50126, 1999). 

There are two types of failures to take into account, systematic and random. 
Systematic failures are those due to errors in any safety lifecycle activity, within any 
phase, which cause a system to fail under some particular combination of inputs or 
under some particular environmental condition (EN 50126, 1999), e.g. errors in 
requirements, design and realisation inadequacies, manufacturing deficiencies, 
inherent weaknesses, software errors, operating instruction deficiencies, etc. 
Random failures are those related to such factors as the operating mode, the 
environment, stress degradation and wear out, etc. While systematic failures can be 
minimised by better maintenance support, random failures are inherent to the 
system and the operating conditions. Both types of failures have to be managed to 
control and minimise their effects (EN 50129, 2003). 
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Signalling systems have mechanical, electrical and electronic components, as well as 
software. The standard EN 50129 (2003) helps identify the hardware component 
failure modes, while the standard EN 50128 (2001) describes the process to evaluate 
and maintain the software on the railway equipment. 

The system lifecycle is a sequence of phases, each containing tasks, covering the life 
of a system from initial concept through to decommissioning and disposal. It 
provides a structure for planning, managing, controlling and monitoring all aspects 
of a system, including RAMS, as the system progresses through the life phases, so 
that the right product is delivered at the right price within the agreed time frame 
(EN 50126, 1999). Every phase of the lifecycle has a specific objective and input 
(usually the output of the previous phases). The standard EN 50126 (1999) defines 
the requirements to be accomplished in each phase, the deliverables to produce and 
the verification process. The research of this thesis is based on the lifecycle phase of 
maintenance and operation. The objective of the phase of operation and 
maintenance is to operate (within specified limits), maintain and support the total 
combination of sub-systems, components and external risk reduction measures such 
that compliance with system RAMS requirements is maintained. 

Signalling systems can be considered repairable systems with non-zero time to 
restoration and continuously operating items (COI) (IEC 61703, 2001). RAMS 
parameters can be estimated to study the dependability of the system; some are 
shown in Table 3.  

Based on these assumptions, the following definitions appear in the standard 
EN60050 (1990): 

 Time between failures (TBF): the time duration between two consecutive 
failures of a repaired item. 

 Operating time between failures: total time duration of operating time 
between two consecutive restorations. 

 Mean operating time between failures (MTBF): expectation of the operating 
time between failures. 

 Time to maintain (TTM): the total downtime (DT) when the system 
 is not available for operation.  

It is important to mention the note related to the definitions of mean time between 
failures on the standard, where it states that the use of the abbreviation MTBF as 
the mean time between failures is now deprecated (EN60050, 1990).  
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Table 3: RAMS parameters (adapted from EN 50126, 1999, IEC61703, 2001) 

Reliability 

Mean	Operative	Time	Between	Failure		 MTBF
	 	

. 	
                         ) 

Failure	rate	 λ   (when constant)                                                                 

Failure probability F(t) 

Reliability success	probability 	R t f s ds 

Availability (inherent, operational) 

Availability A                                                                                       

Mean Up Time (MUT), substitute as appropriate MTBF, MTBSF, etc. 
Mean Down Time (MDT), substitute as appropriate MTTM, MTTR, etc. 

Operational Availability                                                          

Maintainability 
Mean Time To Maintain (MTTM) 
Mean Time To Restore (MTTR) 

Restoration rate μ     (when constant)                                                         

Operational Restoration rate μ   (when constant)                                       

MTTR
	

. 	
                                                                                                   

False Alarm Rate (FAR) 
Safety 

Mean Time Between Safety System Failure (MTBSF) 
Hazard Rate H(t) and Tolerable Hazard Rate (THR) 
Time To Return to Safety (TTRS) 

ERTMS/ETCS RAMS requirements specification  

A system failure occurs when the delivered service deviates from the intended 
service. A failure is the effect of an error on the intended service, and the cause of 
an error is a failure which resides in the system. The failures of railway signalling 
systems can be classified according to the effect of the failure in the railway 
operation. Immobilising failures cause the system to be unable to safely control two 
or more trains. Service failures cause the nominal performance of one or more 
trains to be reduced and/or the system to be unable to safety control at most one 
train. Finally, minor failures result in excessive unscheduled maintenance and 
cannot be classified in the above definitions. 
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The requirements of the performance of a railway signalling system are particular to 
each system and are specified in agreement between the manufacturer and the 
infrastructure manager during the design phase. The document “ERTMS/ETCS 
RAMS requirements specification” (1998) gives an idea of the high demands on the 
performance of the signalling SoS. Some of the requirements are listed below.  

 The probability of having a delay caused by the signalling systems failures 
shall not be greater than 1.8%; in particular, the probability of ERTMS 
failures shall be not greater than 0.0027. The allowed average delay per train 
due to a failure on a signalling system, of an average trip of duration of 90 
min, shall be not greater than 9 minutes. 

 The operational availability due to all causes of failure shall be not less than 
0.99973.  

 Immobilising failures shall not exceed the 10% of the total number of failures 
affecting the system operation; service failures shall not exceed 90% of the 
total number of failures affecting the system operation. 

 The mean time to restore is 1.737 hours for the trackside distributed 
equipment. The appropriate value for ensuring the trackside equipment 
standstill time is less than 4 hours is 90% of the unscheduled repairs, 
assuming exponentially distributed repair time. 

 The mean time between immobilising hardware failures for trackside 
equipment shall be not less than 1.2*105 hours for the distributed 
equipment. For the service hardware failures, it shall not be less than 1.4*104 
hours. 

 The maximum amount of time necessary to reach the maintenance site 
cannot exceed 30% of the maximum tolerable standstill time (1.2 hours). 

Even though ERTMS is not studied in this thesis, these requirements give an idea 
of the level of performance expected from a signalling system. The systems 
considered herein include the trackside equipment (IXL, TC and balise) and 
centralised equipment (TMS); onboard equipment is out of the scope of this thesis. 
The signals and level crossings are not part of the ERTMS system. 

2.2. Railway signalling systems as a System of Systems 

The standard ISO/IEC 15288 (2008) defines a system as a combination of 
interacting elements organised to achieve one or more stated purposes. Complex 
systems have been conceived, developed and deployed as stand-alone systems to 
address a singular problem (Keating et al., 2003). However, complex systems 
usually do not operate in isolation. Rather, they operate as subsystems to perform 
missions in systems that integrate multiple complex systems (Keating et al., 2003).  

 



Methods for the dependability and safety evaluation of railway signalling systems 

 

16 

The term System of Systems (SoS) is used to classify an arrangement of independent 
and interdependent systems that delivers unique capabilities (Baldwin et al., 2015), 
which must have at least four basic attributes (Baldwin et al., 2015; Baldwin et al., 
2012; Baldwin et al., 2011; Gorod et al., 2008):  

 Autonomy: the ability of a constituent system to complete its own goals 
within limits and without the control of another entity; 

 Belonging: the ability of a constituent system to choose to contribute value 
to the goals of another system in exchange for value to its own goals; 

 Connectivity: the dynamic nature of information flows between constituent 
systems; 

 Diversity; different systems have different goals;  
 Emergence: the formation of new properties as a result of developmental or 

evolutionary process. 

The differences between the concepts of complex systems and SoS are summarised 
in Figure 5 (Boardman and Sauser, 2006; Gorod et al., 2008). An SoS is a 
composite system composed of autonomous, complex systems that are dynamically 
connected and make contributions to the goals of the SoS (Baldwin et al., 2011).  
SoS engineering is the discipline that focuses on the engineering of multiple 
integrated complex systems (DiMario et al., 2009).   

Railway signalling systems are composed of several different systems, each with its 
own purpose. However, the main functionality requires and is defined by their 
interoperability: the supervision and protection of the railway network will not be 
possible if any of the items of the signalling system do not work properly or there is 
a lack of interoperability. Hence, a railway signalling system can be considered and 
studied as an SoS. 

 

Figure 5: Systems vs Systems of Systems (Gorod et al., 2008) 
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2.3. Methods and models for performance evaluation and 
dependability analysis 

Dependability analysis has the purpose of analysing a system usually on the basis of 
dependability techniques and relevant performance data. The general process and 
the different methods (and their particularities) are described in the standard IEC 
60300-3-1 (2003). A summary of the methods and their characteristics is given in 
Table 4.  

The appropriate methods to analyse the dependability of the system will depend on 
the phase of the life-cycle, the scope of the research and the type of data available. 
This is evaluated in the Research methodology chapter, following the results 
obtained in the exploratory analysis. 

Table 4: Methods for dependability analysis 
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Failure rate prediction  X X    X  X 61709 
Fault tree analysis (FTA) X X X X    X X 61025 
Event tree analysis (ETA) NR NR X NR X X X  NR  
Reliability block diagram 
analysis (RBD) 

NR NR X X    X X 61078 

Markov analysis  X X X X X X  X X 61165 
Petri net analysis X X X X X X  X X  
Failure modes and effects 
(criticality) analysis 
(FME(C)A) 

NR NR X    X  NR 60812 

HAZOP studies X X     X   61882 
Human reliability analysis X X X X X X X    
Stress-strength analysis NA NA X NA NA  NA NA   
Truth table (structure 
function analysis 

 X X X   NA NA X  

Statistical reliability 
methods 

X X X X X X NA NA NR 60300-3-5 

NR: not recommended as stand-alone method, to be used jointly with other methods 
NA: the criterion is not applicable with respect to this method 
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Maintainability verification (IEC 60706-3: 2007) 

Methods for maintainability verification include: analysis and review of historical 
data, including analysis of field data; special studies; demonstration tests; review of 
operational experience; and spatial imaging simulation. 

The statistical evaluation of field data over a sufficient time period may yield a 
realistic basis for quantitative maintainability verification. Field data form an 
instructive source of information for later projects, serving as a reliable historical 
database for maintainability verification. This procedure can be only applied in the 
operational phase, however; it is also time consuming and requires an efficient data 
collection system. Maintenance data collected during the operational use of an item 
represent the optimum source of information on the quantitative maintainability 
characteristics. To enable proper conclusions to be drawn from these data, they 
should include, as a minimum: identification of the item, assembly, subassembly, 
etc.; reason for the maintenance action; type of maintenance action performed; 
man-hours for maintenance action; elapsed time for maintenance action; total 
maintenance downtime; operational hours for each item; number and skill level of 
maintenance item; utilisation of tests/checks of equipment; maintenance access; 
spares and material consumption. 

2.4. Maintenance support (IEC 60300-3-14: 2008) 

Maintenance is the combination of all technical and administrative actions, 
including supervisory actions, intended to retain an item in, or restore it to, a state 
in which it can perform a required function. Basic terms relating to maintenance 
are defined in EN 13306 (2010), and their interrelationships are described in the 
standard IEC 60300-3-14 (2004). Maintenance policy is the general approach to 
the provision of maintenance and maintenance support based on the objectives and 
policies of owners, users and customers. 

Maintenance support consists of the resources required to maintain an item, under a 
given maintenance concept and guided by a maintenance policy. Resources include 
human resources, support equipment, materials and spare parts, maintenance 
facilities, documentation, information and maintenance information systems. The 
ability of an organisation to provide maintenance support under given conditions is 
referred to as maintenance support performance. 

The following factors affect the maintenance and maintenance support during the 
operation and maintenance phase: 

 Whether design factors affecting the maintenance of the system have been 
taken into account (e.g. operating and environmental conditions, location 
and type of operation, availability). 

 Preferences (economic or not) for different preventive and corrective 
maintenance tasks. Improvements in maintenance technologies such as 
condition based maintenance (CBM) and experience with items may result 
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in changes in the type of preventive tasks or scheduled maintenance 
(Bergquist and Söderholm, 2014). 

 Maintenance support resources already in place. This will influence 
maintenance, as existing practices are normally adopted where possible. 
Maintenance support may be modified and improved during the operation 
and maintenance phase by changes such as better materials and spare parts, 
new support equipment, better availability of external maintenance facilities 
and new policies to contract or outsource all or part of maintenance and 
maintenance support. 

Information logistics 

The efficiency of maintenance depends on the availability of information services, 
at the right time, with the right quality, for the right stakeholders (Karim, 2008). 
Luxhøj et al. (1997) review the relationship between maintenance improvement 
and organisational learning; they say a company’s knowledge base for maintenance 
is typically not well organised, structured, or current. Conducting effective and 
efficient maintenance requires accurate information and appropriate knowledge 
provisioning. Insufficient or inadequate maintenance support information leads to 
the “No Fault Found” (NFF) phenomenon (Söderholm, 2007). Hockley and 
Phillips (2012) explain the relationship between NFF and lack of training, sharing 
information and communication as organisational causes of NFF.  

To create a holistic picture of where failures are located and the dominant factors 
causing them, structured databases containing the complete information are 
required (Kumar et al, 2008). Information logistics processes can approach the 
explicit knowledge management dissemination; however, these systems are not 
enough to cover all tacit knowledge transfer, which depends partly on the expertise 
of personnel.  

For complex, safety-critical systems, achieving consistency has important social and 
monetary benefits. Therefore, being able to assess or make visible the configuration 
status of a product during a project is crucial (Burgess et al, 2003). CM has 
established niche positions in safety critical areas such as aerospace, defence and 
nuclear power (Fowler, 1993, Ali and Kidd, 2013, Burgess et al, 2003, Burgess et 
al, 2005). For one particular product type, namely software, CM has become a key 
support in the lifecycle (Burgess et al, 2005, Fowler, 1993).  

Problems areas caused by poor CM include inefficient data storage and retrieval, 
inadequate revision control and incompatibility between design and production 
(Dhillon, 1987). Kidd (2001) states that the configuration should not only be 
restricted to the product lifecycle but should encompass the whole lifecycle, from 
the first steps of the product concept generation to the retirement of the product, 
even longer if it can assist in future projects. Although the main benefit of CM is its 
assurance of information integrity (Kidd, 2001), other benefits can result: 
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 CM reduces product development time (Ali and Kidd, 2013, Burgess et al., 
2003). 

 It reduces change cycle time and cost (Kidd, 2001). 
 It enhances overall product quality (Ali and Kidd, 2013). 
 It forces analysis of problem causes, not just their effects (Fowler, 1993). 

However, research has shown that despite the importance and benefits of CM, 
companies seem to regard it as a compliance issue (Kidd, 2001, Burgess et al., 
2005). CM faces barriers in such diverse areas as management support, governance, 
training, principles and policies, planning, authority to implement, stakeholder 
support, communication, and resource requirements (Ali and Kidd, 2013). 
Nevertheless, CM´s impact is expanding through the increasing awareness that 
business and society depends on complex man-made systems whose design and 
operation have to be managed in the face of demanding environmental change 
(Burgess et al., 2005). 

2.5. Reliability assessment 

The assessment of reliability is directly linked to the study and analysis of the failures 
of a system. Failure is defined as the termination of the ability of an item to perform 
a required function, while reliability is the probability that an item can perform a 
required function under given conditions for a given time interval (IEC 60050, 
1990). A system can be repairable or non-repairable; repairable systems can be 
restored, while non-repairable systems are replaced and discarded when they fail 
(Louit et al., 2009; Ascher and Feingold, 1984). 

When modelling failure data, various models can be applied depending on the type 
of repair considered. When the repair or substitution of the failed part in a complex 
system does not involve a significant modification of the reliability of the 
equipment, the Non Homogeneous Poisson Process (NHPP) is able to correctly 
describe the failure-repair process (Louit et al., 2009; Pulcini, 2000; Coetze, 1997). 
Other authors prefer the Homogeneous Poisson Process (HPP) because of its 
simplicity in the calculations and the long life of the system (Murphy et al., 2002; 
Sun et al., 2011; Panja and Kumar, 2007), even though some risks must be taken 
into account when assuming a constant failure rate (Ascher and Feingold, 1984). 
The model of the lifetime distribution with an exponential distribution is also used 
for long-lived systems which are in the useful life phase of the bathtub curve (He 
and Ren, 2014; Malefaki et al., 2014; Flammini et al., 2006; Chandra and Kumar, 
1997). The Renewal Process model (RP) is considered by some authors, with 
special mention of the Weibull distribution (Antoni, 2009; Chandra and Kumar, 
2007) and the Gamma distribution (van Noortwijk, 2009). Others suggest 
combinations of existing models (Sun et al., 2011; Pulcini, 2000; Chandra and 
Kumar 1997).  
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Consider a repairable system where Ti (i=1,2,3,…)ϵ[T0,T] are the times of failure of 
the system and Xi is the time between failure i-1 and failure i where the total 
number of events is n, and the system is not in a failed state when the observation 
time is finished. Ti and Xi are random variables, and N(t) is the function of number 
of failures depending on the time to failure. The estimates of the mean value X and 
the variance σ2 of Xi can be calculated as follows: 

X ∑ X
n 1  ;   σ ∑ X X

1  

It is common to assume certain failure data are independent and identically 
distributed (iid), but this can lead to the wrong model selection for the time to 
failure and to wrong conclusions and decisions if that assumption is not true (Louit 
et al., 2009).  

RAMS of railways signalling systems: previous research  

Numerous authors have published research on the reliability evaluation of railway 
signalling systems (Patra, 2009; Stamenkovic, 2009; MacChi et al., 2012; Flammini 
et al., 2006 etc). Other research has focused on lifecycle cost (Dersin et al., 2008, 
Beck et al., 2008); electromagnetic compatibility (EMC) (Niska, 2008, Morant et 
al., 2012); condition-based maintenance (Fararooy and Allan, 1995); etc. Table 5 
gives an overview of the previous research on RAMS for railway signalling systems, 
depending on which system or component and failure rate are considered and the 
particular topic of the paper. The last column notes particularities in the analysis, 
such as the consideration of hidden failures, redundancies in the design, or the 
possibility of operating on a degraded mode.  

Different approaches have been taken in studies of system ageing. Most previous 
research considers a constant failure rate. Some papers perform sensitivity analysis 
based on the values of the failure rates (Brkic and Adamovic, 2010; Dersin et al., 
2008; Bondavalli et al., 2001). Chandra and Kumar, 2007 consider the reliability of 
a point machine by testing the hypothesis of the failure following an HPP or an 
NHPP; they conclude the failure can be modelled as an HPP model.  

Other authors examine the effects of the ageing of railway signalling systems on 
maintenance and operation: Chandra and Kumar (1997) propose a Markov model, 
using different failure rates depending on the moment of life of the system (λ for 
the first six months; 2	λ for the first 15 days of last phase period of bath-tub; 4	λ for 
the second 15 days of last phase period of bath tub). 

Antoni (2009) evaluates different lifetime estimation methods for different 
components of the railway signalling systems and finds the Weibull distribution may 
not be the best model, since there is a combination of different failures; the 
Bertholon distribution should be considered in future work. 
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Dersin et al. (2008) compare different strategies to assess the dependability of 
railway signalling systems, considering a constant and variable failure rate (with 
exponential and Weibull distributions), and variable failure rate and aging (using 
Kijima´s model) and find a target availability of 99.99% can be achieved with 
constant monitoring and deferred corrective maintenance; this achieves the lowest 
cost among all maintenance approaches considered. The results also show that while 
the Petri net approach allows a higher degree of generalisation, Markov models 
permit a deeper analytical study, and the more general models follow the behaviour 
shown in the Markov models (Dersin et al., 2008). 

Trend tests 

Several authors have studied the power of the different trend tests for repairable 
systems (Kumar et al. 1989; Block et al., 2014; Garmabaki et al., 2014; Kvaløy et 
al., 2001; Viertävä and Vaurio, 2009; etc.). The trend and independence of the data 
must be checked to find the best model. Depending on of the data is monotonous 
or not different trend tests can be used. A trend in the pattern of failures can be 
monotonic or non-monotonic. If no trend is shown in the data, the failure rate is 
identically distributed. Non-monotonic trends are said to occur when trends 
change with time or they repeat themselves in cycles. If there is a monotonic trend, 
the system is said to be improving (/deteriorating) if the time between arrivals tends 
to get longer (/shorter).  In addition, different tests have different null hypotheses, 
i.e., if a trend test for null hypothesis of H0 being HPP is rejected, the data could 
still follow an RP or an HPP; a second trend test to check the null hyphothesis of 
H0 being RP must be performed. 

A number of different tests check whether data present a parametric or graphic 
trend. Graphical tests can be used to determine if the data show a trend (Ascher and 
Feingold, 1984; Crowder et al., 1991), to identify possible outliers in the data, and 
to indicate if the trend is monotonous or non-monotonous. Non-monotonous 
failure data can be modelled by considering one distribution and two different 
failure intensities or different and independent distributions. In the case of a non-
monotonous trend, the change point can be identified graphically.  

This thesis applies these concepts and tests for failure data with non-monotonic 
patterns.  

The plot of cumulative number of failures vs. cumulative operating time can be 
used to check the homogeneity and the type of trend (monotonic or non-
monotonic) of the data and to look for outliers. If the trend is non-monotonic, it is 
possible to identify graphically where the change point is located. The results of the 
plot can give a first answer to the rejection or not of the null hypothesis; this is later 
validated (or not) by the results of the parametric tests.  

However, graphical techniques do not provide statistical evidence to reject the null 
hypothesis (Tsang, 2012). Parametric tests help determine whether the observed 
trend is statistically significant or just accidental; some tests are: Laplace, Military 
handbook, Anderson-Darling, Mann reverse arrangement, Lewis and Robinson, 
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etc. (Ascher and Feingold, 1984; Tsang, 2012). Laplace and military handbook tests 
check the null hypothesis that data come from an HPP, when rejection of the null 
hypothesis in strict terms means the process is not an HPP but could, in principle, 
be an RP and, thus, still have no trend (Lindqvist, 1997; Ascher and Feingold, 
1984). A summary of the trend tests based on the null hypothesis is shown in Table 
6, together with the limits for each trend test for a confidence interval of 95%. 

Different trend tests can lead to different results because different tests are optimal 
for certain families of intensities or hazard rates and less powerful for others. When 
a true trend exists in the underlying intensity or hazard rate, a test can lead to three 
possible results: it correctly detects a trend and the type (direction) of the trend; it 
fails to recognise any trend (accepting the null hypothesis); or it incorrectly points 
to an opposite (false) trend (Vaurio, 1998). Several authors have studied the power 
of the different trend tests for monotonic and non-monotonic trends in repairable 
systems, identifying their strengths and weaknesses (Jiang, 2015; Lindqvist, 1997; 
Kvaløy and Lindqvist, 1998; Kvaløy et al., 2001; Kvaløy and Lindqvist, 2003; 
Lindqvist, 2006; Viertävä and Vaurio, 2009). Some of the results of the previous 
research on the performance of trend tests are the following:  

 Laplace and MIL tests are more efficient than the LR test for NHPP 
alternatives with log linear and power law intensities (Lindqvist, 1997; 
Kvaløy et al., 2001).  

 The AD test might be recommended as the best choice for general use when 
testing for HPP, because the differences in power between the AD test and 
the respective optimal test against monotonic alternatives are small compared 
to the differences between them against non-monotonic trends (Kvaløy and 
Lindqvist, 1998).  

 GAD and LR have fairly similar power properties for monotonic trends, 
with the GAD being a bit more powerful than the LR test against increasing 
trend and opposite against decreasing trend (Kvaløy et al., 2001). Yet GAD 
has better power properties than the other tests in non-monotonic trends 
(Kvaløy et al.; 2001, Jiang, 2015).  

 The Mann test is clearly less powerful than the other tests against increasing 
trend but is the most powerful test against decreasing trend in the 
overdispersed case (Kvaløy et al., 2001).  

 The GAD test is very good for an increasing or a bathtub trend case, while 
Mann and LR perform well for a decreasing trend case (Jiang, 2015).  
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Independence test 

If there is no apparent trend, the autocorrelation must be checked to test the 
independency between the Xi. It is possible to check the independency by plotting 
Xi+k against Xi for various integer values of k; this is known as the lag (Crowder et 
al., 1991). There is a parametric test to check the autocorrelation coefficients rk for 
various values of k (Crowder et al., 1991), where: 

∑
∑     (1) 

Finally, if a number of r orders of serial correlation are considered, the sample serial 
correlation coefficient can be calculated (Meeker and Escobar, 1998): 

∑ ̅ ̅

∑ ̅ ∑ ̅
 (2) 

where 	 ∑ . When ρk=0 and r is large, ~ 0,1 . This can 

assess whether ρk is different from zero (Meeker and Escobar, 1998). Even though 
the first-order serial correlation (k=1) is typically the most important lag to consider 
(Meeker and Escobar, 1998), checking the correlation only between i+1 and i 
merely tests the independence between the two immediate failures; it is still possible 
to find autocorrelation in the failure data (Crowder et al., 1991). 

Goodness-of-fit tests 

After calculating the parameters for the different possible distributions that can fit 
the data, it is necessary to perform a statistical test for goodness of fit (Ebeling, 
2010). The goodness-of-fit tests indicate which distribution fits best the failure data 
by comparing the values obtained (the distribution with the lowest value on the test 
will have the best fit), while the p-value (the probability of getting a value from the 
corresponding distribution equal to or more extreme than the one computed from 
data for the parametric test) measures the level of significance (Vaurio, 1999).  

The Anderson-Darling test for goodness of fit is a modification of the Kolmogorov-
Smirnov (K-S) test. Anderson-Darling can be used to test distributions as normal, 
exponential, Weibull, lognormal, uniform, etc. The Anderson-Darling test is an 
alternative to the Chi-square and Kolmogorov-Smirnov goodness-of-fit tests. The 
test is defined as (Stephens, 1974): 

∑ ln	 1   (3) 

where F is the cumulative distribution function (cdf) of the specified distribution. 
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2.6. Safety evaluation 

The standard 50126 (1999) defines the safety integrity level (SIL) as one of a 
number of defined discrete levels for specifying the safety integrity requirements of 
the safety functions to be allocated to the safety related systems. The safety integrity 
level with the highest figure has the highest level of safety integrity. When applying 
the SIL levels, having more than four levels is not recommended. Furthermore, an 
SIL should only be allocated to stand-alone equipment which performs one or 
more simple functions, and it only addresses an expected level of confidence in the 
safety for a product (EN50126, 1999). Table 7 defines qualitative categories of risk 
and the actions to be applied in each category. The railway authority is responsible 
for defining the principle to be adopted, along with the tolerability level of a risk 
and the levels of the different risk categories.  

Table 7: Risk evaluation and acceptance (EN50126, 1999) 

Frequency of occurrence of 
a hazardous event 

Severity level of Hazard consequence 
Insignificant Marginal Critical Catastrophic 

Frequent Undesirable Intolerable Intolerable Intolerable 
Probable Tolerable Undesirable Intolerable Intolerable 
Occasional Tolerable Undesirable Undesirable Intolerable 
Remote Negligible Tolerable Undesirable Undesirable 
Improbable Negligible Negligible Tolerable Tolerable 
Incredible Negligible Negligible Negligible Negligible 

The risk levels can be described as: 

 Intolerable: must be eliminated 
 Undesirable: only accepted when risk reduction is impracticable and with 

the agreement of the railway authority 
 Tolerable: acceptable with adequate control and the agreement of the 

railway authority 
 Negligible: acceptable without any agreement 

Two approaches can be utilised when trying to improve the safety of a system (e.g. 
reducing the hazard rate). One is to increase reliability by decreasing the failure 
rate; the other is to increase the probability of detection of the failure. Table 8 links 
the tolerable hazard rate (THR) (hazard is defined as the physical situation with a 
potential for human injury) with the SIL (EN50129, 2003). 

Table 8: Tolerable hazard rate (h-1) 

THR per hour and per function (h-1) Safety integrity level SIL 
10 10  SIL4 
10 10  SIL3 
10 10  SIL2 
10 10  SIL1 
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There are several possible approaches to evaluate the safety and availability of 
railway signalling systems. Restel (2015) states the classification into the subsets of 
availability and failure is not sufficient to model the reliability and safety of the 
railway system and proposes a model wherein the states are defined on five 
dimensions: correctness of operation; disruptions of the transportation process; 
traffic dependence of trains; type of unwanted event; events related to the success 
feature of the system. Buchheit et al. (2013) propose using a Petri net model to 
consider large railway systems’ operation in a degraded mode.  

Chandra and Kumar (1997) quantify reliability and safety in terms of the probability 
of being in an unsafe state by using a Markov reliability model. Vernez and Vuille 
(2009) propose a functional FMECA approach to address the dependability 
optimisation of large and complex systems, such as railway signalling systems; they 
say this approach overcomes some weaknesses of classical FMECA approaches, such 
as the lack of overview of the system. Kohlik and Kubátová (2013) say 
dependability models allow calculating the rate of an event leading to a hazard state 
which can lead to material loss, serious injuries or casualties; they suggest a 
hierarchical dependability model based on Markov chains can speed up the hazard 
rate calculation. They apply the model to calculate the hazard rate of a railway 
station signalling system and an interlocking (Kohlik and Kubátová, 2012).  

A number of authors evaluate the availability and / or safety of railway signalling 
systems using approaches based on the Markov process: Markov Chains (Chen et 
al., 2012), Monte Carlo Simulation (Hasanzadeh et al., 2008) and Stochastic Petri 
Nets (Adamyan, 2004, Patra and Kumar, 2010) are suitable approaches for 
stochastic modelling to evaluate the RAMS of a railway signalling system.  



 

 

3. SWEDISH RAILWAY SIGNALLING SYSTEMS: AN 
EXPLORATORY ANALYSIS 

The chapter summarises the case study of the Swedish railway system used in the thesis, a 
railway corridor in the northern part of Sweden. The results of the exploratory analysis answer 
RQ1; they provide a starting point for the examination of the remaining RQs and the 
particularities of the case study that must be taken into account when answering them.  

3.1. Information logistics 

Trafikverket has a wide network of combined databases which gather information 
from the railway network, and to which stakeholders have access depending on 
their needs to perform a specific activity (e.g. maintenance, performance studies, 
design improvements, etc.). Table 9 lists the most important databases for signalling 
systems on the Swedish railway infrastructure. More information can be found in 
previous research (Patra, 2009; Holmgren, 2006). 

Table 9: Trafikverket databases related to signalling systems  

Database Description 
BIS System architecture (Banverket, 2008; Trafikverket, 2012a) 
BVDOC Generic documentation 
IDA Project documentation (Banverket, 2004) 
0felia Corrective maintenance (Trafikverket, 2010, Trafikverket, 2011) 
BESSY Preventive maintenance inspections (Trafikverket, 2012c, Trafikverket, 

2012d) 
PATCY ATC design performance 
Duvan Analysis of operation and maintenance performance 

The architecture of the whole railway infrastructure is managed by a software tool 
(BIS). Through BIS, it is possible to see which items compose a particular section 
of the railroad (signalling, power supply, track components, etc.). The information 
in this database is the basis for a number of activities, such as infrastructure design, 
budgeting, operation and maintenance, traffic analysis and planning, reports, etc. 
BIS exchanges information with several other railway databases; Figure 6 shows the 
relationships between them. 

 

Figure 6: Data fusion architecture schema. 
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Corrective maintenance work orders related to the railway infrastructure in Sweden 
are managed in a software program called “0felia.” The process of failure reporting 
is described in a document of the Swedish infrastructure manager (Trafikverket, 
2011). The document lists the different steps and explains how to proceed from the 
time a failure is identified and reported until the corrective action is finished and 
the work order (WO) related to the failure is closed. Many partners are involved in 
the process, since the train operator can identify the failure, the railway 
infrastructure manager controls the activity performed on the railway network and 
a subcontracted company does the corrective maintenance. Since some parameters 
in 0felia are registered manually, processing the data is necessary to group 
information in an appropriate manner. 

The documentation is managed in two databases, depending on the type of the 
data. The documentation repository BVDOC stores and classifies generic 
regulations and manuals not assigned to any specific project. IDA is the name for 
the documentation and file database for the Swedish transport administration. It is 
an adaptation of ProjectWise from Bentley Systems. This tool supports 
management, developing new projects and maintaining existing ones. It manages 
various types of information, from documentation to CAD files. Specific 
information from projects is stored on this database, such as contracts, manuals, 
drawings, etc. Processes for the review and updating of information are described in 
the manuals for the software tool.  

The maintenance and safety inspections in the infrastructure are registered in Bessy. 
The results and dates of these inspections are registered for each item inspected. 
Scheduled inspections are also indicated. The regulations governing the safety 
inspections required for each system and subsystem of the railway infrastructure are 
defined by the Swedish infrastructure manager; these can be found in the 
documentation database BVDOC. 

Another database involved in the operation and maintenance of signalling systems is 
PATCY. The purpose of PATCY is to record and upload ATC projects to the 
architecture database BIS. Duvan is the platform for analysis of the operation and 
maintenance of the railway network based on the different information from the 
databases Bessy, 0felia and BIS. As the data are not updated immediately, there is 
often a delay gathering them.  

0felia: the corrective maintenance database 

0felia is based on the BMC Software Remedy User but adapted to the specific 
requirements of the management of the corrective maintenance for the Swedish 
railway infrastructure. 0felia has its own manual for data analysis (Trafikverket 
2010). Each column of the records displays a different parameter giving information 
related to a failure and the corrective action performed (see Table 10). When filling 
a WO, some parameters must be filled, while others are only recommended. 
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Table 10: 0felia corrective maintenance: parameter description 

Report label Label description 
Failure report ID Each WO record is assigned a code for identification. 

Status 
WO status associated to each report: open, in progress, 
closed. 

Identification date Date when the WO record was opened 
Notification date Date when personnel were notified of the WO 
On the way dates Date when personnel arrived at the failure location 
Corrective action start date Date when corrective action began 
Found date Date when the failure was identified 
Corrective action end date  Date when the failure was corrected 
Completed date Date when the WO was closed 

Response time 
Response time between notification and start of corrective 
action 

Corridor ID Code of the railway corridor where the failure is located 
Location from 

Section of the track where the failure is located 
Location to 

Symptom 
Symptom that identifies a failure and opens the WO, 
usually observed by the driver. It is defined by the system 
asset affected. 

Description Description of the failure 

Technology system failure 
Technology related to the failure (power supply, 
signalling, track, etc.) 

Field competence 
Technology related to the WO (electrical, mechanical, 
telecommunications, etc.) 

System Asset 
System where corrective action is performed, following 
the architecture description of Trafikverket (Trafikverket, 
2012a) 

Location Location where the corrective action is performed  
Model type Model identification of the asset (Part number) 

Subsystem asset 
Subsystem where corrective action is performed, 
following the architecture description of Trafikverket 
(Trafikverket, 2012a) 

Component  Component where corrective action is performed  
Device  Device where corrective action is performed 
Real failure Failure related to the corrective WO 
Cause of failure Reason for the failure 

Action performed 
Corrective action performed in order to close the 
WO. 
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3.2. Inter-organisational knowledge management in the 
Swedish railway 

Sweden’s railway network is a deregulated system. About 20 operators use the 
Swedish state’s rail infrastructure (Alexandersson and Hultén, 2008). The 
maintenance of the railway network (rolling stock and infrastructure) is managed by 
different companies. The Swedish transport administration (Trafkikverket) is 
responsible for investments in and maintenance of railway infrastructure; it also 
formulates the long-term national transport policy (Alexandersson and Hultén, 
2008). State companies such Transitio or Rikstrafiken (via ASJ) provide the 
operators with the necessary rolling stock to solve problems of interoperability 
between the onboard and infrastructure signalling systems (Alexandersson and 
Hultén, 2008). 

Trafikverket uses performance-based contracts for the maintenance of the 
infrastructure. The condition of the track is assessed before a contract is set up, and 
changes on the condition of the assets are linked to bonuses and fees (Stenström, 
2013; Espling 2007). All new contracts are performance-based with fixed payments 
for five years with an option of two more years (Stenström, 2013).  

A bonus is used as an incentive and ensures gains for the contractor if he/she 
reaches the objectives or fulfils the demands, while penalties are incurred if these are 
not met (Espling, 2007). The following conditions should be met: 

 Failure reports should be reported back to the system. 
  Inspection remarks should be reported back to the system. 
  Contractors should make timely repairs, i.e. the time from when the 

contactor is notified about a failure until he/she is in place to start the repair 
should be minimal. 

  Mean time to repair failures should not exceed prescribed time limits. 
  Inspection remarks should follow prescribed time limits. 
  Planned maintenance activities on the track should not be exceeded. 
  Maintenance activities on the track should not cause train delays. 
  All personnel working on the track should be informed about traffic and 

electrical safety demands. 

Knowledge dissemination and distribution from Trafikverket to the other 
stakeholders is done by sharing access to the databases; other methods include 
emails, documentation, meetings and informal conversations. Knowledge is 
transferred from the stakeholders to Trafikverket by reports (i.e. delivering results) 
or person-to-person (email, phone, conversations, etc.). Knowledge is transferred 
between personnel working on the same project in different ways: emails, shared 
databases, documentation, meetings and informal conversations.  
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When interviewed, stakeholders involved in the maintenance of railway signalling 
systems (maintenance contractors, Trafikverket and a consultancy) all pointed out 
the risk of loss of knowledge and expertise as more and more tasks are outsourced. 
They all thought Trafikverket should keep a deeper knowledge of the system to be 
able to manage the railway network in an efficient way. 

Espling (2007) considers the maintenance strategy for a railway infrastructure in a 
regulated environment by implementing benchmarking techniques to compare 
different case studies from the Swedish railway network. The study identifies four 
risk areas when maintenance activities are outsourced: the risk of losing control 
over maintenance costs, asset condition (asset measuring data to analyse the asset 
degradation), safety demands (concerning the contractor’s employees’ knowledge of 
track safety and asset knowledge) and core competence and asset knowledge 
(Espling, 2007). Maintenance costs and asset condition data are required to perform 
lifecycle cost (LCC) analyses; a lack of information when studying the effect of 
changes on the infrastructure during the maintenance phase of the lifecycle could 
preclude useful results. 

Best practices in maintenance contracting include: goal-oriented maintenance 
contracts combined with incentives; scorecard perspectives (i.e., quality meetings 
and feedback to facilitate management by measuring the achievement of objectives); 
frequent meetings where top managers from the local areas participate; cooperation 
and an open and clear dialogue; and Root Cause analysis (Espling, 2007). 

3.3. Architecture data 

The database BIS gives information on the architecture of each track section. The 
specific location of each item is defined, together with its model and serial number. 
A copy of the state of the architecture is saved periodically, and by comparing 
these, it is possible to trace changes through time.  

For the case study, the architecture data refer to a 203 km long corridor, divided 
into 50 track sections and located in the northern part of Sweden. Each track 
section has a different architecture composition for signalling systems. Figure 7 
shows the number of and type signalling systems per track section for the case 
study.  

In principle, BIS allows investigators to look for a specific item and to learn its 
historical data, or to look at a specific location and see what has been installed there 
and what inspections have been performed over time. However, for railway 
signalling systems, there is no link to the records of corrective and preventive 
actions performed in the past. 
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Figure 7: Number of systems per track section of the studied case (50 track sections) 

3.4. Operative data 

As stated previously, the railway signalling systems located along the infrastructure 
are meant to work continuously to ensure safe operation and to detect anything 
that could cause a danger in the railway operation. Therefore, this thesis considers a 
continuous operation, 24/7.  

On some railway corridors with low operation, this requirement could possibly be 
reduced. In these areas, the availability of the railway signalling system could be tied 
to demand. This is not the general operating condition for railway signalling 
systems, and the operation schedule for the case study railway corridor is more 
typical (see Figure 8).  

To achieve the minimum availability required of the signalling systems for the 
scheduled trains to operate on the case study line, the signalling systems must 
obviously be operative in the track section where the train is located at any given 
moment, but they must be operative in the previous and subsequent track sections 
as well, to have a suitable margin of safety error. In other words, the signalling 
systems must be available all times for most of the track sections included in the 
railway corridor, no matter where the train(s) may be.  

 

Figure 8: Schedule for the sections KOS to NTV, from 18:00 to 20:00 (Trafikverket) 
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Operational states 

The railway operation can be considered to be in one of three possible states 
depending on whether operation is possible and whether the signalling system is 
operative: 

 Operative state: In this state, operation is possible and the signalling system is 
fully operative. 

 Faulty state: This is the operational state from when a failure occurs and the 
operation is stopped until the dispatcher allows continued operation in a 
degraded mode (40km/h, driver responsible for supervision and protection). 

 Degraded state: In this state, railway operation is possible in a degraded 
mode (40km/h, driver responsible for supervision and protection), but the 
signalling system is not operative due to a failure in one of the signalling 
subsystems. 

 

Figure 9: Correspondence between the different times.  
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For the signalling system, three possible states can be considered:  

 Available state or up time (UT): the system is fully operative. 
 Not available or waiting time (WT): the time between when a failure occurs 

until the corrective action is started. During the waiting time, the WO is 
opened, the failure is identified, maintenance personnel are informed, the 
spare parts and tools needed are gathered and the personnel go where the 
failure is located.  

 Not available or restoration time (RT): corrective actions (repair or 
replacement) are performed and the WO is closed. 

To analyse the time data, calculate the total time spent on the corrective action 
(TTM) given by Equation (4), the time to restore (TTR) given by Equation (5), 
and the relative restoration time (RRT) against the total time to maintain for each 
WO given by Equation (6) and analyse the general characteristics of each and the 
relationship between them. Figure 9 shows the correspondence between the 
different times given above and the signalling system operation. 

tion)identifica t(failureaction) corrective oft(finish  TTM      (4) 

action)  corrective oft(start  action)  corrective oft(finish   TTR     (5) 

TTM(sec)

TTR(sec)
 (%) RRT          (6) 

3.5. Corrective maintenance data 

The analysis uses the corrective maintenance data of the railway corridor Luleå – 
Gällivare for the past 10 years. In this fully operative railway line, the ATC 
(automatic train control) signalling system supervises and controls the network. The 
line has been operative with no changes for many years; hence, it can be considered 
that all WOs represent maintenance actions, not design changes. 9,030 WOs were 
registered during this period, with 2,455 of these associated with signalling systems 
(27% of the WO; see Figure 10 Left). Clearly, signalling systems play an important 
role in corrective maintenance.  

The maintenance records for the railway signalling systems also reveal that 
approximately 24% of the WOs where no failure is found and 27% of the WOs 
where it is not possible to define the failure are related to signalling systems (see 
Figure 10 Right). This leads to a difficulty in studying the reliability of the system 
using component or failure modes: simply stated, there is not enough information 
in the data records. A critical problem is that the specific location of the system 
affected by the WO is not defined, only the track section. Since most of the track 
sections have several systems of the same type installed in them (an average of seven 
track circuits, eight signals and 13 balises are installed in each track section), it is not 
possible to identify the particular system affected by the failure. As a result, the 
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minimum unit to study the RAMS of the Swedish railway signalling systems is the 
system level for each track section.  

 

 

Other incomplete parameters for the 2455 signalling system WOs are: 

 “Subsystem”: 45% of blank WOs 
 “Component”: 73% of blank WOs  
 “Real failure”: 47% of WOs are “not possible to define” or “no failure 

found”  
 “Failure cause”: 40% of WOs are blank, “no reason known” or “no failure 

found”  

 

Figure 10: Left: Failure asset classification; Right: Real failure associated to the WO. 

Figure 11 shows the annual failures per system and location. For each system, a 
locally weighted polynomial regression (loess) is fitted to the data with a 95% 
confidence interval. While the mean values of annual failure occurrence vary 
between 1 and 2, in some years, some locations have more than 10 failures related 
in a system. Two peculiarities can be observed. The first is the high variance 
between different track sections of the same railway corridor, even if they have the 
same architecture design, with values for the annual failures in certain sections 
much higher than the annual failure average for each system. Figure 12 shows the 
total number of WOs (for the total observed time) for each track section; again, 
there is a wide range, from fewer than 50 to more than 200. The second peculiarity 
is that the number of WOs related to the signalling systems for each track section is 
approximately constant for the 10 years of data studied.  
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Figure 11: Annual number of failures per system and location 
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Figure 12: Failure frequency depending on track section 

Data processing 

The data were processed to eliminate inconsistent or poor-quality records. A study 
of the time to restore in the WOs shows that of the 2,456 WOs related to failures 
of signalling systems, 103 have a restoration time of zero (0) seconds. Only 19 
mention a corrective action which could be used to calculate the restoration time, 
such as “repair” (one WO), “replacement” (10 WOs), “restart” (three WOs), or 
“removal of obstacles” (three WOs). These data were eliminated from subsequent 



Methods for the dependability and safety evaluation of railway signalling systems 

 

40 

analysis; their omission would not greatly affect the results. Another abnormal result 
is that one WO has a negative time, probably due to an error when writing the 
“correction action start date”.  

Approximately 16% of the WOs have large times to restoration and maintain (more 
than one day). This can be due to different factors; e.g. the failure may not have 
affected the normal operation of the railway network and could wait for other 
scheduled maintenance; the complexity of the restoration may have been high; it 
may have been difficult to identify where the failure was, etc. The procedures for 
corrective maintenance at Trafikverket state that a WO should be closed within a 
maximum of 24 hours (Trafikverket, 2011). Hence, the WOs open for longer than 
24 hours were discarded in this analysis. Other WOs were discarded if they did not 
correspond to any track section specified in the architecture database or were 
related to systems not specified for that track section, leaving a total of 1,933 WOs. 

Architecture and corrective maintenance data were merged to find inconsistencies 
in the WOs. WOs were discarded if they did not correspond to any track section 
specified on the architecture database or were related to systems not specified for 
that track section on the architecture database. This left 1933 WOs for the 
reliability, safety and availability analyses (Papers IV and V).  

Failure occurrence 

When looking the failure occurrence in a particular location, for a specific system, 
it is possible to find different trends depending on the system and location. Figure 
13 shows the event plot for the signalling systems with most of the failures (IXL, 
LC and TC), in three different locations.  

 

Figure 13: Event plot for the IXL, LC and TC systems in three locations 

Plotting the cumulative number of failures vs. cumulative operating time for those 
systems reveals the behaviour is not monotonous, neither for a specific system in a 
specific location, nor for the same system in all three locations (or the three systems 
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in the same location) (see Figure 14). For the same system the gradients differ, 
depending on the location, thus indicating different failure intensity for each 
location. The IXL shows a non-monotonic trend in locations A and C, together 
with an improving trend in location A. For the LC, the plots show a similar 
gradient for all three locations, even though location C shows a non-monotonic 
trend.  

 

Figure 14: Plots of cumulative number of failures  (Left: IXL; Right: LC) 

Failure mode, causes of failure and corrective actions 

The values found for the parameter of “real failure” are: “not defined” (the failure 
is not specified in the WO), “non-operative” (the asset is not working properly), 
“NFF” (no failure found), “electrical”, “mechanical” and “external”.  

The causes of failure for the signalling systems recorded in the corrective 
maintenance data include the following: 

 Design flaws (e.g. improper design/installation/mounting, etc.);  
 Electrical causes, such as electrical overstress, improper isolation, abnormal 

feeding, power failure, etc.;  
 Environmental causes, such as strong winds, extreme temperatures, 

thunderstorms, snow, ice, etc.;  
 External reasons (e.g. railway vehicles, obstacles, third party work, etc.);  
 Lack of maintenance or incorrect operation;  
 Mechanical reasons, such as fatigue, wear, mechanical overstress, etc.;  
 NFF or no failure found (it was impossible to find any failure);  
 Not defined (unknown reason), recorded when the failure cannot be defined 

or is not described in the WO. 

When a signalling system asset fails, the different possible corrective actions to 
return it to an optimal state are classified into the following groups:  

 Repair or replacement (restoration) of the failed component;  
 Restart/software (SW) update when the failure is attributed to SW causes;  
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 Provisional repair, but further corrective actions should be scheduled;  
 Adjustment/lubrication of modules/connections;  
 Cleaning or removal of obstacles (due to an external factor or dust 

accumulation);  
 Inspection of the system (it is not considered to need repair or replacement, 

or the failure could not be found, but certain symptoms indicate possible 
future failure);  

 Not defined (the action performed is not specified in the WO);  
 No action performed (it is considered that the system does not need the 

repair or replacement of a component, or the failure could not be found). 

System vs. Symptom 

It is interesting to study the relationship between the WO parameters “symptom” 
and “system”. When a WO is opened, it is identified by a symptom which indicates 
where the failure has occurred. Usually failures are identified by the train driver, 
but drivers cannot give an accurate estimation of the failure, since failures in 
different systems will have the same effect (e.g. a failure in the track circuit or a 
signal can be seen in the same way from the train perspective). Thus, the parameter 
symptom is associated with many different systems and system failures. Figure 15 
shows the relationship between the symptom and the system group where it 
belongs, i.e., the system affected by the failure. As the figure shows, the symptom 
parameter mostly identifies the system asset affected.  

 

Figure 15: System where the failure occurs depending on symptom 

Grouping systems generically can maximise the usability of the symptom parameter 
by giving information about the real failure, such as signalling systems (including 
track circuits, signals, interlockings, etc.), power and electrical (e.g. transformers, 
substations, etc.), telecommunications (e.g. radio, telephony, signal cable, etc.) and 
track (turnouts, rail, etc.). When the system is not defined, it is classified as “other”, 
and when no fault is found, as “NFF”.  
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No fault found phenomenon 

Several WOs can have the same failure occurrence because of the no fault found 
phenomenon. A practical example is given in Table 11. In the table, four work 
orders are related to a failure reading of an ATC code. The failed component is 
identified as belonging to the balise group. The first work order is open for four 
hours with two hours dedicated to corrective action. In this example, no corrective 
actions are performed, as it is not possible to identify the failure. The failure appears 
three more times in the following days. The third work order is related to the same 
failure, but this time, the failure is assigned to the component related to the ATC 
(part of the system of control and supervision of the interlocking system). Again, no 
failure is found. It is not until the fourth failure that corrective action is performed, 
and the component is replaced. Having more than one WO related to the same 
failure can lead to an incorrect estimation of maintenance performance (e.g. in 
Table 18, the total restoration time is more than four hours). 

NFFs require extra time in corrective maintenance because of the time taken to 
identify the failure, along with the repeated corrective actions to correct the same 
failure. Improved information logistics and knowledge management can help 
reduce the identification time with better knowledge of the theory of failures in 
signalling systems, thus reducing the work orders and the time spent performing 
corrective actions. 

Table 11: Different work orders can be related to the same failure 

WO parameters Example case 
Failure report ID FRXXX1 FRXXX2 FRXXX3 FRXXX4 
Active restoration 
time 

1 h. 50 min 15 min 1 h. 30 min 1 h. 

Symptom 
Failure code 

ATC 
Failure code 

ATC 
Failure code ATC Failure code ATC 

System Balise group Balise group Interlocking/RBC Interlocking/RBC 

System asset - - 
Control and 
supervision 

Control and 
supervision 

Component  
  

ATC ATC 

Real failure  No failure No failure 
Not possible to 

define 
Bad contact 

Cause  
No reason 

known 
No reason 

known 
No reason known 

Material Fatigue / 
Aging 

Action performed Inspection Inspection Inspection Unit replacement 

  



Methods for the dependability and safety evaluation of railway signalling systems 

 

44 

3.6. Preventive maintenance 

The preventive maintenance for signalling systems is described in three documents, 
and the different actions are classified in three categories (one for each document): 
Safety inspections (Trafikverket, 2012d); Scheduled maintenance (Trafikverket, 
2003) and maintenance inspections (Trafikverket, 2005). While the first two 
documents are binding, the third only gives recommendations. Table 12 
summarises the preventive actions performed on the different signalling systems, 
depending on the time range. 

Table 12: Trafikverket preventive maintenance for railway signalling systems 

2-3 times per year Visual inspection and control of the components (LC, Signalling 
board and Signal) 
Change lamps 2-3 times/year (LC and Signal) 
For the LC: Change the main switch and check the warning system 
and see there´s no warnings; check the answer time of the relays; 
check the electrolyte level of the battery 

1 times per year Visual inspection and control of the components (BG; IXL) 
Lubricate (LC) 
Check there is no warnings in the IXL 

Every 3-10 years Check the answer time of the relays every 3-10 years and change the 
ones older than 45 years old (TC, LC, IXL). 

3.7. Conclusions from data collection and exploratory 
analysis 

This section summarises the results of the exploratory analysis, answering the RQ1: 
“What are the issues of the Swedish railway signalling systems during their maintenance and 
operation?” 

 Problems of data collection include: a lack of information recorded in the 
WOs (no identification of the component or subsystem affected by the 
failure); different ways to record the same phenomenon (e.g. not possible to 
define, non operative); inconsistencies in the data (times to repair: negative, 
0 seconds, more than 24 hours; systems not installed in the recorded 
location, non-existing locations; etc.); several WOs related to the same 
failure (difficulty of failure identification); no identification of which system 
is affected when more than one is installed in the same track section; no 
failure mode recorded.  

 A great deal of information is gathered, but data suffer from a lack of 
visibility and the links between the repositories are not well established. This 
leads to a dependency on the expertise of the personnel, an approach which 
is not beneficial in the long term. 
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 External factors have a great effect on the dependability of signalling systems. 
There is a need to measure their effects on the performance of signalling 
systems and to investigate measures to minimise these effects. 

 The average failure rate for the different signalling systems is constant, but in 
different locations along the railway corridor, the annual values vary. A 
deeper reliability study on specific locations is needed to understand the 
particular behaviour of the systems’ reliability. A constant failure rate can be 
used as a general assumption when focus is on other factors, such as 
availability and safety and not on reliability. Then, however, the high 
variance must be considered. 

 The failure behaviour of a system in a particular location reveals non-
monotonic behaviour, making it impossible to use an RP or an NHPP to 
model all the data. It is necessary to study  reliability at the system level and 
develop methods to find the best model to fit this behaviour. 

 There is also a need to measure the safety and availability performance of 
railway signalling systems (not only using the number of failures and the 
delays produced). This can be measured by calculating the probability of the 
railway operation in a degraded mode, as addressed in Paper V. 

 Comparing the corrective maintenance records with the scheduled 
preventive maintenance shows an increase in the frequency of the 
inspections could help identify the degradation of an item before its failure. 
The implementation of CBM methods could support the diagnostics and 
prognostics of the signalling systems. 

To evaluate the performance of the railway signalling systems, an FMEA process 
can be used to select the appropriate parameters. The main parameters to evaluate 
RAMS are the system/subsystem/component, failure cause, failure mode and 
failure effect. It is also necessary to evaluate corrective action, as this indicates 
whether a repair or a replacement was needed and provides insight into the best 
practices. 

Given the quality of the data, it is not possible to study the reliability of the 
signalling systems with a white box approach or on a component level. To do so, it 
would be necessary to have the detailed architecture of the systems (subject to 
confidentiality issues) and to know the failures associated with each component.  

Even though the quality of the data and their collection limit the performance 
evaluation of the Swedish railway signalling systems, methods that allow such an 
evaluation must be established using the accessible data, along with guidelines on 
how to improve data collection. Papers I, IV and V present methods to evaluate the 
performance of railway signalling systems based on the recorded data, with the 
existing limitations. Using the proposed methods will increase accuracy and offer 
the possibility of an enhanced data collection. Better data collection, in turn, will 
make it possible to use a white box approach to analyse the operational 
performance of railway signalling systems. 
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If failure identification is difficult during corrective maintenance, it is reasonable to 
assume it will be equally difficult to find the deteriorating components (prone to 
failure) during visual inspections in preventive maintenance. Therefore, there is a 
need to improve the maintainability of the Swedish railway signalling systems with 
respect to failure identification. 

Paper III addresses the issues of information logistics and develops a CM process, by 
focusing on:  

 Enhancing the control management so changes in a specific component or 
on a railway corridor can be analysed chronologically, along with the reasons 
for those changes. 

 Making information related to different systems / subsystems / items more 
visible to improve failure identification, thus improving the overall 
maintenance.  

 Facilitating access to maintenance and diagnostics tools (e.g. hardware and 
software tools, manuals, procedures) to reduce downtime. 

 Reducing the dependency on the expertise of personnel 
 Facilitating inter-organisational knowledge transfer between stakeholders. 

. 



 

 

4. RESEARCH METHODOLOGY 

The chapter describes the research strategy followed in this thesis. The selection of the methods 
is influenced by the theory presented in Chapter 2 and by the results of the exploratory 
analysis given in Chapter 3. 

4.1. Research strategy 

Research can be defined as a systematic process by which we know more about 
something than we did before engaging in the process (Merriam, 2009). The goals 
of research can be classified in three categories: exploratory when exploring a new 
topic, explanatory when explaining the reasons to something occur and descriptive 
when describing a phenomenon (Neuman, 2003).  

Two approaches can be used for research: quantitative and qualitative. Both have 
strengths and limitations (see Table 13). The styles can be combined by researchers 
(Neuman, 2003); this is defined as mixed methods research (Bergman, 2008). 
Papers I, IV and I are based on quantitative methods, while Papers II and III are 
based on qualitative ones. 

Table 13: Qualitative style versus quantitative style (Neuman, 2003) 

Quantitative style Qualitative style 
Measure objective facts Construct social reality cultural meaning 

Focus on variables Focus on interactive processes, events 
Reliability is key Authenticity is key 

Value free Values are present and explicit 
Independent of context Situationally constrained 

Many cases, subjects Few cases, subjects 
Statistical analysis Thematic analysis 

Researcher is detached Researcher is involved 

This thesis uses a case study of the Swedish railway signalling system; it uses a sub-
case for the exploratory analysis and to validate the developed methods. A case 
study can be defined as an empirical inquiry that investigates a contemporary 
phenomenon within its real-life context, especially when the boundaries between 
the phenomenon and the context are not clearly evident (Yin, 2009).  

The first RQ of this thesis is of an exploratory nature. An exploratory orientation 
gives fundamental knowledge and understanding of an area of interest and provides 
input which allows the narrowing down of future research (Yin, 2009). The results 
and conclusions of this exploratory analysis are used as the basis to define the other 
RQs. RQ2, 3 and 4 have a descriptive and explanatory goal.  

This research is focused on operational or field data, collected under actual 
operating conditions. The data are appropriate for reliability assessment since they 
realistically represent the whole of the operational conditions of the particular case 
(Blischke and Murthy, 2000). When studying maintenance records, it is necessary 
to establish boundaries on the research due to limitations of time. Hence, the 
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corrective maintenance data used in this study are from a specific location over a 
limited period of time. This research methodology is in line with the case study 
approach. The use of a particular case study, with the same operational, 
maintenance management recording and processes and similar environment for all 
locations, allows the study of the effects of the particular architecture and location 
for each track section on the dependability and safety. 

This thesis uses both quantitative and qualitative, and parametric and non-
parametric approaches to study all possible approaches to evaluating the 
dependability and safety of the Swedish railway signalling systems (see Table 14). 

Table 14: Approaches to study railway signalling systems 

 Paper I Paper II Paper III Paper IV Paper V 
Quantitative (QT) / Qualitative (QL) QT QL QL QT QT 
Case study: 
Sweden / Railway section (RS) 

RS Sweden Sweden RS RS 

Parametric (P) / Non parametric (NP) P NP NP P P 
Exploratory (E)/ Descriptive (D) E E D D D 

A schema of the research methodology is shown in Figure 16. Briefly stated, an 
exploratory analysis looks for possible areas of improvement in the maintenance and 
operation of railway signalling systems (Papers I and II). Drawing on the 
exploratory results, the study develops methods to assess the dependability and 
safety of Swedish railway signalling systems: a method based on FMECA to 
consider the dependability of the SoS (Paper I); a method to assess the reliability of 
signalling systems (Paper IV); a method to evaluate safety and availability (Paper V). 
It validates the proposed models using sub-cases of a specific railway corridor during 
a determined period of time and suggests a configuration management model to 
improve maintenance support (Paper III).  

4.2. Data collection and processing 

R software (version 3.0.0) was used for data processing, model development and 
posterior validation of the models, together with Excel 2010, Matlab 2014a and 
Minitab 17. Corrective maintenance WOs were gathered from the corrective 
maintenance database 0felia from the Swedish infrastructure manager. Operational 
data were obtained from the train schedules, and the architecture data from the BIS 
database. The processing of the data is explained in the previous chapter, as part of 
the first research and exploratory analysis. 

Parametric and non-parametric methods can be applied to analyse data (Sheskin, 
2011). Parametric methods are used when dealing with information about the 
sample, specific assumptions are made regarding the data and the null hypothesis is 
based on parameters of the population distribution. Non-parametric methods are 
used when not all the information about the sample is known, no assumptions are 
made and the null hypothesis is free of any parameter. This research uses both 
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parametric and non-parametric methods: non-parametric in Papers I, II and II; 
parametric in Papers IV and V. 

In addition to the data described above, previous research on the railway signalling 
systems provided current theories and suggested ways to improve the dependability 
of signalling systems, while Trafikverket documentation and unstructured 
interviews with experts facilitated the understanding of the information and results. 

Figure 16 outlines the various steps of the research strategy. 

 

Figure 16: Research strategy 

Unstructured interviews 

The purpose of the interviews was to take into account the experience and 
opinions of the personnel involved in the maintenance of signalling systems to 
complement the data analysis and the literature review. The interviews were 
exploratory and unstructured, a useful approach when there is a need to determine 
the important topics to investigate, as well as what to exclude from the study 
(Merriam, 2009). The interviewees were employees involved in some aspect of the 
maintenance and operation of the signalling systems and with knowledge of the 
information logistics processes in Trafikverket. It was also possible to have short 
discussions with other stakeholders, for example, a manufacturer and a consultant.  
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Literature review 

The literature review examined current theories to find ways to improve the 
dependability of railway signalling systems. This review included theories on 
RAMS, dependability, failure analysis, information logistics, configuration 
management and knowledge management. Sources for the document review 
included scientific publications databases, such as Scopus, Web of Science, Google 
Scholar, PRIMO and BVDOC. Documents reviewed included conference and 
journal papers, books, PhD and Licentiate Theses, standards, technical 
specifications, manuals and technical reports. The topics used for the searches 
included:  

 Signalling systems; Interlocking; Level crossing; Track circuit; ERTMS; 
CBTC; ATC  

 Maintenance; Reliability; Availability; Maintainability; Safety; Maintenance 
support; CBM; EMC; EMI; Condition monitoring; Configuration 
management; Knowledge management; Information logistics 

Documents are a good source of data for numerous reasons; e.g. they are accessible, 
and they contain information that would take time and effort to gather (Merriam, 
2009). Some limitations, however, should be taken into account when using a 
literature review as a part of the research. Documents may be fragmentary, not fit 
the conceptual framework of the research, or their authenticity may be difficult to 
determine (Merriam, 2009).  

Accordingly, the interviews and a literature review serve as a cross-check in this 
analysis of the signalling systems in the Swedish railway.  

4.3. Methods of dependability evaluation 

In the intrinsic approach, a model can be based on the theory of failure, studying 
the different components and the theory of failure for each of them. In the 
operational approach a data-driven model considers the corrective maintenance 
records to reflect the performance of the system with all the external factors 
involved in the operation and maintenance. As signalling systems are a combination 
of mechanical, electronic and electrical components, the theory of failure becomes 
very complex to model. A data-driven model can reflect the failure phenomena 
with greater accuracy than models based on the theory of failure.  

From the results of the exploratory analysis and taking into account that the thesis is 
concerned with the operation and maintenance lifecycle phases (not the design 
phases), the following methods are chosen to evaluate the performance of the 
railway signalling systems in Sweden: 

 RBD is used as support for the other methods to understand the 
functionality of the railway signalling SoS. Truth tables are used as support 
for the Markov models to list all possible state combinations for each system 
and study their effect.  
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 FMECA is the basis of the dependability model to perform a first evaluation 
of the performance of the signalling systems. 

 Markov analysis is used to evaluate the safety and availability of the signalling 
systems. It is considered a suitable model because of the results of the 
exploratory analysis, namely that the failure rate can be considered constant 
over time. 

 Statistical reliability methods are used to evaluate the reliability of a particular 
signalling system in a particular location. 

The discarded methods and the reasons for discarding them are the following:  

 FTA and ETA cannot be applied because of the characteristics of the data 
collection for the Swedish railway signalling systems and because of the 
present focus on the performance of signalling systems (the component 
architecture is out of the scope of the thesis). 

 Petri nets and other more advanced Markov models are not used mainly 
because of the characteristics and restrictions of the data collection, but 
should be considered in future work.  

 The failure rate prediction is a method applicable mostly during the early 
design phases; HAZOP studies are appropriate during detailed design. 
Hence, neither is appropriate for operation and maintenance phases. 

 Human reliability analysis and strength tests are out of the scope of this 
thesis. 

4.4. Dependability assessment 

Corrective maintenance records from 0felia form the basis of the analysis, but 
internal documentation, a literature review and interviews with experts were key to 
interpreting the data and discussing the results of the model.  

The IEC 61703 (2001) standard relates the performance aspects of maintenance to 
maintenance variables to measure the dependability of a system. Based on the 
information recorded in 0felia, this study considers the parameters that give more 
information about failures, taking into account the quality of the information 
included (e.g. some parameters cannot be considered because of a lack of 
information, as explained in the previous chapter). 

Manuals, standards and interviews with experts helped define the parameters for the 
proposed model (Trafikverket, 2010; Trafikverket, 2011; Trafikverket, 2012). 
Parameters with a low data quality (information not recorded or incomplete 
information) were discarded. The chosen parameters were analysed and the 
information integrated to obtain the maximum possible information on corrective 
maintenance. The values of the parameters themselves, their interrelations with 
other parameters, and the variations over time were all considered.  
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The purpose of this method is to give feedback to FMECA, developed in earlier 
stages of the life phase (IEC 60812, 2006). The input of the field data allows the 
analysis of some common-cause failures, such as human, environmental and 
operational factors. However, given the characteristics of the data, it is not possible 
to give direct input to FMECA (e.g. there is no record of failure modes). While 
FMECA is oriented to component and single failure level, the proposed method 
deals with system level and both single and multiple failures. Although greater detail 
in the data collection would improve the feedback, it is possible to evaluate the 
dependability of the system with the actual information using the proposed method. 
This method also allows the verification of maintainability through the analysis and 
review of historical data, as stated in standard IEC 60706-3 (2007). 

A case study used to validate the model identified the weakest points, including low 
reliability of components, problems with information accessibility, high failure 
frequency, high times to restore or/and maintain, problems identifying failures, etc. 
The analysis indicated where the general maintenance performance could be 
improved. 

4.5. Configuration management for maintenance support 
improvement 

Information logistics can provide information on the needs of signalling systems. In 
this instance, unstructured interviews, internal documentation, and an exploratory 
analysis of the different databases on Trafikverket provided the input. Results of the 
analysis suggest an improvement in the maintenance support would improve 
dependability. Enhancing the configuration management and the knowledge 
management would be a good way to proceed.  

The model for the configuration management process is based on the input for the 
information logistics analysis and a literature review of the different possible 
solutions, particularly the CMMI approach. CMMI is a framework that helps 
organisations to improve their processes (Briggs, 2008). The CMMI framework was 
generated from previous models, including software management models (such as 
the CMM model); it includes processes of software and hardware management, 
making it a good choice to perform CM in signalling systems. CMMI is a model, 
not a rigid method; hence, it can be adapted to the requirements of the system. 
Other methods like KM or Six Sigma are more focused on process improvement 
but can be combined with CMMI to improve processes. The Agile method 
specialises in software management; it cannot manage both hardware and software.  

4.6. Reliability evaluation: analysis of failure data 

Different frameworks have been proposed to help find the best fitting model for the 
failure system data (Ascher and Feingold, 1984; Vaurio, 1999; Louit et al., 2009). 
While Ascher and Feingold (1984) propose a more general framework without 
specifying the order in which to test the data for the null hypothesis of HPP and 
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RP, Vaurio (1999) tests first for the independence of the data, then for RP and later 
on for HPP. However, not specifying the tests in the framework can lead to the 
choice of inadequate ones, or not selecting all the necessary ones when 
implementing the framework in practice. Louit et al. (2009) consider two models 
for the data (RP or NHPP) and propose explicit tests to simplify its practical 
implementation. The last framework can be applied to both single-systems and 
multiple-systems analysis using pooled data (Louit et al., 2009). However, those 
frameworks are focused on monotonic trends, and this is not always the case for 
complex and long-lived repairable systems, such as railway signalling systems.  

The literature review suggests a need to study in depth the reliability of the 
different signalling systems based on the field data, not assuming any predetermined 
model for the failure data.  

This thesis proposes a method to assess the reliability of long-lived complex systems 
by combining statistical methods with expert assessment and focusing on the failure 
data of the Swedish signalling systems. To find the best framework for handling the 
field data of the case study, the former frameworks are taken into account and 
modified. Graphical techniques are applied to observe if the trend is monotonous or 
not, and different trend tests are proposed depending on the result. Parametric trend 
tests are studied and compared to find the one (or ones) that are more efficient with 
the failure data of the case study. Autocorrelation tests are used to find the 
dependency, and different models are considered depending on the type of repair 
(perfect, minimal, imperfect). The goodness of fit is evaluated by the Anderson-
darling test. The assessment of the reliability of a case study of the Swedish railway 
network is performed to validate the model.  

4.7. Safety and availability evaluation 

The application and suitability of various models have been considered to evaluate 
the safety and availability of Swedish railway signalling systems. While Hidden 
Markov models, Semi-Markov models and Petri nets would include  failures in 
redundant systems or components and the ageing of the system, this would require 
further assumptions, as some of the required information cannot be obtained. This 
thesis considers the failure rate at a specific time to evaluate the performance of the 
railway signalling systems and to support maintenance decisions. Furthermore, 
previous contributions all focus on the evaluation of a particular system, while this 
thesis evaluates the whole SoS of signalling systems, dealing with the lack of 
accuracy in the real failures in the maintenance records.  

Looking at a signalling system as an SoS is interesting when studying the effect on 
the safe operation of every system and when calculating the probability of being in 
the various operative states on a specific track section (TS) and for the railway 
corridor (RC) as a whole. The model is based on a Markov process with discrete 
states and continuous time and is used to measure the probability of the different 
operational states (safe operation, not operative or operative in degraded modes) of 
a track section, identifying the systems that most affect the safe operation of the 
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railway. Depending on which system is affected by the failure and the operational 
status of the railway, the model considers different operational states. Various 
scenarios are considered to validate the model, including mean values, worst and 
best case scenario, simulation of effects of an improvement in reliability and 
maintainability, etc. Finally, the results are combined to show the effects of the SoS 
of signalling systems on the railway operation of the considered railway corridor. 

Only the failures affecting the operation are considered in the development of the 
model for reliability and safety evaluation. The TMS and the signalling boards are 
out of the scope of the present work: the TMS is shared by all track sections (even 
when the WOs are related to a particular one), while the signalling boards do not 
affect the operation of the railway at all. 

The Markov model 

Markov techniques make use of a state transition diagram, a representation of the 
RAMS behaviours of a system, from which system performance measures can be 
calculated (EN61165, 2006). The Markov approach is applicable when handling 
both repairable and non-repairable systems (Billinton and Allan, 1992). One of the 
major advantages of Markov techniques is that maintenance strategies, for example, 
restoration priorities of individual elements, can be modelled (EN61165, 2006). 
Markov techniques are especially suited to the investigation of systems with 
redundancy, or systems where system failure depends on sequential events, or 
systems for which the maintenance strategies are complex, e.g. systems with 
restoration priorities or multiple restoration teams, queuing problems, and resource 
restrictions (EN61165, 2006).  

In order for the basic Markov approach to be applicable, the behaviour of the 
system must be characterised by a lack of memory (EN 61165, 2006); that is, the 
future states of a system are independent of all past states except the immediately 
preceding one: 

P(qn|qn−1, qn−2, ..., q1) = P(qn|qn−1)      (7) 

In addition, the process must be stationary, which means that the behaviour of the 
system must be the same at all points of time irrespective of the point of time being 
considered; i.e., the probability of making a transition from one given state to 
another is the same (stationary) at all times in the past and future.  

In the general case of Markov models, both time and space may either be discrete 
or continuous. In the particular case of system reliability evaluation, space is 
normally represented only as a discrete function since this represents the discrete 
and identifiable states in which the system and its components can reside, whereas 
time may either be discrete (known as a Markov chain) or continuous (known as a 
Markov process) (Billinton and Allan, 1992). 

Reliability problems are normally concerned with systems that are discrete in space; 
i.e., they can exist in one of a number of discrete and identifiable states, and 
continuous in time; i.e., they exist continuously in one of the system states until a 
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transition occurs which takes them discretely to another state in which they then 
exist continuously until another transition occurs (Billinton and Allan, 1992). 

The transition probabilities from one state into another state describe not only the 
reliability of the process and the design of the components, but also the 
effectiveness of operating and maintenance practices (Lipsett and Gallardo-
Bobadilla, 2013). The different transition rates can be defined as in Equation 8, and 
the transition between the different states of the Markov model is given by the 
failure, restoration and waiting rate (λ, μo and μw respectively) of each system 
considered.  

Transition	rate 	 	 	 	 	 	 	 	 	

	 	 	 	 	
  (8) 

The probability of being in the operating state after an incremental interval of time 
dt, made sufficiently small so the probability of two or more events occurring 
during this increment of time is negligible (Billinton and Allan, 1992). Once the 
limiting state probabilities have been reached by the matrix multiplication method, 
any further multiplication by the stochastic transitional probability matrix does not 
change the values of the limiting state probabilities, i.e., if  represents the limiting 
probability vector of being on the different states and P is the stochastic transitional 
probability matrix (Billinton and Allan, 1992). Rearranging the equations allows the 
stochastic transitional probability matrix to be simplified by omitting the Δt terms; 
this is very convenient when developing equations for the limiting probability 
values.  

The stochastic transitional probability matrix represents the transitional probabilities 
of the stochastic process. The summation of the probabilities in each row of the 
matrix must be unity, since row i represents the complete and exhaustive ways in 
which the system can behave in a particular time interval given that it is in state i at 
the beginning of that time interval: 

∑ , 1         (9) 

The steady-state or limiting values of state probabilities of an ergodic system can be 
evaluated using the matrix multiplication technique. The matrix Pn can be defined 
as the matrix whose element  represents the probability that the system will be in 
state j after n time intervals, given that it started in state i.  

0         (10) 

The stochastic transitional probability matrix (P) shows the probability of going 
from one state to another (the probability of going from state i to state j is equal to 
Pi,j). 

Scenarios analysed 

Since the minimum operative section, from the point of view of the signalling 
systems, is a track section, and since the corrective maintenance data accessed do 
not allow the determination of which particular subsystem is affected within a 
specific track section, this thesis analyses the performance of the signalling SoS on 
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track section level. This allows the evaluation of the operational performance of the 
railway and a comparison of the different locations. It also permits the evaluation of 
possible improvements (either an update in the system or a modification of the 
architecture). 

The thesis considers two types of scenarios. In the first type, scenarios F-1 to F-5 
are based on real data gathered from the maintenance databases; the MTBF and 
MTTM are obtained for the different track sections comprising the railway corridor 
of the case study. In the second type, scenarios S-1 to S-3 are based on the recorded 
data, but they simulate the impact of different maintenance policies for the 
signalling SoS on the safety and availability of the railway operation.  

Eight scenarios are considered and described in Table 15. They indicate the 
probabilities of being in the different operational states obtained by the mean failure 
and restoration rates, enabling a study of the effects of the availability of railway 
signalling systems and the effects of implementing different maintenance policies.  

Scenario F-1 represents the mean values obtained from the corrective maintenance 
data for the studied track sections. Scenarios F-2 and F-3 allow studying the effect 
of the different RAMS variables (such as the MTBF and MTTM) on the railway 
operation to see which has more influence on safe operation. Scenarios F-4 and F-5 
consider the variance between the probability states obtained for the worst case 
scenario and the best case scenario observed from the recordings for all track 
sections, looking at the range of values for the MTBF and MTTM (i.e. the lowest 
reliability and highest maintainability).  

Table 15: Scenarios to model 

Scenario Description 
F-1 Mean values of MTBF and MTTM  
F-2 Mean values of MTBF and 75% quartile of MTTM  
F-3 25% quartile of MTBF and mean values of MTTM  
F-4 Worst case scenario: 25% quartile of e MTBF and 75% quartile of MTTM 
F-5 Best case scenario: 75% quartile of MTBF and 25% quartile of MTTM 
S-1 Simulation with a 50% increase of MTBF and mean values of MTTM  
S-2 Simulation with a 25% reduction of MTBF and 25% reduction of MTTM  
S-3 Simulation with a 50% reduction of MTTM and mean values of MTBF  

Finally, scenarios S-1, S-2 and S-3 simulate the probabilities obtained when 
improving the reliability of the SoS (increasing MTBF in scenario S-1 by 50%), 
combining an improvement in reliability and maintainability simultaneously 
(increasing MTBF by 25% and decreasing MTTM by 25% in scenario S-2), or 
improving the maintainability (reducing MTTM by 50% in scenario S-3). By 
studying these scenarios (S-1 to S-3), it is possible to identify the effects of different 
maintenance policies on the safety and availability of the railway operation.  
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4.8. Reliability and validity of the results  

It may be difficult to generalise the results obtained from a case study, and this 
represents a limitation of this research approach (Yin, 2009; Eisenhart, 1989). In 
general, the reliability and validity of the research entails the reproducibility of 
results obtained under identical or very similar conditions. In addition, an idea 
about reality should fit with actual reality (Neuman, 2003). Mixed methods 
research facilitates validation of the results by triangulating the results obtained from 
the different sources (Bergman, 2008). In this thesis, the use of multiple sources of 
information, such as data from different databases, unstructured interviews, 
documents and reports from the industry, research previously published and 
standards, help to triangulate the disparate evidence. More specifically, the 
information obtained from the unstructured interviews and internal documentation 
helps to validate and explain the results obtained from the data analysis (see Figure 
17). The variety of input data together with the use of well-established analysis 
techniques contribute to the reliability of the research. Previous research related to 
railway signalling systems provides useful theories and suggests ways to improve the 
dependability of signalling systems in general; Trafikverket documentation and 
unstructured interviews with experts facilitate the understanding of the information 
and results. 

Finally, the validation of the proposed models with sub-case studies ensures the 
validity of the models. 

 

Figure 17: Concurrent mixed methods design (Bergman, 2008) 

A case study of a railway corridor in the northern part of Sweden is used to validate 
the framework. There were no changes of configuration in that corridor during the 
years included in the relevant maintenance data. In fact, the corridor has been 
operative with no changes in configuration for many years. Hence, it can be 
assumed the WOs represent maintenance, not design changes or updates.  

The case study of the Swedish railway signalling system is a good representation of 
railway signalling systems. Even though this research is based on a specific case 
study with a specific signalling system, the findings will be applicable to other 
railway signalling systems. Obviously, this would give different results (since this 
research is based on real field data), depending on the characteristics of the 
architecture, the operational and environmental factors and the quality of the data 
records. It would also be possible to incorporate other railway systems into the 
models (with certain modifications), as they are designed to handle the peculiarities 
of an SoS. 
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Sensitivity analysis 

The standard 50126-2 (2007) describes the process of sensitivity analysis when 
dealing with railway systems, field data and the assumptions required to evaluate the 
performance of the systems. Once the analysis is complete, it is necessary to 
critically review the results and ask if they are realistic. Depending on the answer, 
the analysis can be modified to take into account other assumptions that better fit 
the data and the reality of the behaviour of the railway systems.  

In this thesis, three locations are considered in the reliability assessment. 
Meanwhile, the safety and availability evaluation considers the average as well as the 
worst and best case failure and repair rate scenarios to find the variability in the 
results (see Papers IV and V). 

 



 

 

5. RESULTS: METHODS FOR PERFORMANCE 
EVALUATION OF RAILWAY SIGNALLING SYSTEMS 

This chapter presents methods for the performance evaluation of the dependability and safety of 
the Swedish railway signalling systems. These methods have been developed using the 
available methodologies and models, selecting the most appropriate for the characteristics of the 
railway signalling systems and the challenges of the actual data collection, as described in the 
previous chapter. 

5.1. Dependability assessment 

Since this model is based on corrective maintenance records, it considers all relevant 
factors when a system is in operation (e.g. environment, human error, etc.) that are 
quantitatively related to the probability of occurrence. The study can be 
automatically performed on a software-based platform using the WOs already 
recorded as input. But basing a study on empirical data implies that if a failure does 
not affect the system, it will not be taken into account. 

To develop the model, the thesis considers the parameters recorded in corrective 
maintenance WOs. Based on the results of the exploratory analysis of the corrective 
maintenance records, the following parameters are included in the model: 

 Symptom: symptom that identifies a failure and opens the WO, usually 
observed by the driver and defined by the system asset affected. 

 System asset/subsystem asset: asset on which corrective action is performed 
 Real failure: failure related to the WO. 
 Cause of failure: reason for the failure. 
 Corrective action: action performed to close the WO. 
 Failure date: date when WO is generated. 

Figure 18 shows the proposed decision support model based on the maintenance 
records. Different outputs can be obtained, but the most important are the 
measurement of failure rate, availability and maintainability performance not 
necessarily related to the system or subsystem asset. This provides a 
multidimensional tool to measure the corrective maintenance and the associated 
parameters, not depending on the affected asset. Linking the same corrective actions 
on different assets allows the comparison of procedures and the identification of best 
practices.  

The relationship between causes of failure and real failures allows the identification 
of the factors most affecting the reliability of the signalling system; further actions 
can be oriented to reduce those causes. The relationships between the parameters, 
such as that between real failures and corrective actions, and the RRT provide 
insight into maintenance performance; this can indicate the areas where 
improvement would provide the most benefits in terms of maintenance 
optimisation. The relationship between real failures and failure causes can identify 
possible real failures to help reduce corrective maintenance actions. The next 
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section summarises some of the results obtained from the application of the model; 
more information can be found in Paper I.  

 

Figure 18: Decision support model based on failure analysis 

The proposed model identifies possible areas for improvement in dependability, 
allowing companies to review their maintenance planning, preparation and 
execution. It considers how various changes in maintenance policies (e.g. 
preventive inspections, corrective maintenance procedures, failure identification, 
etc.) affect the dependability of the systems (e.g. increase availability and reliability, 
reduce TTR, etc.).  

Finally, the model can be an input when studying different maintenance policies 
and their lifecycle cost (LCC) analyses. There are some uncertainties in LCC 
calculations because of the statistical characteristics of reliability and maintainability 
parameters, such as MTTF and MTTR (Patra et al., 2010). LCC analyses can be 
utilised to focus on maintenance strategies to minimise the maintenance cost in the 
system’s lifecycle, while meeting dependability requirements. Optimising the 
maintenance policy is a critical factor in achieving cost effectiveness of the system in 
the long run. All such optimisations should aim at maximum system availability and 
minimum LCC and, in the case of Trafikverket, minimum train delays for a specific 
traffic scenario (Patra et al., 2009).  

5.2. Configuration management for maintenance support 
optimisation 

This section proposes a model for CM to improve the supportability of signalling 
systems by enhancing information logistics. This CM process establishes three key 
points:  

 Defines the required baselines and the items comprising them.  
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 Tracks and distributes the changes and modifications of both configurations 
and processes.  

 Ensures the integrity of the configuration baselines. 

Baselines describe the status of a determined system at a fixed point in time; they 
serve as a reference for tracking changes (such replacement of items due to failure) 
in that system. They can also be determined for a particular item and show the 
changes performed on it during a specific period of time.  

The necessary baselines to manage the configuration of the Swedish railway 
signalling system are: 

 System design baseline: Every design solution can be described as part of a 
system (e.g. different design baselines depending on whether the control 
system is ATC, ERTMS, or SW). This integrates all information of a 
specific design, facilitating change control management.  

 Installation baseline: This describes how the design baseline is implemented 
in the different corridors, e.g. the number of systems and subsystems and 
where they are located, the specific SW to answer the requirements that 
depend on external parameters (e.g. speed limitations and balise groups), and 
the status of the components associated with a particular system (if the 
component is in operation, being restored or in stock).  

 Documentation baseline: This gathers all documents corresponding to the 
systems, subsystems and components. 

Each configuration item has related information in the different baselines. The 
procedure makes visible all information related to the item (e.g. location, software 
and hardware, documentation, maintenance performed, etc.). The proposed 
baselines and their relationship are shown in Figure 19. 

 

Figure 19: System configuration baselines. 
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The change control management process includes the steps from the identification 
of the reason for the work order to the closure of the request. The procedure 
defined here allows the consideration of both restoration and design modification, 
since the consequence of either is a change in the system. Figure 20 shows a 
diagram of the process. Any failure identification should generate a change request. 
When a failure is identified by any person involved in the operation or maintenance 
of the railway line where the signalling system is located, the maintenance manager 
is notified of the failure. Any change in the system is reflected in the configuration 
database and linked to the change request, work orders, and evidence of the change 
performed. 

 

Figure 20: Change control management process. 

Reviewing the configuration can verify if an element or group of elements 
constituting a baseline fulfils the system requirements and is consistent with the real 
configuration of the signalling system in the railway network. Figure 21 gives an 
overview of the review process. A change report identifies the need to modify the 
active baseline. The baseline is then modified to implement the change, creating a 
draft. This draft is reviewed by the personnel affected by the change to assure the 
update of the baseline is consistent with the real modifications. If a gap is identified, 
a new draft version is generated and reviewed until the baseline reflects the real 
state of the railway network. Once the integrity of the baseline is assured, the 
definitive version of the baseline is released and distributed. 

The evolution of the baselines is identified by different indexes. A primary index 
can be linked to major developments or changes in the design (such changes in the 
architecture); a secondary index may show minor changes in the baselines (such as 
the replacement of one installed item). 
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These reviews concern all personnel affected by the change requests affecting the 
baseline, as well the maintenance, configuration, quality and safety managers. After 
each review, the configuration manager publishes a report on the state of the 
configuration database and the changes performed. This is important as it renders 
visible the real status of the system and any changes that have been made. 

 

Figure 21: Integrity process assurance. 

The proposed CM simplifies the number of databases to manage. It integrates the 
different types of information for each system / subsystem / component; hence, it 
simplifies access to the correct information and improves the change control 
management process.  

5.3. Reliability assessment 

As stated previously, the reliability of the results of the trend tests differ depending 
on the failure data. The test or tests chosen will have to be able to handle both 
types of patterns. Paper IV describes the selection process. The selected parametric 
test must handle non-monotonic behaviour and be able to test the null hypothesis 
of an RP. Previous research indicates the Mann test is less powerful than LR and 
GAD tests (Kvaløy et al., 2001); hence, the results of the latter two are more 
significant than the former.  



Methods for the dependability and safety evaluation of railway signalling systems 

 

64 

Framework for reliability assessment of complex systems 

After results are obtained in the parametric trend tests, a simple but effective 
framework is proposed to assess the reliability of complex systems, in this case, 
railway signalling systems (see Figure 22).  

First, the failure data must be processed and put into chronological order. Graphical 
trend tests help to identify the main properties of the failure data: by plotting the 
cumulative failure times (Ti) vs. the N(t). It is possible to determine whether the 
failure data show a monotonic or non-monotonic trend, making it possible to 
identify graphically the change point. Once the change point is identified, the 
sample is separated and studied in independent subsamples. 

The proposed framework tests the trend for the null hypothesis of H0 being an RP, 
as the HPP can be considered a special case of the RP on which the hazard rate is 
constant. The GAD trend test is the choice for testing the null hypothesis of H0 
being a RP, as it can handle both monotonic and non-monotonic trends. Other 
authors propose a framework based on the null hypothesis whereby H0 is an HPP, 
not considering the possibility of an RP. While this simplifies the calculation, this 
thesis tries to reduce the number of steps without affecting the possible outputs 
(hence, being able to consider HPP, NHPP and RP). This can be improved for 
complex systems known to deteriorate during their estimated life and which have 
previously been modelled as RPs (such as railway signalling systems). 

If the parametric trend test cannot reject the null hypothesis of modelling the data 
with an RP (not finding a trend in the data), the next step is to test the 
independence between the failure data using autocorrelation tests. If the data do not 
show dependency, an RP is an appropriate process to model the reliability of the 
system. If the assumptions of independence are false, a branching Poisson process 
can be used. The parameters of the possible distribution depending on each 
sample/subsample are calculated, and the Anderson-Darling goodness-of-fit test is 
used to evaluate how well a specified probability distribution “fits” a set of data. For 
NHPP models, the parameters are calculated and the goodness-of-fit is established 
by the standard error of the different parameters.  

At this point, the link cause effect of the change point and the models obtained are 
evaluated with the help of experts in the maintenance and operation of the railway. 
These experts are asked to analyse different possible causes to see which ones may 
have influenced the failure behaviour; the model will be modified accordingly.  

Once the models for each sample and subsample are determined, it is possible to 
assess the reliability of the system in a particular location, in a determined frame 
time, and not only evaluate past actions, but also consider future maintenance 
strategies to improve the dependability of the system. Survival plots can help in 
reliability assessment. 
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5.4. Safety and availability evaluation 

The model developed here is based on the fusion of different types of information 
obtained from corrective maintenance data records, operational data, and railway 
architecture. It studies the effect of a failure in the signalling SoS on the overall 
railway operation in terms of safety and availability.  

The model is based on a Markov process with discrete states and continuous time 
and is used to calculate the probability of the different operational states (safe 
operation, not operative or operative in degraded modes) of a track section, 
identifying the systems that most affect the safe operation of the railway. Depending 
on which system is affected by the failure and the operational status of the railway, 
the model considers different operational states. Various scenarios are considered to 
validate the model, including mean values, worst and best case scenarios, simulation 
of effects of an improvement in reliability and maintainability, etc. Finally, the 
results are combined to show the effects of the signalling SoS on the railway 
operation of the considered railway corridor. 

Table 16: States 

 State of the signalling SoS Railway operation S. Av. 
St.1 All operative Operative   
St.2 BG failed – signalling SoS not operative Faulty (not operative)   
St.3 BG failed – signalling SoS not operative Operative in a degraded mode   
St.4 IXL failed – signalling SoS not operative Faulty (not operative)   
St.5 IXL failed – signalling SoS not operative Operative in a degraded mode   
St.6 LC failed – signalling SoS not operative Faulty (not operative)   
St.7 LC failed – signalling SoS not operative Operative in a degraded mode   

St.8 
Signal failed – signalling SoS not 
operative 

Faulty (not operative)   

St.9 
Signal failed – signalling SoS not 
operative 

Operative in a degraded mode   

St.10 TC failed – signalling SoS not operative Faulty (not operative)   
St.11 TC failed – signalling SoS not operative Operative in a degraded mode   

Depending on the subsystem affected by the failure, the three operational states of 
the railway infrastructure considered are subdivided, giving a total of 11 states that 
determine the different operational states and the state of the signalling SoS 
(indicating which system failed). The states are described in Table 16. The last two 
columns of the table show graphically the status of safety and availability and how 
these change depending on the state of the railway: green (and happy) face when 
fine, yellow (and neutral) face when operating in a degraded mode and red (and 
sad) face when the signalling system is not ensuring safety or the railway is not 
available. 
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Markov model architecture 

The state-space diagram for the Markov process visualised in Figure 23 shows the 
different states of the system (see Table 1 for description) and the possible transitions 
between them. The stochastic transitional probability matrix (P) shows the 
probability of going from one state to another (the probability of going from state i 
to state j is equal to Pi,j).  

 

Figure 23: Markov diagram 

The possibility of going from a failed state to the operative state (e.g. from state 2 to 
state 1) is not considered possible, since the inspection of the failure and the 
restoration action are performed in the third state (when railway operation is 
possible in a degraded mode). It is possible to deduce the simplified stochastic 
transitional probability matrix as follows: 

  - λ1,2- λ1,4- λ1,6- λ1,8- λ1, λ 1,2 0 λ 1,4 0 λ 1,6 0 λ 1,8 0 λ 1,10 0  
  0 1- μ2,3 μ2,3 0 0 0 0 0 0 0 0  
  μ3,1 0 1- μ3,1 0 0 0 0 0 0 0 0  
  0 0 0 1- μ4,5 μ4,5 0 0 0 0 0 0  
  μ5,1 0 0 0 1- μ5,1 0 0 0 0 0 0  
  0 0 0 0 0 1- μ6,7 μ6,7 0 0 0 0  
P=  μ7,1 0 0 0 0 0 1- μ7,1 0 0 0 0  
  0 0 0 0 0 0 0 1- μ8,9 μ8,9 0 0  
  μ9,1 0 0 0 0 0 0 0 1- μ9,1 0 0  
  0 0 0 0 0 0 0 0 0 1- μ10,11 μ10,11  
  μ11,1 0 0 0 0 0 0 0 0 0 1- μ11,1  

The system is considered to be fully operative for the initial state expressed as: 

P(t=0) = (1,0,0,0,0,0,0,0,0,0,0,0)      (11) 
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Framework for safety and availability evaluation of the railway 
operation 

The different probability states for a TS can be obtained by the sum of the various 
probabilities for the faulty and degraded states, respectively (see Equations 12 and 
13), since it can be assumed that it is only possible to have one failure on a track 
section at a specific moment in time. The sum of all the probabilities must be equal 
to 1, since the operational state is unique in every instant of time (see Equation 14). 

P 	 	 ∑ P i         (12) 

P 		 	 ∑ P i        (13) 

P 	 P P 	 	 P 		 	 1    (14) 

The availability of the whole railway corridor can be represented by the 
probabilities of the different operational states, representing the probability of 
achieving the expected requirements in terms of punctuality and availability. The 
probability of all track sections that comprise the railway corridor being fully 
operative can be calculated knowing that the probability of failure for each section 
is independent of the others. For the operative state, the only case for this 
probability is that all the TS are in this state (see Equation 15), while the probability 
of being in a faulty state is given by the probability that at least one TS is in that 
state (see Equation 16). Finally, the probability of being in a degraded operational 
mode state is given by the probability of not being in operative or faulty states 
(Equation 17).  

P 	 ∏ P 		 i        (15) 

P 	 1 ∏ 1 P 		 i       (16) 

P 	 1 P 	 P 	      (17) 

However, for the purpose of this thesis, the different probabilities are calculated 
assuming the same probabilities for all track sections (otherwise, a Markov model 
must be performed for each track section).  

5.5. Model implementation 

The methods presented in this thesis can facilitate the continuous improvement of 
maintenance to meet dependability standards (IEC 60300, 2004). Because 
Trafikverket considers standards of dependability and RAMS (EN 50126, 1999; 
IEC 60300, 2004) in its maintenance strategies, the methods can be implemented as 
a part of its maintenance assessment process to measure maintenance performance, 
analyse the results and determine further actions for dependability improvement 
(see Figure 24).  
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Figure 24: Maintenance processes (IEC 60300, 2004) 

Even though this thesis focuses on signalling systems in the Swedish railway, the 
methods could be adapted to other railway systems or other networks. In the case 
of other systems in the Swedish railway, this would be directly applicable, since the 
information recorded in 0felia is the same for all assets that are part of the larger 
infrastructure. In the case of other railway networks or systems, the methods remain 
valid, as the considered parameters constitute the basis for understanding and 
studying the dependability and safety of any system; the only limitation is the 
availability of maintenance records required to implement the model. 
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6. VALIDATION, RESULTS AND DISCUSSION 

This chapter summarises the results obtained during the validation of the methods described in 
the previous chapter, using corrective maintenance data from a specific railway line during a 
limited period of time. 

6.1. Dependability assessment 

The method for dependability assessment permits the identification of the most 
frequent values for each parameter depending on the system or systems where the 
failure occurs. In this method, real failures, causes of failures and corrective actions 
are related to identify possible improvements, such as establishing an action 
procedure list for corrective maintenance performance. Finally, knowing the times 
to restore can enable the analyst to find patterns and to compare the total time to 
maintain with the time to restore. The results appear in Paper I, but this section 
summarises some of the more important conclusions. 

The comparison of the number of WOs for each system and the real failure 
recorded suggests that the more complex the system, the more often no clear real 
failure is identified (in the interlocking, for example). NFFs are more commonly 
found in electronically based systems whose architecture is more complex and 
whose ageing is not directly visible (unlike mechanical fatigue).  

Different system assets have different failure causes, since their architecture differs, as 
along with their operating conditions. In the case study, when the failure causes 
recorded for a particular system asset are studied, some interesting trends emerge. 
The most common cause of failure for four of the seven systems is “not defined”. If 
more is known about the causes of failure, preventive measures could be formulated 
to reduce the occurrence of these causes or minimise their effects on the systems. 
Examining the relationship between the corrective actions and the systems affected 
sheds light on the maintainability of the systems, allowing the analyst to propose 
improvements to reduce the time and increase the efficiency and efficacy of the 
performance of the corrective maintenance actions. A review of the corrective 
maintenance procedures can help to achieve this goal. 

While for track circuits and balise groups the most common action is inspection 
(45% and 31% respectively), for other systems such as interlocking assets and signals, 
the replacement of the failed component is more important (40% and 50% 
respectively). Balise groups and track circuits are easily affected by environmental or 
external factors (they are located along the track), and the failure may not be 
permanent. Interlockings are designed as LRUs (lineside replacement units) to 
optimise maintenance while promoting replacement over repair on site to minimise 
the downtime of the system. For the interlockings, 15% of the failures are restored 
with the restart of the system. Scheduled restarts could reduce the appearance of 
failures related to this corrective action during the normal operation of the railway. 
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Table 17 shows the relationship between the parameters of the cause of failure and 
corrective actions. The most common corrective actions are “inspection” and 
“replacement” of the asset. This can be explained by the modular architecture of 
signalling systems and the high number of NFFs and “not defined” real failures. For 
real failures classified as “mechanical”, the most common corrective actions are the 
replacement or repair of the component. The number of mechanical failures could 
be reduced by visual inspections and studies of the remaining useful life of these 
components. 

Table 17: Corrective action depending on real failure 

 Real failure 
Corrective action Electr. External Mech. NFF Non operative Not defined 
Adjust/Lubrication 21 0 11 2 12 58 
Clean/Remove obst. 90 1 6 16 20 127 
Inspection 16 7 1 402 7 169 
No action 7 0 0 80 1 27 
Not defined 5 1 3 5 2 12 
Prov. repaired 13 0 9 0 27 14 
Repair 54 4 48 1 171 65 
Replacement 267 2 91 1 325 81 
Restart 19 5 16 2 39 91 
SW update 0 0 0 0 0 1 

As Table 17 shows, the median values for the level crossing, signal and sign are 
quite similar and slightly lower than other systems. Possibly failures on these systems 
are easier to identify since their architecture is simpler than that of other systems 
such interlockings or the TMS. In more mature designs (the design has not been 
modified to a great extent), the system is better known; hence, the knowledge of 
the real failures and their corrective actions is higher. For other systems, such as the 
TMS, the time to restoration is higher, mainly due to the complexity of the 
architecture, which hinders failure identification and restoration. Some systems 
show an increased number of WOs with low restoration times (e.g. the level 
crossing, signal and track circuits). Possible causes are the easy identification of the 
failure and quick restoration (e.g. replacing the lamp of the signal), or the 
impossibility of finding the failure (NFF). 

Figure 25 shows the relationship between the time variables (MTTM, MTTR and 
MWT) for the system assets. As can be observed, the values for MTTM and MWT 
have the same relationship in all systems with the exception of TMS, where the 
MTTR is proportionally much higher. The other outstanding result is the lower 
value of MWT for level crossings and the TMS. This is due to their criticality and 
the easy access to their location.  
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Figure 25: MTTM, MTTR and MRTTR depending on system asset  

Figure 26 visually summarises the relative restoration time depending on the system 
asset affected by the failure. This figure shows the maximum and minimum times 
spent, along with the median and first and third quartiles. The density distribution is 
shown by the perimeter of the boxplots, and the thickness is given by the number 
of WOs associated with a failure of the system asset. It can be observed that the 
relationships between TTR and TTM depend on the asset affected. 

 

Figure 26: Relative restoration time depending on system asset  

For example, the mean values for the level crossing, signal and sign are quite similar 
and slightly lower than for the other assets. Possibly failures on these systems are 
easier to identify since their architecture is simpler than for systems such as 
interlockings or the TMS. For other systems, such as TMS, the time to restoration 
is higher, mainly because of the complexity of the architecture, which hinders 
failure identification and restoration. Some systems show an increase in the number 
of WOs with low restoration times (e.g. the level crossing, signal and track circuits). 
One possible cause is an easy identification of the failure and quick restoration (e.g. 
to replace the lamp of the signal); another is the impossibility of finding the failure 
(NFF). 

For system assets mostly affected by mechanical failures (e.g. signal, signal boards), 
the relative restoration time is proportionally less, and the distribution of the relative 
restoration time decreases when the values of TTR and TTM are more similar. 
Mechanical failures may be easier to identify; these assets also have a simpler 
architecture which facilitates repair or replacement, thus reducing TTR. Because of 
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the simplicity of their architecture, the balise groups also have a smaller relative 
restoration time, even though most of the failures are electronically based.  

For electronically based system assets with more complex architecture (e.g. 
interlockings, traffic management systems), the relative restoration time is 
proportionally higher than for the mechanically based assets, and the distribution of 
the relative restoration time does not show a trend. Arguably, more time is spent on 
identifying the occurred failure and finding the proper corrective action. The 
maintainability of a system must take into account, not only the efficiency in 
repairing a failure, but also the identification of the failure, as the latter will reduce 
the required corrective maintenance time. 

Depending on the system asset, a number of factors can influence the times to 
maintain and to restore. These include failure mode identification and specification 
of the needs required for restoring, distance to the failure location, human and /or 
material resources, etc. Analysing the factors that affect the maintenance 
performance in each system can help to decrease the time required for corrective 
maintenance and improve the dependability of the system.  

6.2. Configuration management for maintenance support 
optimisation 

Tables 18, 19 and 20 show the design, installation and documentation baselines 
developed for the Swedish railway signalling system. The system design baseline 
identifies the systems and their components. The SW for the systems and the tools 
for testing and uploading SW are included in the baseline as they are linked to the 
system. Signalling systems are based on modularity to make maintenance operations 
easier and increase availability. The proposed model takes the LRUs as the 
minimum level to control in the configuration baselines. 

The installation baseline describes the information required to manage the 
components affecting interoperability (see Table 19), while the documentation 
baseline gathers all documents corresponding to the different assets (see Table 20). 
Note that it is not necessary to control the components of the systems which are 
replaceable and standardised (e.g. fasteners, connectors, cables, etc.). Finally, 
standards and specifications indicate what must be accomplished and the proper 
procedures; drawings give information on installation and maintenance; reports 
supply the historical data of every component and help in the analysis of possible 
improvements. Including certificates in the baseline simplifies the number of 
databases to maintain, as these represent information related to the system some 
stakeholders may need (e.g. quality, RAMS, etc.). 
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Table 18: System design baseline 

Design Baseline 
IXL / 
RBC 

Control & supervision 
Power supply 
Transmission  
Manoeuvre equipment 
IXL / RBC SW 
SW update tool for IXL / 
RBC 
Testing tool for IXL / RBC 

Track 
circuit 

Resistance 
Choke coil 
Joint isolations 
Cable 
Battery 
Safety relay 
Cable connectors 
Rail 

Balise 
group 

Balise  
Cable 
Connectors 
Fasteners 
Generic SW for balise 
SW update tool for balise 
Testing tool for balise 

Level 
crossing 

Manoeuvre equipment 
Control and supervision 
Transmission 
Power supply 
Understructure 
Overstructure 
Gateway 
Bean 
Signal & Sign 
Level crossing SW 
SW update tool for level 
crossing 
Testing tool for level crossing 

TMS Central system 
Power supply 
Transmission 
Understation  
Working station 
TMS SW 
SW update tool for TMS 
Testing tool for TMS 

  

Signal Lamp 
Cable 
Connectors 
Pole 
Base 

Sign Sign 
Pole 
Base 
Fasteners 
Grounding 

Table 19: Installation baseline 

Installation Baseline 
(for every system / component) 

Location (Corridor, section, etc.) 
Serial 
Number 

(Part number of the SW 
and HW) 

SW files Generic files 
Specific files 

Operative 
status 

Working 
On restoration 
In stock 

Table 20: Documentation baseline 

Document Baseline 
(system / component) 

Installation procedure 
Corrective maintenance procedures 
Inspection procedure  
SW update manual 
Testing manual 
Mechanical drawings 
Electrical schemas 
Quality 
ISA (independent safety assurance)  
EMC (electromagnetic compatibility) 
RAMS (CENELEC 50126, 50128, 
50129) 
ERTMS specification (UNISIG) 
GSM-R specification  
(EIRENE / MORANE) 
Functional Interface Specification (FIS) 
Form Fit and Functional Interface 
Specification (FFFIS) 
Operational requirements (Trafikverket) 
Change report 
Inspection report 
Corrective maintenance work orders 
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6.3. Reliability evaluation 

The results obtained in the case study and used to validate the proposed method are 
summarised here. The samples are divided into different monotonic subsamples, 
depending on the change point. Table 21 shows the results of the GAD test for the 
samples (if monotonic) and subsamples (if non-monotonic). It can already be 
observed that all systems show a mixture of trend and no trend behaviour, not 
depending on the location. However, the trend is more frequent in the last part of 
the subsamples, i.e., in the later part of the lifecycle of the system. 

Table 21: Results of the GAD trend test  

System Location 
Change point (Ti 

(min)) 
n 

GAD 
subsample 

IXL 

A 2283178 25 1.22 

31 26.84* 

B - 29 0,45 

C 2608494 
5 0,08 
18 23.39* 

LC 

A - 69 0,48 
B - 50 1,53 

C 2067019 
19 0.80 
52 37.56* 

TC 

A 3492021 
30 12.07* 
9 9.97* 

B - 14 0.68 

C 3295187 
12 2.28 
6 28.45* 

Note: * for the rejected null hypothesis 

Different distributions are tested to find the best fit to the failure data. Table 22 
shows the results obtained from the goodness-of-fit test (Anderson-Darling 
goodness-of-fit) and p-values for five of them (Exponential, Weibull, and Gamma). 
Other possible distributions were tested and discarded as their fit was worse than the 
distributions in Table 22. Tested distributions include: Normal, Box-Cox 
transformation, Lognormal, 3-parameter lognormal, Exponential, 2-parameter 
Exponential, Weibull, 3-parameter Weibull, Smallest extreme value, Largest 
extreme value, Gamma, 3-parameter Gamma, Logistic, Loglogistic, 3-parameter 
Loglogistic and Johnson transformation. For the 3-parameter distributions, the 
likelihood ratio test p-values are equal to the unit, indicating the third parameter 
does not significantly improve the fit over the 2-parameter distribution. 

For the various RP distributions, the best fit is obtained with the Gamma and 
Weibull distribution (for the TC in B, the Weibull distribution is rejected). The 
exponential distribution is rejected for four of the eight cases. As the Weibull 
distribution is easier to operate than the Gamma, it is selected to model the RP; it is 
also more commonly used for the reliability modelling of railway systems. In the 
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subsamples where a trend is observed, a normal NHPP with a Power law model is 
not able to fit the data because there is also a shift in time. Hence, the NHPP is 
modelled with a 3-parameter Power law process.  

The results show the differences in the failure behaviour of the samples and 
subsamples do not depend on the system or location. Since it is known that the 
maintenance actions and records were managed by the same company for all 
locations and systems at the same moment of time, the differences are due to 
operational and environmental conditions for the same system in different locations. 
This means it is not possible to generalise the modelling of the reliability of a 
signalling system by only considering one model; different systems (and even the 
same system installed in different locations) show different failure behaviour and 
must be modelled by different models, sometimes combining more than one type. 

The results of Table 22 indicate that even though in the first part of the lifecycle of 
railway signalling systems (first subsample), reliability can be modelled as an RP (in 
particular, as a Weibull or Gamma distribution), this is not possible at the end of the 
lifecycle (second subsample), when an NHPP fits better the failure data, because of 
the existence of trends. Hence, the best option is to study each subsample and look 
for the best fitting model.  

Different values are obtained for the different systems and locations, for both the 
RP and the NHPP models. For the Weibull distributions, the shape parameter is 
between 0.54 (for the subsample of the TC in C) and 0.93 (for the IXL in B). For 
the NHPP, the shape parameter range is between 0.55 and 0.62 for the IXL and the 
LC. The shape parameter of a value less than the unit indicates the failure mode 
may be defined by early failure, which will decrease with time in service; the shape 
parameter values close to the unit indicate constant failure rate. There is an 
exception in the first subsample of the IXL in C, where the shape is more than 2. 
This can indicate than the IXL in C is in the final period of product life, showing 
fast wear-out. 
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Expert assessment and model readjustment 

As stated previously, in this case study, once a preliminary model was designed, 
experts were consulted to identify possible causes for the changes in the behaviour 
of the failure data. The experts identified a number of actions as having potential 
effects on the reliability of the railway signalling systems: 

 Major repair or replacement of the system (not recorded as corrective 
maintenance) 

 Major construction (e.g. bridge or road crossing the railway) 
 Major modification of the architecture of the infrastructure (e.g. increasing 

number of switches and crossings, signals and TC to handle by the IXL) 

These actions were checked to see if any time or location coincided with the 
change points identified in the previous results, with the following findings: 

 Major construction work was performed in location C over two years (in 
particular, a bridge), during which time the signalling system was barely 
operative; hence, the reduction of failures at the change points in C for A 
and C in the TC and IXL. This construction work would not affect the LC, 
however. 

 A major renewal of all the IXL was performed around the dates of the 
change points in A and C (the change also applied to B, although no change 
in the trend is graphically observed). This explains the improvement of the 
reliability for both A and C. 

 A major renewal of the beam of the LC in C was performed on the date of 
the change point. The beam was changed but the painting was performed 
incorrectly, increasing the adhesion of the snow and, consequently, the 
number of failures. Once the beam was repainted, the behaviour of the 
failures of the LC in C reverted to the previous state. 

 A renewal of all isolation joints for the TC of all the railway corridor 
corresponded to the change points in A and C; this periodic replacement 
occurs every 50 or 60 years to improve the reliability of this component of 
the TC.  

With the new input and knowing the effect of these events on the reliability of the 
signalling systems, the models can be adjusted. Any major repair or modification 
will mean a change point. The change point can be adjusted to correspond to the 
last change, and the system will operate in the same conditions from that point of 
time. In the case of the TC in C, for example, instead being the last subsample to 
follow a deteriorating NHPP, it will follow an RP with a shape parameter of less 
than a unit. Meanwhile, for the LC in C, having the change point after the second 
painting will convert the model of the second subsample into an RP, instead of an 
NHPP. 
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6.4. Availability and safety evaluation 

A summary of the most important results of the model are presented in the 
following subsections, but more complete information appears in Paper V. Figure 
27 shows the probabilities of being in different states for scenarios F-1 and S-1 to S-
3, where the recorded mean values and the possible effects of different maintenance 
policies on safety and availability of a track section can be compared. The 
probabilities of being in a faulty state are the same for scenarios S-3 and F-1 because 
the increased probability of being operative is based on a reduction in the repair rate 
that only affects the degraded states. The probability of being in a faulty state is 
reduced for scenarios S-1 and S-2 because the improvement is based on a global 
reduction of the failure rate, which affects all states. The highest improvement in 
operational time is obtained for scenario S-2 by combining measures to reduce both 
the repair and the failure rate, which also gives the highest reduction in the 
probability of being in a degraded state. 

 

Figure 27: Operational probabilities for the simulation scenarios (S-1 to S-3) 

Table 23 shows the results of the state probabilities obtained for the whole railway 
corridor. This is where the effects of a failure on the railway operation can be 
observed, since it not only considers the failure of the systems found on a track 
section, but also the number of track sections a train drives through when going 
from one location to another.  

Table 23: Probabilities for each scenario for the railway corridor (*10^-2) 

States 
Scenario 

F-1 F-2 F-3 F-4 F-5 S-1 S-2 S-3 

Operative  93.393 92.087 79.210 75.868 96.098 95.544 95.746 95.156 

Faulty  1.213 1.212 4.147 4.144 1.079 0.810 0.972 1.213 

Degraded  5.394 6.700 16.643 19.988 2.823 3.645 3.282 3.631 

The table use colours to illustrate the relative probabilities between states, with 
green being desirable and red undesirable. For the operative state, the goal is to 
achieve the highest possible probability state, but for faulty and degraded states, the 
lowest one will give the best results for safety and availability. 
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For the considered railway corridor, the probability of a train having all track 
sections operative is between 0.76 and 0.96. With the different simulations of the 
maintenance policies, the probability of being in an operational state could be 
improved by reducing the probability of being in a degraded state (in the case of S-
3), or by reducing the probabilities of being in both faulty and degraded states (S-1 
and S-2). Again, the maximum improvement in operation is given in scenario S-2 
where there is an improvement of both the failure and repair rates, while the 
highest reduction in the probability of being in a faulty state is obtained for scenario 
S-1.  

Depending on the performance of the signalling system, new actions can be taken 
to achieve improvements, and the model can simulate the effects of these on both 
safety and availability, not only with regard to potential delays or cancellations, but 
also considering safe operation and the reduction of the probability of operation in a 
degraded state. 

A reduction of MTTM can be obtained by improving the maintainability or the 
maintenance support performance (e.g. reducing the logistics time, optimising 
maintenance time by increasing personnel expertise, etc.). A reduction of the 
MTBF can be obtained by improving the inherent reliability of the systems by 
reducing the external factors, reducing the number of assets needed for a track 
section, implementing condition based maintenance methods for failure diagnostics 
and prognostics and/or improving the preventive maintenance, etc. Another 
important consideration when looking for the best maintenance strategy is the cost 
associated with each improvement; of course, this will depend on the specific 
situation. The best maintenance policy is reached when the minimum safety 
requirements are met. If this is already optimum, the best option is to improve the 
probability of the operational state. 

It is important to mention that the model does not consider variations during the 
life of the system and its component. Therefore, depending on the time line, the 
value of the failure rate will vary; this can be modelled by using repairable systems 
modelling instead of using the constant failure rate. 
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6.5. Final considerations 

As a final evaluation, the results, both from the exploratory analysis and from the 
methods developed, are compared with the requirements for the ERTMS system 
given in Chapter 2. This final evaluation is shown in Table 24.  

Table 24: Comparison results thesis with ERTMS RAMS requirements 

“ERTMS/ETCS RAMS requirements specification” 
(1998) 

Results case study 
Compliance with 

specification? 

The probability of having a delay caused by the signalling systems 
failures shall not be greater than 1,8%, in particular for the ERTMS 

failures shall be not greater than 0,0027. The allowed average delay per 
train due to a failure on a signalling system, of an average trip of 

duration of 90 min, shall be not greater than 9 minutes. 

Out of scope (further 
research) 

The operational availability due to all causes of failure shall be not less 
than 0,99973. No – see Chapter 4 

Immobilising failures shall not exceed the 10% of the total amount of 
failures which affect the system operation; service failures shall not exceed 
the 90% of the total amount of failures which affect the system operation 

Out of scope (further 
research) 

The mean time to restore is 1.737 hours for the trackside distributed 
equipment. The appropriate value for ensuring that the trackside 
equipment standstill time is less than 4 hours in the 90% of the 

unscheduled repairs, assuming exponentially distributed repair time. 
No – see Chapter 3 

The mean time between immobilising hardware failures for trackside 
equipment shall be not less than 1.2*105 hours for the distributed 
equipment. For the service hardware failures shall not be less than 

1.4*104 hours. 

No – see Chapter 3 

The maximum amount of time necessary to reach the maintenance site 
cannot exceed the 30% of the maximum tolerable standstill time defined 

(1.2 hours). 
No – see Chapter 3 

Is has been previously stated that the ERTMS system is not studied in this thesis. 
However, the lack of compliance with the requirements may sound an alarm, 
suggesting the need to increase the demands when dealing with the maintenance 
and operation of the Swedish railway signalling system. A better assessment of 
performance can facilitate the traceability of the changes and improvements in 
maintenance and their effects on the performance of the signalling systems. 
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7. CONCLUSIONS AND FURTHER RESEARCH 

This chapter summarises the conclusions derived from the results of the thesis. More 
information can be found in each appended paper. 

 

There are several issues and challenges to consider during maintenance and 
operation phases of railway signalling systems. The most salient are the following: 

 Data collection: A great deal of information is gathered, but data suffer from 
a lack of visibility, and the links between the repositories are not well 
established. This leads to a dependency on the expertise of the personnel, an 
approach which is not beneficial in the long term. This is addressed in Papers 
I, II, and III. This lack of data suggests the need to study dependability and 
safety at a system level and to develop methods to find the best fitting model 
in this situation.  

 Reliability assessment: Since external factors have a great effect on the 
dependability of signalling systems, a reliability study of specific locations is 
needed to understand the particular behaviour of their reliability.  

 Safety and availability: There is also a need to measure the safety and 
availability performance of railway signalling systems (not only using the 
number of failures and the delays produced). This can be measured by 
calculating the probability of the railway operation in a degraded mode,  
addressed in Paper V. 

 Failure identification: If failure identification is difficult during the corrective 
maintenance, it is reasonable to think it will be equally difficult to find the 
deteriorating components (prone to failure) during the visual inspections in 
preventive maintenance. Therefore, it can be concluded there is a need to 
improve the maintainability of the Swedish railway signalling systems in the 
area of failure identification. 

The dependability data driven model presented in Paper I follows an FMEA process 
to select parameters. The main parameters to evaluate the dependability are the 
system/subsystem/component, failure cause, failure mode and failure effect. 
Corrective actions must also be evaluated, to determine whether a repair or a 
replacement was required. This also provides insight into the best practices. 

This thesis presents a tool to measure the probability the signalling system will not 
supervise the railway traffic, and to evaluate the safety and availability of railway 
operation (see Paper IV). The results obtained from the model show the probability 
of being in a state where operation is possible in a degraded mode is greater than 
the probability of not being operative at all; this reduces delays, but requires other 
risk mitigation measures to ensure safe operation. Operational and environmental 
factors may have a great influence on the safety of the railway operation. 
Combining maintenance improvements to reduce the failure rate and increase the 
repair rate is more efficient at increasing the probability of being in an operative 
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state and reducing the probability of operating in a degraded state than simply 
reducing the failure rate or increasing the repair rate. 

The method presented in this thesis to assess the reliability of long-lived complex 
systems has been verified and validated by -sub-cases from the railway corridor 
Luleå Gällivare; more specifically, the method is applied to three systems in three 
different locations (see Paper V). Unlike previous methods, this one is both based 
on statistical methods and also assesses the results using expert opinion. The results 
show different behaviours in the failure occurrences of the different signalling 
systems, requiring a combination of models depending on the location, time frame 
and system. Changes in the behaviour of the failure data are linked to major 
renewals of the systems or work in the infrastructure affecting the signalling 
systems. The proposed method sets the basis for a condition-based maintenance 
support tool using the diagnostic of the railway signalling systems.  

Papers II and III address the issue of information logistics, and develop a CM 
process by reducing the dependency on the expertise of personnel and facilitating 
inter-organisational knowledge transfer between stakeholders. The proposed CM 
simplifies the number of databases to manage. It integrates the different types of 
information for each item; hence, it simplifies the access to the correct information. 
The change control management process links any change in the system to the 
configuration database and the change request, work orders, and evidence of the 
change performed. The process involves informing all personnel who could be 
affected by the change; this facilitates the identification of the causes of changes in 
the reliability of the railway signalling systems.  

7.1. Thesis contribution  

The thesis has developed new approaches, methodologies and tools to assess and 
evaluate the dependability and safety performance of railway signalling systems 
based on field data: 

 Data driven model based on a FMEA process to assess the dependability 
performance of the infrastructure signalling systems. 

 Tool to assess the reliability of long-lived complex systems, in particular 
railway signalling systems. The method differs from previous in that it is not 
only is based on statistical methods but also assesses the results using expert 
opinion. 

 CM process which establishes how to manage the change control process 
and ensures the configuration is updated in real-time, giving input to the 
reliability assessment by helping to identify causes of change in the failure 
behaviour. 

 Evaluation of the safety and availability of railway operation by 
acknowledging the degraded operation. 
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7.2. Further research 

Based on the results of this thesis, further research should consider the following 
areas: 

 Improvement of the quality of the data collection, as pointed out by the 
exploratory analysis. This will permit the use of more detailed and advanced 
models for dependability and safety analyses. Further work must be oriented 
in this direction, since it will benefit all types of evaluations and assessments.  

 Improvement of the models proposed (e.g. considering all railway systems 
for the safety and availability evaluation, considering the data distributions 
instead of the constant failure and repair rates, etc.) 

 Implementation of the models by developing an application for the 
maintenance managers 

 Measurement of the effects of external factors on railway signalling systems 
 Further validation of the models and frameworks with other signalling 

systems and architectures, comparing the results and identifying the reasons 
for the differences.  

 Improvement of the dependability of railway signalling systems by applying 
methodologies such as CBM, new preventive maintenance routines and 
reducing the time for failure identification. 

 

 

 

 





 

 

8. REFERENCES 

Adamyan A, He D. (2004). “System failure analysis through counters of Petri net 
models”, Quality and Reliability Engineering International, vol. 20, no. 4, pp. 317-335. 

Alavi, M. and Leidner, D.E., (2001), “Review: Knowledge management and 
knowledge management systems: Conceptual foundations and research issues”, MIS 
Quarterly: Management Information Systems, vol. 25, no. 1, pp. 107-136.  

Alexandersson, G. and Hultén, S., (2008), “The Swedish Railway Deregulation 
Path”, Review of Network Economics, vol. 7, no. 1, pp. 18-36. 

Ali, U. and Kidd, C., (2013), “Barriers to effective configuration management 
application in a project context: An empirical investigation”, International Journal of 
Project Management. 

Anik VG., Ustoglu I, Kaymakci OT. (2011).”The functional safety calculation of a 
real interlocking system in Turkey”, in 2011 IEEE International Conference on 
Mechatronics, ICM 2011 - Proceedings, pp. 71.  

Antoni M, (2009). “The ageing of signalling equipment and the impact on 
maintenance strategy”, in International Conference on Computers & Industrial 
Engineering, CIE 2009, pp. 1179 – 1184. 

Asher, H. and Feingold, H., (1984), Repairable Systems Modelling, Inferences, 
Misconceptions and their causes, New York, Marcel Decker. 

Bae, S.J., Mun, B.M. and Kim, K.Y. (2013). “Change-point detection in failure 
intensity: A case study with repairable artillery systems”, Computers & Industrial 
Engineering, vol. 64, no. 1, pp. 11-18. 

Bagul, Y.G., Zeid, I. and Kamarthi, S.V., (2009), “Overview of remaining useful 
life methodologies”, in Proceedings of the ASME International Design Engineering 
Technical Conferences and Computers and Information in Engineering Conference, DETC 
2008, pp. 1391. 

Baldwin, W.C., Sauser, B. and Coutier, R. (2015). “Simulation approaches for 
System of Systems: Events-based versus agent based modelling”, Procedia computer 
science, vol. 44, pp. 363-375. 

Baldwin, W.C. and Sauser, B. (2009). Modeling the characteristics of system of 
systems, in: 2009 IEEE International Conference on System of Systems 
Engineering, SoSE 2009, Albuquerque, NM, 2009: pp. 1–6. 

Baldwin, W.C., Felder, W.N. and Sauser, B.J. (2011). “Taxonomy of increasingly 
complex systems”, International Journal of Industrial and Systems Engineering. vol. 9, 
no. 3, pp. 298–316. 

Baldwin, W.C., Ben-Zvi, T. and Sauser, B.J. (2012). “Formation of collaborative 
system of systems through belonging choice mechanisms”, IEEE Transactions on 
Systems, Man and Cybernetics, Part A: Systems and Humans, vol. 42 , no. 4, pp. 793-
801. 



 

  

Banverket, (2004), Methodology Guidelines for the management of administrative data 
(Metodanvisningar för hantering av förvaltningsdata i IDA2000), BVH 584.41, 
Handbook, , Banverket, Borlänge, (in Swedish). 

Banverket, (2008), BIS – Information requirements (BIS – Informationskrav, 
Ajourhållningsansvar), Regulation BVF 810.0, Banverket, Borlänge, (in Swedish). 

Beck K., Scheier B. and Jäger B., (2008), “RAILONOMICS® - determining 
investment strategies for railway signalling through simulation,” in WIT Transactions 
on the Built Environment, pp. 65-74. 

Berggren, E.G., (2010), “Efficient track maintenance: Methodology for combined 
analysis of condition data”, in Proceedings of the Institution of Mechanical Engineers, Part 
F: Journal of Rail and Rapid Transit, vol. 224, no. 5, pp. 353-360. 

Bergquist, B. and Söderholm, P. 2015, “Data Analysis for Condition-Based 
Railway Infrastructure Maintenance”, Quality and Reliability Engineering International, 
vol. 31, no. 5, pp. 773-781. 

Bergman, M.M., (2008). Advances in mixed methods research theories and applications, 
London : SAGE, London. 

Billinton R and Allan RN. (1992). Reliability Evaluation of Engineering Systems – 
Concepts and Techniques, Plenum Press, New York, NY. 

Blache, K.M. and Shrivastava, A.B. (1994). “Defining failure of manufacturing 
machinery and equipment”, Annual Proceedings Reliability and Maintainability 
Symposium, pp. 69-75. 

Blischke, W.R. and Murthy, D.N.P., (2000), Reliability: modeling, prediction, and 
optimization, Wiley, New York. 

Blumenberg, S., Wagner, H.-T. and Beimborn, D., (2009), “Knowledge transfer 
processes in IT outsourcing relationships and their impact on shared knowledge and 
outsourcing performance”, International Journal of Information Management, vol. 29, 
no. 5, pp. 342-352. 

Boardman, J. and Sauser, B., (2006), “System of Systems - The meaning of of”, in 
Proceedings IEEE/SMC International Conference on System of Systems Engineering 2006, 
Los Angeles, CA, April 2006, pp. 118-123. 

Bondavalli A., Nelli M., Simoncini L. and Mongardi G. (2001). “Hierarchical 
modelling of complex control systems: Dependability analysis of a railway 
interlocking”, Computer Systems Science and Engineering; vol. 16, no. 4, pp. 249-261. 

Briggs, H. C., (2008). CMMI guidelines for design engineering, A Collection of 
Technical Papers - AIAA/ASME/ASCE/AHS Structures, Structural Dynamics, and 
Materials Conference. 

Brkic R and Adamovic Z. (2011). “Research of defects that are related with 
reliability and safety of railway transport system”, Russian Journal of Nondestructive 
Testing, vol. 47, no. 6, pp. 420-429. 



 

 

Brownsword, L., Fisher, D., Morris, E., Smith, J. and Kirwan, P., (2006), System-of-
Systems Navigator: An Approach for Managing System-of-Systems Interoperability, 
Software Engineering Institute (SEI). 

Buchheit, G., Malasse, O., Brinzei, N. and Ammad, N. (2013) “Dependability 
assessment of large railway systems”, in Annual Proceedings Reliability and 
Maintainability Symposium (RAMS), pp. 1-6. 

Burgess, T.F., Byrne, K. and Kidd, C., (2003), “Making project status visible in 
complex aerospace projects”, International Journal of Project Management, vol. 21, no. 
4, pp. 251-259. 

Burgess, T.F., McKee, D. and Kidd, C., (2005), “Configuration management in 
the aerospace industry: A review of industry practice”, International Journal of 
Operations and Production Management, vol. 25, no. 3, pp. 290-301.  

Campbell, D., (1995), “Outsourcing in maintenance management - A valid 
alternative to self-provision”, Journal of Quality in Maintenance Engineering, 1(3):18-
24. 

Candell, O., Karim, R., and Söderholm, P. (2009). “eMaintenance - information 
logistics for maintenance support”. Robotics and Computer-Integrated Manufacturing, 
vol. 25, no. 6, pp. 937-944.  

Candell, O. and Söderholm, P., (2006),”A customer and product support 
perspective of eMaintenance”, Proceedings of the 19th International Congress of 
COMADEM, Luleå, Sweden, pp. 243-252. 

Chandra, V. and Kumar, K.V. (1997). “Reliability and safety analysis of fault 
tolerant and fail safe node for use in a railway signalling system”, Reliability 
Engineering and System Safety; vol. 57, no. 2, pp. 177-183. 

Chen, H. and Qian, Y. (2012). “Reliability and safety analysis of cross-redundant 
Structure based on Markov process”, in Proceedings - 2012 5th International 
Symposium on Computational Intelligence and Design, ISCID 2012 , pp. 406.  

Chiocchio, S., Martin, E., Barabaschi, P., Bartels, H.W., How, J. and Spears, W. 
(2007). “System engineering and configuration management in ITER”, Fusion 
Engineering and Design, vol. 82, no. 5–14, pp. 548-554. 

Coetze, J.L. (1997). “The role of NHPP models in the practical analysis of 
maintenance failure data”, Reliability Engineering & System Safety, vol. 56, no. 2, pp. 
161-168. 

Crowder, M. J., A. C. Kimber, R. L. Smith, and T. J. Sweeting. (1991). Statistical 
Analysis of Reliability Data. Chapman and Hall, London. 

Dersin, P., Péronne, A. and Arroum, C., (2008), “Selecting test and maintenance 
strategies to achieve availability target with lowest life-cycle cost,” in Proceedings - 
Annual Reliability and Maintainability Symposium. 

De Souza, S.C.B., Anquetil, N. and De Oliveira, K.M., (2005), “A study of the 
documentation essential to software maintenance”, in Proceedings of the 23rd 
International Conference on Design of Communication - Documenting and Designing for 
Pervasive Information, pp. 68-75. 



 

  

Dhillon BS., (1987), Engineering management, Technomic Publishing. 

Ding, X., Chen, X. and Jiang, W, (2010). “The analysis of GSM-R redundant 
network and reliability models on high-speed railway”, ICEIE 2010 - 2010 
International Conference on Electronics and Information Engineering, Proceedings, pp. 
V2154. 

DiMario, M., Boardman, J. and Sauser, B. (2009). “System of systems collaborative 
formation”, IEEE Systems Journal, vol. 3 no. 3, pp. 360–368. 

Dobias, R., Konarski, J. and Kubátová, H. (2008). “Dependability evaluateion of 
real railway interlocking device”, in Conference on Digital System Design 
Architectures, Methods and Tools, DSD '08. 11th EUROMICRO, IEEE, pp. 228-
233.  

Dorj, E., Chen, C. and Pecht, M. (2013). “A Bayesian Hidden Markov Model-
based approach for anomaly detection in electronic systems”, in IEEE Aerospace 
Conference Proceedings, pp. 1-10. 

Dyer, J.H. and Nobeoka, K., (2000), “Creating and managing a high-performance 
knowledge-sharing network: The Toyota case”, Strategic Management Journal, vol. 
21, no. 3, pp. 345-367. 

Ebeling, C.E., (2010), An introduction to reliability and maintainability engineering, 2nd 
ed., Waveland Press, Long Grove, Illinois. 

EIRENE SRS, (2006), GSM-R System Requirements Specification, v.15, International 
Union of Railways (UIC). 

Ekstedt, N., Wallnerström, C. J., Babu, S., Hilber, P., Westerlund, P., Jürgensen, J. 
H. and Lindquist, T. (2014). Reliability Data: A Review of Importance, Use, and 
Availability.  In: NORDAC 2014 (Eleventh Nordic Conference on Electricity 
Distribution System Management and Development, Stockholm, 8 - 9 September 
2014). 

Ellström, P., (2001), “Integrating learning and work: Problems and prospects”, 
Human Resource Development Quarterly, vol. 12, no. 4, pp. 421-435. 

EN 13306, (2010), Maintenance - Maintenance terminology, European Committee for 
Standardization (CEN), Brussels, Belgium. 

EN 50126 (1999), Railway Applications – The specification and demonstration of 
Reliability, Availability, Maintainability and Safety (RAMS), European Committee for 
Electrotechnical Standardization (CENELEC), Brussels, Belgium. 

EN 50128 (2001), Railway Applications: Communications, signalling and processing 
systems - Software for railway control and protection systems, European Committee for 
Electrotechnical Standardization (CENELEC), Brussels, Belgium. 

EN 50129 (2003), Railway Applications – Communication, signalling and processing 
systems, Safety related electronic systems for signalling, European Committee for 
Electrotechnical Standardization (CENELEC), Brussels, Belgium. 



 

 

EN 61165, (2006). Application of Markov techniques, IEC 61165:2006, ), 
European Committee for Electrotechnical Standardization (CENELEC), Brussels, 
Belgium. 

Espling, U., (2007), Maintenance strategy for a railway infrastructure in a regulated 
environment, doctoral thesis, Luleå University of Technology, Luleå, Sweden. 

Fararooy, S. and Allan, J. (1995). “Condition monitoring of railway single-throw 
equipment,” in Proceedings of the International Conference on Computer Aided Design, 
Manufacture and Operation in the Railway and Other Mass Transit Systems, vol. 2, pp. 
523-531. 

Flammini F., Marrone S., Mazzocca N. and Vittorini V., (2006), “Modeling system 
reliability aspects of ERTMS/ETCS by fault trees and bayesian networks,” in 
Proceedings of the European Safety and Reliability Conference 2006, ESREL 2006 - 
Safety and Reliability for Managing Risk, pp. 2675-2683. 

Fowler, A., (1993), “Models and applications of configuration management”, 
Omega, vol. 21, no. 4, pp. 425-431. 

Galar, D., Gustafson, A., Tormos, B. and Berges, L., (2012), “Maintenance 
decision making based on different types of data fusion”, Eksploatacja i Niezawodnosc, 
vol. 14, no. 2, pp. 135-144. 

García, FP., Pedregal, DJ, Robert,s C., (2010). “Time series methods applied to 
failure prediction and detection”, Reliability Engineering & System Safety, vol. 95, no. 
6, pp. 698-703.  

García Marquez FP., Weston P. and Roberts C. (2007). “Failure analysis and 
diagnostics for railway trackside equipment”, Engineering Failure Analysis, vol. 14, 
no. 8, pp. 1411-1426. 

Gorod, A., Sauser, B. and Boardman, J., (2008), “System-of-systems engineering 
management: A review of modern history and a path forward”, IEEE Systems 
Journal, vol. 2, no. 4, pp. 484-499. 

Granström R., (2012), Biannual revision of reinforced maintenance of roadside protective 
construction  (Halvårsutvärdering förstärkt underhåll vägskyddsanläggningar), Vectura AB, 
Report, (in swedish). 

Hancock, L.R. (1993), “Enhancing operability and reliability through configuration 
management”, in 2nd ASME-JSME international conference on nuclear 
engineering. 

Hasanzadeh, Z. and Sandidzadeh, M.A. (2008). “The reliability evaluation of 
interlocking system for improving the operation factors - A case study in Tehran 
metro”, Proceedings of the IASTED International Conference on Modelling and 
Simulation.  

He, T. and Ren, J.X. (2014), “Research of RAM on the all-electronic computer 
interlocking system”, Applied mechanics and materials, vol 511-512 (2014), pp 719-
726 



 

  

Heng, A., Zhang, S., Tan, A.C.C. and Mathew, J., (2009), “Rotating machinery 
prognostics: State of the art, challenges and opportunities”, Mechanical Systems and 
Signal Processing, vol. 23, no. 3, pp. 724-739. 

Hockley, C. and Phillips, P., (2012), “The impact of no fault found on through-life 
engineering services”, Journal of Quality in Maintenance Engineering, vol. 18, no. 2, 
pp. 141-153. 

Holmgren, M., (2006), Maintenance-related incidents and accidents, aspects of hazard 
identification, doctoral thesis, Luleå University of Technology, Luleå, Sweden. 

Huang, Y., Feng, Z., He., K. and Huang, Y. (2013). “Ontology-based 
configuration for service-based business process model”, in 2013 IEEE 10th 
international conference on services computing, SCC 2013, pp. 296-303. 

IEC 60050, (1990), IEC 60050-192: Dependability and quality of service, 
International Electrotechnical Commission, Geneva. 

IEC 60300, (2004), IEC 60300 (3-14): Dependability Management – Part 3-
14:Application Guide –Maintenance and Maintenance Support, International 
Electrotechnical Commission, Geneva. 

IEC 61703, (2001), Mathematical expressions for reliability, availability, maintainability 
and maintenance support terms, International Electrotechnical Commission, Geneva. 

ISO/IEC 15288 (2008), ISO/IEC 15288: Systems and Software Engineering – System 
Life Cycle Processes, International Organization for Standardization and International 
Electro-Technical Commission, Geneva. 

Iwata, K. Hiraguri S. and Watanabe I., (2009), “Evaluation methods for railway 
signalling systems from the viewpoint of availability,” Quarterly Report of RTRI 
(Railway Technical Research Institute) (Japan), vol. 50, pp. 152-157. 

Iwata K. and Watanabe I., (2010), “Risk evaluation method for improvement of 
railway signalling systems,” Quarterly Report of RTRI (Railway Technical Research 
Institute) (Japan), vol. 51, pp. 205-213. 

Jardine, A.K.S., Lin, D. and Banjevic, D., (2006), “A review on machinery 
diagnostics and prognostics implementing condition-based maintenance”, 
Mechanical Systems and Signal Processing, vol. 20, no. 7, pp. 1483-1510. 

Jardine, A.K.S. and Tsang, A.H.C. (2006). Maintenance replacement and reliability: 
theory and applications, 2nd Edition, CRC Press, Taylor & Francis Group. 

Jiang, R (2015), Introduction To Quality And Reliability Engineering, Beijing: Springer  

Jimenez–Redondo, N., Bosso, N., Zeni, L., Minardo, A., Schubert, F., Heinicke, 
F. and Simroth, A. (2012), “Automated and Cost Effective Maintenance for 
Railway (ACEM–Rail)”, Procedia - Social and Behavioral Sciences, vol. 48, pp. 1058-
1067. 

Karim, R., (2008), A Service-Oriented Approach to eMaintenance of Complex Technical 
Systems, doctoral thesis, Luleå University of Technology, Luleå, Sweden. 



 

 

Keating, C., Rogers, R., Unal, R., Dryer, D., Sousa-Poza, A., Safford, R., 
Peterson, W. and Rabadi, G. (2003), “System of systems engineering”, EMJ - 
Engineering Management Journal, vol. 15, no. 3, pp. 36-45. 

Kidd, C., (2001), “The case for configuration management”, IEE Review, vol. 47, 
no. 5, pp. 37-41. 

Kobbacy, A.H.K. and Murthy, D.N.P. (2008). Complex system maintenance 
handbook, Springer series in reliability engineering, Editor Prof. Pham, H., Springer-
Verlag London Limited. 

Kohlík, M. and Kubátová, H. (2013). “Markov chains hierarchical dependability 
models: Worst-case computations”, in LATW 2013 - 14th IEEE Latin-American 
Test Workshop, 2013. 

Kohlík, M. and Kubátová, H. (2012), “Reduction of complex safety models based 
on markov chains”, in IEEE 15th International Symposium on Design and 
Diagnostics of Electronic Circuits & Systems (DDECS), pp. 183-186.  

Kumar, S., Espling, U. and Kumar, U., (2008), “Holistic procedure for rail 
maintenance in Sweden”, Proceedings of the Institution of Mechanical Engineers, Part F: 
Journal of Rail and Rapid Transit, vol. 222, no. 4, pp. 331-344. 

Kumar, S., Chattopadbhyay, G and Kumar, U. (2006). “Reliability improvement 
through alternative designs – a case study”, Reliability Engineering and System Safety, 
vol. 92, no. 7, pp. 983-991. 

Kvaløy J.T. and Lindqvist, B.H. (1998). “TTT-based tests for trend in repairable 
systems data”, Reliability Engineering and System Safety, vol. 60, no. 1, pp. 13-28.  

Kvaløy, J.T. and Lindqvist, B.H. (2003). “A class of tests for renewal process versus 
monotonic and nonmonotonic trand in repairable systems data”, Mathematical and 
statistical methods in reliability, B.H.Lindqvist and K.A. Doksum (eds.), 401-414, 
World Scientific, River Edge, NJ. MR 2031087. 

Kvaløy, J.T., Lindqvist, B. and Malmedal, H. (2001) “A statistical test for 
monotonic and nonmonotonic trend in repairable systems”. In: Proceedings of 
European conference on safety and reliability—ESREL 2001. pp. 1563–70. 

Lane, P.J. and Lubatkin, M., (1998), “Relative absorptive capacity and 
interorganizational learning”, Strategic Management Journal, vol. 19, no. 5, pp. 461-
477.  

Lee, D. and Van Den Steen, E., (2010), “Managing know-how”, Management 
Science, vol. 56, no. 2, pp. 270-285. 

Lindqvist, B.H. (1997). “Statistical modelling and analysis of repairable systems”, 
Statistical and Probabilistic Models in Reliability, V. Ionescu and N. Limnios, eds. 
Birkhauser Boston, pp.3-25. 

Lindqvist, B.H. (2006). “On the statistical modelling and analysis of repairable 
systems”, Statistical science, vol. 21, no. 4, pp. 532-551. 



 

  

Lindqvist, B.H., Elvebakk, G. and Heggland, K. (2003). “The trend-renewal 
process for statistical analysis of repairable systems”,Technometrics, vol. 45, no. 1, pp. 
31-44. 

Lipsett, M.G. and Gallardo-Bobadilla, R. (2013). “Modelling Risk in Discrete 
Multi-State Repairable Systems”, Asset Condition, Information Systems and Decision 
Models, Engineering Asset Management Review, Springer, pp. 187–205.  

Liyanage, J.P. and Kumar, U. (2003), “Towards a value-based view on operations 
and maintenance performance management”, Journal of Quality in Maintenance 
Engineering, vol. 9, no. 4, pp. 333-50. 

Louit D.M., Pascual R. and Jardine A.K.S. (2009). “A practical procedure for the 
selection of time to failure models based on the assessment of trends in maintenance 
data”, Reliability Engineering & System Safety, vol. 94, no. 10, pp. 1618-1628. 

Luxhøj, J.T., Riis, J.O. and Thorsteinsson, U., (1997), “Trends and Perspectives in 
Industrial Maintenance Management”, Journal of Manufacturing Systems, vol. 16, no. 
6, pp. 437-453. 

MacChi M., Garetti M., Centrone D., Fumagalli L. and Piero Pavirani G., (2012), 
“Maintenance management of railway infrastructures based on reliability analysis,” 
Reliability Engineering and System Safety, vol. 104, pp. 71-83. 

Malefaki, S., Limnios, N. and Dersin, P. (2014). “Reliability of maintained systems 
under a semi-Markov setting”, Reliability engineering and system safety, vol. 131, pp. 
282-290. 

Mansor, M.A., Ohsato, A. & Sulaiman, S., (2012), “Knowledge management for 
maintenance activities in the manufacturing sector”, International Journal of 
Automotive and Mechanical Engineering, vol. 5, no. 1, pp. 612-621. 

Marquez, F.P.G., Weston, P. and Roberts, C. 2007, “Failure analysis and 
diagnostics for railway trackside equipment”, Engineering Failure Analysis, vol. 14, 
no. 8 SPEC. ISS., pp. 1411-1426.  

Meeker, W.Q. and Escobar, L.A. (1998). Statistical methods for reliability data. New 
York: Wiley. 

Merriam, S.B., (2009), Qualitative research: a guide to design and implementation,. 2. ed. 
San Francisco: Jossey-Bass. 

MIL-HDBK-189. (1981). Reliability Growth Management. U.S. Department of 
Defense, Washington, DC. 

Morant, A., Karim, R., Tretten, P. and Larsson-Kråik, P.-O. (2013), 
“Dependability improvement through configuration management – A study of 
railway signalling systems”, International Journal of COMADEM, vol. 16, no. 4, pp. 
31-40. 

Morant A., Wisten Å., Galar D., Kumar U. and Niska S., (2012), “Railway EMI 
impact on train operation and environment,” in IEEE International Symposium on 
Electromagnetic Compatibility, Rome, Italy. 



 

 

Morant, A., Larsson-Kråik, P.-O. and Kumar, U. (2014). “Data-driven model for 
maintenance decision support - a case study of railway signalling systems”. 
Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid 
Transit. DOI: 10.1177/0954409714533680 

Morant, A., Westerberg M and Larsson-Kråik P.-O., (2014a), “Knowledge 
management in a railway network: The case of signalling systems”, in Proceedings 
of The Second International Conference on Railway Technology: Research, 
Development and Maintenance, France, 8-11 April 2014. 

Murphy, K.E., Carter, C.M. and Brown, S.O. (2002). “The exponential 
distribution: The good, the bad and the ugly. A practical guide to its 
implementation”, Proceedings of the Annual Reliability and Maintainability Symposium, 
pp. 550. 

Neuman, W.L., (2003), Social research method: Qualitative and Quantitative Approaches, 
5th edition, USA. 

Niska S., (2008), Measurements and analysis of electromagnetic interferences in the Swedish 
railway systems, Doctoral thesis, Luleå University of Technology, Luleå, Sweden. 

Nonaka, I., (1994), “A dynamic theory of organizational knowledge”, Organization 
Science, 5, pp. 14–37. 

Pan, J. and Chen, J. (2006), “Application of modified information criterion to 
multiple change point problems”, Journal of Multivariate Analysis, vol. 97, no. 10, pp. 
2221-2241.  

Panja, S.C. and Kumar, R.P. (2007), “Reliability analysis of a 'point-and-point 
machine' of the Indian railway signaling system”, Quality and Reliability Engineering 
International, vol. 23, no. 7, pp. 833-848. 

Panja, S.C. and Ray, P.K. (2009), “Failure mode and effect analysis of Indian 
railway signalling system”, International Journal of Performability Engineering, vol. 5, 
no. 2, pp. 131-142. 

Pal, S. (2012), “Reliability and maintainability activities in Indian Railways”, IEEE 
Proceedings - Annual Reliability and Maintainability Symposium, RAMS 2012. 

Parida, A., Phanse, K. and Kumar, U. (2004), “An integrated approach to design 
and development of e-maintenance system”, in Proceedings of VETOMAC-3 and 
ACSIM-2004, New-Delhi, 6-9 December, pp. 1141-7. 

Patra, A.P., (2009), Maintenance decision support models for railway infrastructure using 
RAMS & LCC analyses, doctoral thesis, Luleå University of Technology, Luleå. 

Patra AP, Dersin P and Kumar U.(2010). Cost effective maintenance policy: A case 
study. International Journal of Performability Engineering 2010; 6(6):595-603  

Patra, A.P. and Kumar, U. (2010). “Availability analysis of railway track circuits”, 
Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid 
Transit, vol. 224, no. 3, pp. 169-177.  



 

  

Patra AP, Söderholm P and Kumar U. (2009) Uncertainty estimation in railway 
track life-cycle cost: A case study from Swedish National Rail Administration. Proc 
Inst Mech Eng Pt F: J Rail Rapid Transit 2009; 223(3):285-293. 

Pecht, M., (2009), Product reliability, maintainability and supportability handbook, 2. ed., 
CRC Press, Taylor & Francis Group. 

Pecht, M.G. and Nash, F. (1994). “Predicting the reliability of electronic 
equipment”, Proceedings of the IEEE, vol. 82, no. 7, pp. 992-1004 

Pecht, M. and Ramappan, V., (1992), “Are components still the major problem. A 
review of electronic system and device field failure returns”, IEEE transactions on 
components, hybrids, and manufacturing technology; 15(6):1160-1164. 

Pěnička, M., (2007), “Formal approach to railway applications”, Lecture Notes in 
Computer Science (including subseries Lecture Notes in Artificial Intelligence and Lecture 
Notes in Bioinformatics), Springer-Verlag, pp. 504-520. 

Pincock, A.J.L. (1998), “Safe passage to Europe-Eurostar's in-cab signalling 
systems”, Proceedings of the Institution of Mechanical Engineers, Part F: Journal of 
Rail and Rapid Transit, vol. 212, no. 3, pp. 235-250. 

Pulcini, G. (2001). “Modelling the failure data of a repairable equipment with 
bathtub type failure intensity”, Reliability engineering and system safety, vol. 71, no. 2, 
pp. 209-218. 

Rama, D. and Andrews, J.D. (2013), “A reliability analysis of railway switches”, 
Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid 
Transit, vol. 227, no. 4, pp. 344-363. 

Rausand, M. and Høyland, A. (1994). System reliability theory: models and statistical 
methods. 2nd edition, New York: Wiley. 

Sage, A.P. and Biemer, S.M. (2007). “Processes for system family architecting, 
design, and integration”, IEEE Systems Journal, vol. 1, no. 1, pp. 5–16.  

Restel, F.J. (2015). “The Markov reliability and safety model of the railway 
transportation”, Safety and reliability: methodology and applications, Nowakowski et al. 
(eds.), Taylor & Francis Group, London. 

Sherwin, D.J. and Bossche, A., (1993), The reliability, availability and productiveness of 
systems, 1. ed., Chapman & Hall, London. 

Sheskin, D. (2011). Handbook of parametric and nonparametric statistical procedures, 5. 
ed., Chapman & Hall/CRC, Boca Raton. 

Stamenkovic B. B., (2009), “RAM assurance programme carried out by the swiss 
federal railways SA-NBS project,” in Safety, Reliability and Risk Analysis: Theory, 
Methods and Applications - Proceedings of the Joint ESREL and SRA-Europe Conference, 
pp. 3209-3216. 

Stephens, M. A. (1974). EDF Statistics for Goodness of Fit and Some Comparisons, 
Journal of the American Statistical Association, vol. 69, pp. 730-737. 

Stenström, C., Parida, A., Galar, D. and Kumar, U. (2013), “Link and effect model 
for performance improvement of railway infrastructure”, Proceedings of the Institution 



 

 

of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit, vol. 227, no. 4, pp. 
392-402. 

Sun, Y., Fidge, C. and Ma, L. (2011). “Reliability prediction of long-lived linear 
assets with incomplete failure data”, in 2011 International Conference on Quality, 
Reliability, Risk, Maintenance, and Safety Engineering (ICQR2MSE), pp. 143-
147 

Söderholm, P. (2007), “A system view of the no fault found (NFF) phenomenon”, 
Reliability Engineering & System Safety, Vol. 92 No. 1, pp. 1-14. 

Söderholm, P., Holmgren, M. and Klefsjö, B. (2007), “A process view of 
maintenance and its stakeholders”, Journal of Quality in Maintenance Engineering, Vol. 
13 No. 1, pp. 19-32. 

Tan P, He W, Lin J, Zhao H, Chu J. (2011). “Design and reliability, availability, 
maintainability, and safety analysis of a high availability quadruple vital computer 
system”, Journal of Zhejiang University – SCIENCE A (Applied Physics & Engineering), 
vol. 12, no. 12, pp. 926-935. 

Tan, L.K. and Gibbels, R. (2013). “Plant-cycle information management in nuclear 
new build”, Proceedings of the ICE – Energy, vol. 166, no. 2, pp82-90. 

Tao C. (2009). “A two-stage safety analysis model for railway level crossing 
surveillance systems”, in 2009 IEEE International Conference on Control and 
Automation, pp. 1497.  

Teetor P., (2011), R cookbook. 1st ed., O’Reilly. 

Theeg, G., Vlasenko, S., (2009), Railway Signalling and Interlocking: International 
Compendium, Eurailpress. 

Trafikverket, (2003). Schedulled maintenance inspections (Förutbestämt underhåll), 
Föreskrift, BVF817, Trafikverket, Borlänge, (in swedish). 

Trafikverket, (2005), Maintenance inspection of signalling systems (Underhållsbesiktning av 
signalanläggningar), Handbok, BVH 807.34, Trafikverket, Borlänge, (in swedish). 

Trafikverket, (2010), Manual – use of 0felia for analysis (Handledning - Att använda 
Ofelia för Analytiker), Rapport, Trafikverket, Borlänge, (in swedish). 

Trafikverket, (2011), Failure report on the railway infrastructure (Felrapportering inom 
järnvägsinfrastruktur), Regulation BVF 808.20, Trafikverket, Borlänge, (in swedish). 

Trafikverket, (2012a), Railway infrastructure architecture on Trafikverket 
(Anläggningsstruktur järnväg inom Trafikverket), Standard BVS 811, Trafikverket, 
Borlänge, (in swedish). 

Trafikverket, (2012b) The Swedish transport administration annual report 2012, 
Rapport, Trafikverket, Borlänge. 

Trafikverket, (2012c), Inspection system for railway, Bessy (Besiktningssystemet för 
järnväg, Bessy), Technical document TDOK 2011:244, Trafikverket, Borlänge, (in 
swedish). 



 

  

Trafikverket, (2012d), Safety inspections of fixed rail infrastructure (Säkerhetsbesiktning av 
fasta järnvägsanläggningar), Regulation BVF 807.2, Trafikverket, Borlänge, (in 
swedish). 

Tsai, W., (2001), “Knowledge transfer in intraorganizational networks: Effects of 
network position and absorptive capacity on business unit innovation and 
performance,” Academy of Management Journal, vol. 44, pp. 996-1004. 

Tsang, A.H.C. (2012). “A review on trend tests for failure data analysis”, The West 
Indian Journal of Engineering, vol. 35, no. 1, pp. 4-9. 

van Noortwijk J.M., (2009). “A survey of the application of gamma processes in 
maintenance”, Reliability Engineering & System Safety, vol. 94, no. 1, pp. 2-21. 

Vaurio, J.K. (1998) “Identification of process and distribution characteristics by 
testing monotonic and non-monotonic trends in failure intensities and hazard 
rates”, Reliability Engineering & System Safety, vol 64, no. 3, pp. 345-357. 

Vernez D. and Vuille F.(2009), “Method to assess and optimise dependability of 
complex macro-systems: Application to a railway signalling system,” Safety Science, 
vol. 47, pp. 382-394, 3. 

Viertävä J. and Vaurio, J.K. (2009). “Testing statistical significance of trends in 
learning, ageing and safety indicators”, Reliability Engineering & System Safety, vol. 
94, no. 6, pp. 1128-1132. 

Wallnerström, C. J., Hilber, P. and Stenberg, S. (2012). A Pre-Study Towards 
Investigating the Art of Choosing Right Level of Input Data. In: PMAPS 2012, 10 
- 14th, June, Istanbul, Turkey. 

Wang, H. and Pham, H. (2006). Reliability and optimal maintenance. London: 
Springer-Verlag. 

Wilson, A. (editor) (1999), Asset Maintenance Management, Alden Press, Oxford, 
UK. 

Yin, R. K. (2009), Case Study Research: Design and Methods (Forth ed.), London: 
SAGE Publications. 

Zoeteman A., (2001), “Life cycle cost analysis for managing rail infrastructure, 
concept of a decision support system for railway design and maintenance”, European 
Journal of Transport and Infrastructure Research, vol. 1, no. 4, pp. 391 – 413. 

Zhou, Y., Li, Q. and Zuo, Y., (2009), “Fault knowledge management in aircraft 
maintenance”, in Proceedings of 2009 8th International Conference on Reliability, 
Maintainability and Safety, ICRMS 2009, pp.:645-649. 

 



 

 

 

 

 

 

PART II 

 

 

Appended Papers 
 

 





 

 

 

 

 

Paper I 

 

 

 

 

Data driven model for maintenance decision support - A case study 
of railway signalling systems 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Morant, A., Larsson-Kråik, P.-O. and Kumar, U. (2014), “Data driven 
model for maintenance decision support - A case study of railway signalling 
systems”. Proceedings of the Institution of Mechanical Engineers, Part F: Journal of 
Rail and Rapid Transit. 10.1177/0954409714533680 





Original Article

Data-driven model for maintenance
decision support: A case study of railway
signalling systems

Amparo Morant1, Per-Olof Larsson-Kråik1,2 and Uday Kumar1

Abstract

Signalling systems ensure the safe operation of the railway network. Their reliability and maintainability directly affect the

capacity and availability of the railway network, in terms of both infrastructure and trains, as a line cannot be fully

operative until a failure has been repaired. The purpose of this paper is to propose a data-driven decision support model

that integrates the various parameters of corrective maintenance data and to study maintenance performance by con-

sidering different reliability, availability, maintainability and safety parameters. This model is based on failure analysis of

historical events in the form of corrective maintenance actions. It has been validated in a case study of railway signalling

systems and the results are summarised. The model allows the creation of maintenance policies based on failure

characteristics, as it integrates the information recorded in the various parameters of the corrective maintenance

work orders. The model shows how the different failures affect the dependability of the system: the critical failures

indicate the reliability of the system, the corrective actions give information about the maintainability of the components,

and the relationship between the corrective maintenance times measures the efficiency of the corrective maintenance

actions. All this information can be used to plan new strategies of preventive maintenance and failure diagnostics, reduce

the corrective maintenance and improve the maintenance performance.
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Introduction

The railway network is a complex system that requires
several technologies to work together to handle the
increasing demands on capacity, speed and mobility
for the transportation of goods and passengers.
Railway infrastructure managers need planning tools
that enable them to systematically analyse and opti-
mise budget needs and minimise the total costs while
achieving the required levels of reliability, availability,
maintainability and safety (RAMS), and guarantee
the long-term quality of the railway assets.1 In order
to deal with the short-term cost and performance
demands and to guarantee RAMS over time, system-
atic maintenance management of the railway assets is
needed.2 The EN 50126 standard3 establishes the pro-
cesses for the specification and demonstration of
RAMS requirements in a railway network.

Railway signalling systems are composed of several
different sub-systems, each with its own purpose;
however, their interoperability is crucial to the signal-
ling system as a whole. Previous studies have shown
the importance of signalling systems for the

dependable operation of the railway network.4,5

Since signalling systems ensure the safe operation of
the railway network, their reliability and maintain-
ability directly affect the capacity and availability of
the railway network, in terms of both infrastructure
and trains. The functionality of the signalling system
is based on the principle of fail-safe operation, mean-
ing that the railway section where a failure is located
will not return to full operation until the failure has
been repaired (since safety cannot otherwise be
ensured); hence, the dependability of the signalling
system directly affects the capacity of the network.

Rail industry records show that for common rail-
way signalling assets, the occurrence of no-fault-

1Luleå Railway Research Center, Luleå University of Technology,

Sweden
2Trafikverket, Luleå, Sweden
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found (NFF) events can be as high as 50%.5 The high
number of NFF events can be attributed to a limited
understanding of the root causes and characteristics
of failures in complex systems, inappropriate means
of diagnosing the condition of the systems, and the
inability to duplicate field conditions.6 Some research
reported in the literature has shown the importance of
NFF events, not just technically, but also organisa-
tionally and behaviourally, and has proposed address-
ing this issue as an integrated problem.5,7–9

Granström10 has described how the number of NFF
events in railway signalling systems can be reduced by
updating the maintenance requirements for these sys-
tems. Another important cause of failure is human
error when performing corrective maintenance
actions.11,12 Other external factors, such as environ-
mental conditions, can affect the number of corrective
maintenance actions.13,14 For a holistic picture of
where failures are located and the dominant factors
causing them, structured databases containing the
complete information about the system are required.15

A failure analysis based on empirical data recorded on
the corrective maintenance work orders (WOs) would
take the external factors into account and be able to
measure their relative importance for the level of
dependability of the system.

Maintenance managers responsible for deciding
maintenance actions face large amounts of data and
have a complicated task transforming these data into
information that supports maintenance actions.16

Failure analysis of a signalling system should give
information about how this system is affecting the
dependability of the operation and maintenance of
the railway network, and identify possible areas of
improvement. Pecht and Ramappan17 found that
the primary objective of failure analysis is to provide
design feedback to improve the performance of a
component. A number of proposals have been made
to improve maintenance support performance by ana-
lysing maintenance data.18,19

Two approaches can be considered when studying
the performance of a system. Although the intrinsic
RAMS approach only depends on the design of the
asset and the time required to perform a corrective
action with no external factors involved, the oper-
ational RAMS takes into account the maintenance
performance and the external factors particular to a
location (the environment, human factors, random
failures, logistics, etc.). Although, for the intrinsic
approach, a model could be based on the theory of
failure by studying the different components and the
theory of failure for each of them, for the operational
approach a data-driven model would be a better
choice. This is due to the point that corrective main-
tenance records reflect the performance of the system
with all the external factors involved in the operation
and maintenance. Moreover, since signalling systems
are a combination of mechanical, electronic and elec-
trical components, the theory of failure becomes very

complex to model. A data-driven model can reflect the
failure phenomena with greater accuracy than models
based on the theory of failure.

The EN 50129 standard20 lists methods to identify
and evaluate the effects of faults on railway signalling
systems, including failure mode, effects and criticality
analysis (FMECA), fault tree analysis (FTA), and
other methods based on historical data, i.e. common
cause failure analysis and historical event analysis. We
propose a decision support model for maintenance
policies based on data-driven failure analysis of the
corrective maintenance. A data-driven model con-
siders all the factors when a system is in operation
(e.g. the environment, human error, etc.) thus
making it possible to quantify the probability that a
failure will occur. It can be performed on a software-
based platform using the WOs already recorded as
input.

The purpose of this paper is to propose a data-
driven decision support model that integrates the
various parameters of corrective maintenance data,
and to study the maintenance performance by con-
sidering different RAMS parameters. This model is
based on failure analysis of historical events in the
form of corrective maintenance actions. It is validated
in a case study of railway signalling systems and the
results are presented. The model allows the creation
of maintenance policies based on failure characteris-
tics, as it integrates all the information recorded in
the various parameters of the corrective maintenance
WOs. All this information can be used to plan new
strategies of preventive maintenance, reduce the
number of corrective maintenance actions,
and improve the maintenance and operating
performance.

Research methodology

Corrective maintenance records formed the basis of
the analysis. A schematic diagram of the research
methodology is shown in Figure 1. Internal documen-
tation, a literature review and interviews with experts
were keys to interpreting the data and discussing the
results of the model. The research is based on data
obtained from Trafikverket (the Swedish infrastruc-
ture manager). The corrective maintenance WOs for
the railway infrastructure in Sweden are managed in
Trafikverket’s failure reporting system, called

Figure 1. The utilised research methodology.
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‘Ophelia’. This system is based on the BMC Software
Remedy, which was adapted to the specific require-
ments of the management of corrective maintenance
for railway infrastructure. 0felia has its own manual
for data analysis.21

The process of failure reporting is described in a
document published by Trafikverket that specifies the
appropriate procedure from the point in time when a
failure is identified and reported to the system up to
the point in time when the corrective action is finished
and the WO related to the failure is closed.22 A
number of partners are involved in the process: the
failure is generally identified by the train operator, the
railway infrastructure manager controls the activity
on the railway network, and a subcontracted com-
pany performs the corrective maintenance. Since
some parameters in 0felia are registered manually
and the data can be in several formats, processing
the data is necessary to group the information into
the correct parameters.

The IEC 61703 standard23 relates the performance
aspects of maintenance to the maintenance variables
to measure the dependability of a system. In our case,
based on the information recorded in 0felia, we con-
sider the parameters that give the most information
about failures. In order to identify these parameters,
we performed an exploratory analysis that looked at
the quality of the data recorded for each parameter
(the amount of data recorded for each parameter and
the quality of the information). This was needed
because not all the parameters are indicated in a
WO in 0felia.

Manuals, standards and interviews with experts
helped us to define the parameters for our
model.21,22,24 Any parameter that had a low data
quality (information not recorded or incomplete
information) was discarded. The chosen parameters
were analysed and the information was integrated to
obtain the maximum possible information on correct-
ive maintenance. We studied the values of the param-
eters themselves, their interrelations with other
parameters and the variations over time.

Corrective maintenance WOs were gathered from
Trafikverket’s corrective maintenance database and
then processed. The R software was used for the
data processing and posterior analysis.25 The failure
modes, causes of failures and corrective actions were
related to identify possible improvements, such as
establishing an action procedure list for corrective
maintenance performance. The times to restore were
analysed to find patterns and to compare the total
time to maintain (TTM) with the total time to restore
(TTR).

A case study was used to validate the model; some
of the results are summarised in this paper. Based on
the analysis, we could identify the weakest points,
such as a low reliability of components, problems
with information accessibility, a high failure fre-
quency, high TTR or/and TTM, problems identifying

failures, etc. The analysis allowed us to see where
the general maintenance performance could be
improved.

It is assumed that all the failures were recorded
in the corrective maintenance database. One limita-
tion of this research is that the failure data are related
to a specific railway corridor, with specific environ-
mental and operational characteristics. Since this
research is based on empirical data, the results are
limited to the information that could be obtained
from the recorded data. Finally, the results showed
here are limited to the system asset level for
simplification.

Model description

To develop our model, we considered the different
parameters recorded on the corrective maintenance
WOs as the inputs for our model. Based on the results
of the exploratory analysis of the corrective mainten-
ance records, we included the following parameters in
our model.

1. Symptom: a symptom that identifies a failure and
triggers the opening of a WO, usually observed by
the train driver and defined by reference to the
affected system asset.

2. System asset/sub-system asset: the asset where cor-
rective action is performed.

3. Failure mode: the real failure that is related to the
corrective action.

4. Cause of failure: the reason for the failure.
5. Corrective action: the action performed in order to

close the WO.
6. Failure date: the date the WO was generated.

Some conclusions can be made based on the times
spent on the different WOs. From the database, we
can extract the following times and dates for the cor-
rective maintenance WOs: the times and dates for the
failure identification, the opening of the WO, the start
of the corrective action, the completion of the correct-
ive action, and the closure of the WO. Our objective is
not only to study the mean values for each parameter,
but also to determine how the values are distributed.
This will allow us to analyse how the maintenance
performance is affected by external factors. We
define three possible states for the assets during
operation.

1. The available state, corresponding to the up-time
(UT): the system is fully operative.

2. The unavailable state corresponding to the waiting
time (WT): the time between the failure occurrence
and the start of the corrective action. During the
WT, the WO is opened, the failure is identified, the
maintenance personnel are informed, the spare
parts and tools are gathered, and the personnel
go to the location of the failure.
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3. The unavailable state corresponding to the restor-
ation time (RT): corrective actions are performed
and the WO is closed.

Based on these three states, we define the following
parameters: the TTM, which is the total downtime
(DT) when the system is not available for operation;
the TTF, which is the time when the system is avail-
able for operation without a failure; and the relative
restoration time (RRT), which is the ratio between the
RT and the total DT (see equations (1), (2) and (3)).
Figure 2 shows the correspondence between these
parameters.

TTM ¼ tðfinish of corrective actionÞ
� t ðfailure identificationÞ ð1Þ

TTR ¼ tðfinish of corrective actionÞ
� tðstart of corrective actionÞ ð2Þ

RRTð%Þ ¼ TTRðsecÞ
TTMðsecÞ ð3Þ

The number of failures in a determined interval is a
measure of the reliability of the system, with the TTR
and TTM indicating the maintenance support per-
formance and the UT and DT showing the maintain-
ability.23 The cause of failure and the failure mode
allow us to analyse the common cause failures, and
with the failure data we can analyse the historical
events. An analysis of the relationship between the
various parameters on the corrective maintenance
WOs yields insight into the RAMS parameters of
the system and allows us to evaluate the maintenance
performance of each asset.

Figure 3 shows the proposed decision support
model based on the maintenance records. Different
outputs are obtained. The most important are the
measurement of failure rate, availability and

maintainability performance not necessarily related
to the system or sub-system asset. This provides a
multidimensional tool for measuring the corrective
maintenance and the associated parameters that do
not depend on the affected asset. The link of the
same corrective actions on different assets allows the
comparison of procedures and identification of best
practices.

The relation between causes of failure and failure
modes allows the identification of the factors that
most affect the reliability of the signalling system; fur-
ther actions can be oriented to reduce those causes.
The relationships between the different parameters,
such as the relation between failure modes and cor-
rective actions, and the RRT provide insight about
the maintenance performance for the different failure
modes and assets, which can give indications of the
areas where an improvement would provide the most
benefits in terms of maintenance optimisation. The
relation between failure modes and failure causes
can help to identify possible failure modes that
could be suitable to consider for condition-based
maintenance (CBM) in order to reduce the corrective
maintenance actions.

Model implementation

The model can facilitate the continuous improvement
of maintenance to meet dependability standards.26 As
Trafikverket considers standards of dependability3

and RAMS26 in its maintenance strategies, this
model can be implemented as a part of its mainten-
ance assessment process to measure maintenance per-
formance, to analyse the results and determine further
actions for dependability improvement (see Figure 4).

This model identifies possible areas for improve-
ment in dependability, allowing companies to review
their maintenance planning, preparation and execu-
tion. The model considers how various changes in
maintenance policies (e.g. preventive inspections,

Figure 2. Correspondence between times.
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corrective maintenance procedures, failure identifica-
tion, etc.) affect the dependability of the systems
(e.g. increasing availability and reliability, reduce
TTR, etc.).

Finally, the model can also be an input when study-
ing different maintenance policies and their life cycle
cost (LCC) analyses. There are some uncertainties in
LCC calculations due to the statistical characteristics
of reliability and maintainability parameters, such as
the MTTF and MTTR.27 LCC analyses can be uti-
lised to focus on maintenance strategies to minimise
the maintenance cost in the system’s life cycle, while
meeting dependability requirements. Optimising the
maintenance policy is a critical factor in achieving a
cost-effective system in the long run. All such opti-
misations should aim at maximum system availability
and minimum LCC and, in the case of Trafikverket,
minimum train delays for a specific traffic scenario.28

Even though this paper focuses on signalling sys-
tems on the Swedish railway, the proposed model
could be adapted to other railway systems or other
networks. In the case of other systems on the Swedish
railway, this would be directly applicable, since the

information recorded in 0felia is the same for all
assets that are part of the overall infrastructure. In
the case of other railway networks or systems, the
model remains valid, since the parameters considered
constitute the basis for understanding and studying
the dependability of any system; the only limitation
would be the availability of the maintenance records
required to implement the model.

Case study

The analysis is based on a fully operative railway line
where the automatic train control signalling system
supervises and controls the network. The line has
been operative with no major changes for many
years; hence, we can assume that the WOs represent
maintenance and not design changes or failures. The
data cover the WOs from January 2003 to November
2012 on a 203 km long line in the northern part of
Sweden.

More specifically, 9030 WOs were registered during
that period, of which 2455 were associated with sig-
nalling systems. Due to the number of WOs directly

Figure 4. Maintenance processes.26

Figure 3. Decision support model based on failure analysis.

Morant et al. 5

 at Lulea Univ. of Technology on May 16, 2014pif.sagepub.comDownloaded from 



related to signalling systems (27%) and in consider-
ation of the critical nature of a good performance of
the signalling systems, we focused our research on
these systems, even though the methodology can be
extrapolated to the whole railway network.

The signalling system in the corridor investigated
in this case study is composed of the following
systems.24

1. Track circuits, which are responsible for the train
location.

2. Balise groups, which give input from the track to
the on-board signalling system (e.g. speed limits,
driving mode, etc.).

3. Level crossings, which coordinate the road traffic
crossing the railroad.

4. Signals, which give permission to or place restric-
tions on the trains coming into a track section.

5. Signalling boards, which give fixed information to
trains (e.g. tunnels, bridges, speed restriction
areas, etc.).

6. Traffic management system (TMS), which is the
interface between the traffic operator and the rail-
way network.

7. Interlockings (IXLs) and radio block centre,
which receive the input from the different systems
(e.g. track circuits, level crossings, signals and the
TMS), perform calculations and return as an
output the train operation restrictions to ensure
safe operation.

Every WO has associated values for the analysed
parameters. The values found for each parameter
include values for failure modes, causes of failure
and corrective actions. More values can be con-
sidered, but since this research is based on empirical
data, it focuses on the causes of failure for the signal-
ling systems recorded in the corrective maintenance
data.

The values found for the parameter of failure mode
are as follows: ‘not defined’ (the failure mode is not
specified in the WO), ‘non-operative’ (the asset is not
working properly), ‘NFF’ (no failure was found),
‘electrical’, ‘mechanical’ and ‘external’.

The following causes of failure for the signalling
systems were recorded in the corrective maintenance
data.

1. Design (e.g. improper design/installation/mount-
ing, etc.).

2. Electrical causes, such as electrical overstress,
improper isolation, abnormal feeding, power fail-
ure, etc.

3. Environmental causes, such as strong winds,
extreme temperatures, thunderstorms, snow, ice,
etc.

4. External reasons (e.g. railway vehicles, obstacles,
third-party work, etc.).

5. Lack of maintenance or incorrect operation.

6. Mechanical reasons, such as fatigue, wear, mech-
anical overstress, etc.

7. NFF - no failure found (it was impossible to find
any failure).

8. Not defined (unknown reason), which is recorded
when the failure cannot be defined or is not
described on the WO.

When the failure of a signalling system asset occurs,
the different possible corrective actions performed to
return it to the optimal state are classified into the
following groups.

1. Repair or replacement (restoration) of the failed
component.

2. Restart/software (SW) update when the failure is
attributed to SW causes.

3. Provisional repair, but further corrective actions
should be scheduled.

4. Adjustment/lubrication between modules/connec
tions.

5. Cleaning or removal of obstacles (due to an exter-
nal factor or dust accumulation).

6. Control of the system (it is not considered to need
repair or replacement, or the failure could not be
found, but certain symptoms indicate possible
future failure).

7. Not defined (the action performed is not specified
in the WO).

8. No action performed (it is considered that the
system does not need the repair or replacement
of a component, or the failure could not be
found).

When studying the time to restore in the WOs,
we found that, of the 2456 WOs related to failures
of signalling systems, 103 WOs had a restoration
time of 0 s. Only 19 of these had a corrective action
that could be used to calculate the restoration time,
such as ‘repair’ (one WO), ‘replacement’ (10 WOs),
‘restart’ (three WOs) and ‘removal of obstacles’
(three WOs). We decided not to consider these
data, as their omission would not greatly affect the
results of the analysis. The other abnormal result
was that one WO had a negative time, probably due
to an error when writing the ‘correction action start
date’.

Approximately 16% of the WOs have large times
to restoration and maintain (more than a day). This
can be due to different factors; e.g. the failure may not
have affected the normal operation of the railway net-
work and could wait for other scheduled maintenance
activity; the complexity of the restoration may have
been high; or it may have been difficult to identify
where the failure was, etc. The procedures for correct-
ive maintenance at Trafikverket state that a WO
should be closed within a maximum of 24 h.22 As a
result we discarded any WOs that were open for
longer than 24 h.
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A preliminary analysis could be made by determin-
ing the values for each of the parameters that were
more important (considering the WOs that comprised
80% of the total). However, to state the maintenance
characteristics and needs for each asset, we not only
had to examine the total number of failures during the
time frame of our sample, but also had to consider the
yearly occurrences. This helped to show if the failures
had occurred in one particular year (caused by specific
environmental factors, for example), or if the results
could be generalised. To study how the different par-
ameters were related for the different assets in the
railway signalling systems, we needed to find trends
and differences in behaviour related to where the fail-
ure had occurred. The results of our analysis varied
and are summarised in the next sections, together with
a discussion of how to improve the dependability of
the system based on our analysis.

Results

Figure 5 shows the Pareto diagrams for the chosen
parameters (system asset, failure mode, cause of fail-
ure and corrective action); these parameters and the
relationship between them will be summarised in this
section.

The affected system asset

When examining the different system assets that com-
prise signalling systems, we found that the IXLs, the
level crossings, the track circuits and the signals
accounted for more than 80% of the failures overall
(see Figure 5(a)).

When studying the failures by the year, we detected
a maximum value of WOs related to signalling sys-
tems during 2010, followed by an improvement. The
number of WOs for IXLs was significantly reduced
(see Figure 6). At the same time, we observed an
increase in the number of WOs for the track circuits,
level crossings and balise groups during the last years.
The results shown in Figure 5(a) and 6 led us to focus

our improvement measures on the RAMS of the fol-
lowing system assets: IXLs, level crossings and track
circuits; this is because they produce around 80% of
the WOs related to corrective maintenance. An
improvement in the performance of these systems
will improve the performance of the entire signalling
system and, hence, the overall performance of the rail-
way network.

The failure mode

The failure modes recorded are shown in Figure 5(b).
The most common values recorded for this parameter
are ‘not defined’ (26%), ‘non-operative’ (24%) and
‘NFF’ (21%). In other words, either there was no
failure or it was not possible to identify a failure
(hence, if there actually was a failure, it would
remain unrepaired and the asset in question would
fail again). Lacking the proper data can cause an
increased amount of time to be devoted to corrective
maintenance actions, as incorrect failure identification
decreases the system availability.

Table 1 shows the relationships between the sys-
tem’s asset parameters that are affected and the failure
modes. Based on these data, we can identify how the
system assets fail. The most common value recorded
for the failure mode of the IXLs is ‘non-operative’.
We can assume that one of the reasons for these
results is the complexity of the system where the
failure occurs in the case of the signals and the level
crossings. For the balise groups and track
circuits, ‘NFF’ is the most recorded value for the
failure mode.

The cause of failure

The types of causes of failures related to the signalling
systems are shown in Figure 5(c). The most recorded
values for this parameter are ‘not defined’ (29% of the
WOs), ‘mechanical’ (23%) and ‘electrical’ (14%).
Other values recorded for the cause of a failure,
such as ‘external’, ‘environment’ and ‘NFF’, are also

Figure 5. Pareto graphs showing the values for the different parameters: (a) signalling system asset affected; (b) failure modes;

(c) failure causes; and (d) corrective actions performed.
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relevant, each represents 10% of the WOs recorded.
Clearly, the causes of failures of the signalling systems
are quite widely distributed, and the data should be
studied in more depth to find possible trends.

Different assets have different failure causes, since
their architecture and operating conditions differ.
Studying the causes in terms of the asset where the
failure occurred, we can identify some trends. The
different causes of failures recorded for the various
system assets are listed in Table 2.

The most commonly recorded value for the cause
of failure for four of the seven systems is ‘not defined’.
Signalling boards have an ‘electrical’ cause and signals
have a ‘mechanical’ cause as the most common failure
cause. Electrical causes derive from thunderstorms

affecting the cable that connects the signalling board
to the ground. For the signals, the mechanical causes
of failure are higher because failures in assets such as
the signal lamp or bulb are recorded as being mech-
anical in nature.

The corrective actions

The corrective action parameter consists of the
actions that were performed to restart the system
after it failed. The most common actions recorded
for the signalling systems (see Figure 5(d)) are
‘replacement’ (31%), ‘control’ (24%), ‘repair’ (14%)
and ‘cleaning or removal of obstacles’ (11%). The
architecture of most signalling systems is modular,

Table 2. Cause of the failure of an affected system asset.

Cause of failure

Affected system asset

Balise groups IXLs Level crossings Sign. boards Signals TMS Track circuits

Design 8 16 7 0 6 4 5

Electrical 14 166 43 14 53 6 47

Environment 5 82 129 2 10 1 24

External 16 22 99 0 17 0 105

Maintenance 1 6 11 1 4 0 0

Mechanical 29 143 96 7 210 6 59

NFF 40 35 47 0 37 3 87

Not defined 107 193 116 10 113 11 182

Figure 6. Failures of the signalling systems based on the year and system asset.

Table 1. Failure modes of an affected system asset.

Affected system asset

Failure mode Balise groups IXLs Level crossings Sign. boards Signals TMS Track circuits

Electrical 15 71 54 0 207 5 140

External 1 4 9 1 4 0 1

Mechanical 16 31 92 10 26 0 10

NFF 80 86 107 2 66 6 162

Non-operative 55 290 84 2 51 4 118

Not defined 53 181 202 19 96 16 78
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allowing the replacement of an asset that fails with a
new one, reducing the time for restoration of
operation.

Table 3 shows the relationship between the system
assets and the corrective actions. For the track circuits
and balise groups the most common action is a con-
trol action (45% and 31%, respectively), whereas for
the IXLs and signals, for example, replacing a failed
component is more important (40% and 50%,
respectively). For the TMS, the most common cor-
rective actions are replacement and restart, both cor-
responding to 29% of the WOs. Balise groups and
track circuits are easily affected by environmental or
external factors (they are located along the track), and
their failure may not be permanent. IXLs are designed
as lineside replacement units (LRUs) to optimise
maintenance while promoting replacement over
repair on-site so as to minimise the DT of the
system. Balise groups have replacement as the
second most common corrective action. Since the fail-
ure of a balise can affect the operation of the track
section where it is located, it is more effective to

replace the balise with a new one, rather than taking
the failed one to the workshop to study the failure,
thus minimising the DT.

Relationship between ‘corrective action’ and
‘failure mode’

Table 4 shows the relationship between the param-
eters ‘corrective action’ and ‘failure mode’. The
number of ‘NFFs’ linked to the corrective action ‘con-
trol’ contributes to making this measure one of the
most commonly recorded corrective actions for the
signalling systems. The most common corrective
actions are a ‘control’ and ‘replacement’ of the
asset. For example, ‘control’ is related to the follow-
ing values for ‘failure mode’: ‘external’, ‘NFF’ and
‘not defined’; whereas ‘replacement’ is associated
with the following values for ‘failure mode’: ‘elec-
trical’, ‘mechanical’ and ‘non-operative’. This is due
to the modular architecture of signalling systems and
the high incidence of ‘NFFs’ and ‘not defined’ failure
modes.

Table 3. Corrective action for an affected system asset.

Corrective action

Affected system asset

Balise groups IXLs Level crossings Sign. boards Signals TMS Track circuits

Adjustment/lubrication 10 23 32 6 27 1 5

Cleaning /removal of obstacles 5 20 139 1 19 0 76

Control 99 119 128 2 90 6 158

No action 7 15 5 0 17 0 71

Not defined 2 8 5 1 7 0 5

Provisional repair 0 26 9 2 3 4 19

Repair 23 82 71 15 49 2 101

Replacement 65 268 131 3 227 9 64

Restart 9 101 28 4 11 9 10

SW update 0 1 0 0 0 0 0

Table 4. Corrective action based on the failure mode.

Corrective action

Failure mode

Electrical External Mechanical NFF Non-operative Not defined

Adjustment/lubrication 21 0 11 2 12 58

Cleaning /removal of obstacles 90 1 6 16 20 127

Control 16 7 1 402 7 169

No action 7 0 0 80 1 27

Not defined 5 1 3 5 2 12

Provisional repair 13 0 9 0 27 14

Repair 54 4 48 1 171 65

Replacement 267 2 91 1 325 81

Restart 19 5 16 2 39 91

SW update 0 0 0 0 0 1
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In fact, 10% of the WOs are related to the correct-
ive action of ‘cleaning / removal of obstacles’; of
these, most are either ‘not defined’ or ‘electrical’ fail-
ure modes. This could be due to the effect of rain and
snow on operation. A total of 53% of the WOs related
to the corrective action ‘restart’ have a failure mode of
‘not defined’. This could be associated with the diffi-
culty of identifying the failure mode of electronic
assets. There are fewer appearances of the corrective
action ‘provisional repair’ associated with the failure
modes ‘non-operative’, ‘not defined’ and ‘electrical’.
This low rate reflects the modular nature of signalling
systems, for which the most common repair action is
the replacement of the LRU.

Relationship between ‘failure mode’ and ‘cause of
failure’

When analysing the failure data, it is important to
remember that different values can refer to the same
kind of failure, since there is no exact way to evaluate
them. This can be seen when comparing the param-
eters ‘failure mode’ and ‘cause of failure’ (Table 5).
For example, 37% of the WOs where the cause of
failure was recorded as ‘not defined’ have ‘NFF’ as
the failure mode. With regard to the WOs where the
failure mode was recorded as ‘non-operative’, 32% of
the failures were mechanical failures, 29% electrical
failures and 16% were not defined.

In fact, 78% of the WOs relate to environmental
issues and 42% of the WOs relate to external reasons
to have a failure mode of ‘not defined’ or ‘non-opera-
tive’, possibly because it was not considered relevant

to describe how the cause affected the asset when rec-
ording the WO; it was considered enough to simply
state that the system asset was not working properly.

Relationship between the system asset affected,
restoration time and maintenance time

Table 6 shows the main parameters for the TTM,
TTR and RRT for the whole signalling system; note
that approximately half of the total time is due to the
restoration time (46%). A number of factors can
influence these values, including failure mode identifi-
cation and specification of the repair requirements,
the distance to the failure location, human and/or
material resources, etc. We can compare the maintain-
ability between the different system assets by compar-
ing the respective values of the mean time to
restoration (MTTR), mean time to maintain
(MTTM), mean waiting time (MWT) and mean rela-
tive time to restore (MRTTR) obtained from the
empirical data.

Figure 7 shows the relationship between the time
variables (MTTM, MTTR and MWT) for the differ-
ent system assets. As can be observed, the values for
the MTTM and MWT have the same relationship in
all the systems with the exception of the TMS, where
the MTTR is proportionally much higher. The other
major result is the lower value of the MWT for the
level crossings and the TMS. This is due to the critical
nature of these assets, as well as the ease of access of
the asset locations.

Figure 8 visually summarises the RRT for system
assets affected by a failure. This figure shows the

Table 5. Relationship between failure mode and cause of failure.

Failure mode

Cause of failure Electrical External Mechanical NFF Non-operative Not defined

Design 5 2 3 2 11 23

Electrical 62 1 15 3 172 90

Environment 32 0 7 15 65 134

External 73 5 66 7 62 46

Maintenance 2 9 1 3 0 8

Mechanical 234 0 67 0 193 56

NFF 5 0 0 211 1 32

Not defined 79 3 26 268 100 256

Table 6. TTM, TTR and RRT.

Minimum 1st Quartile Median Mean 3rd Quartile Maximum

Maintenance time (TTM, (s)) 180 4560 8700 16,580 17,400 86,340

Restoration time (TTR, (s)) 60 1260 3060 6094 6960 83,880

Relative restoration time (RRT, (%)) 0 19 43 45 70 100
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maximum and minimum times spent on restoration,
along with the median and first and third quartiles.
The density distribution is shown by the perimeter of
the boxplots, and the thickness depends on the
number of WOs associated with a failure of the
system asset. It can be observed that the different rela-
tionships between the TTR and TTM depend on the
asset affected.

For example, the mean values for the level cross-
ings, signals and signalling boards are quite similar
and slightly lower than those for the other assets. It
is possible that failures of these systems are easier to
identify, since their architecture is simpler than that of
systems such as IXSs or the TMS. Systems with a
more mature design (i.e. a design that has not been
modified to a great extent) are more familiar to the
maintenance personnel than other systems; hence,
the personnel’s knowledge of the failure modes and
their corresponding corrective actions is greater.
For other systems, such as the TMS, the time to
restore is higher, mainly due to the complexity of
the architecture, which hinders failure identification
and restoration. Some systems show an increase in
the number of WOs for low restore times (e.g. the
level crossings, signals and track circuits). One pos-
sible cause is the ease of identification of failures and
the quickness of restorations of these systems (e.g.
replacing the lamp of a signal); another possible

cause is the impossibility of finding failures (NFF)
on occasions.

For the system assets mostly affected by mechan-
ical failures (e.g. signals and signalling boards), the
relative restoration time is proportionally smaller
and the distribution of the relative restoration time
decreases when the values of TTR and TTM are
more similar. Mechanical failures may be easier to
identify; assets prone to mechanical failure also have
a simpler architecture that facilitates repair or replace-
ment, reducing the TTR. The balise groups also have
a smaller relative restoration time, even though most
of the failures are electronically based, due to the sim-
plicity of their architecture.

For the electronically based system assets with a
more complex architecture (e.g. IXLs and the TMS),
the relative restoration time is proportionally higher
than that for the mechanically based assets, and the
distribution of the relative restoration time does not
show a trend. Arguably, more time is spent on iden-
tifying the failure that has occurred and finding the
proper corrective action.

NFFs are more common for electronically based
systems and the architecture of these systems is
more complex. Better knowledge of the systems to
be maintained can reduce the time needed to identify
the required corrective maintenance action in these
cases.

Figure 8. Relative restoration time for the system assets.

Figure 7. MTTM, MTTR and MRTTR for the system assets.
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Relationship between the symptom and system
asset affected

We studied the relationship between the parameters
‘symptom’ and ‘system asset affected’ to determine
how much information could be extracted from the
former. When a WO is opened, there is a symptom
indicating where the failure has occurred. Failures are
usually identified by the train driver, and it is not
always possible for them to make an accurate identi-
fication of the failure, since failures of different sys-
tems may have the same failure effect (e.g. it can
be difficult for a train driver to differentiate between
a failure in the track circuit and a signal failure).
The values of the ‘symptom’ parameter are associated
with the different systems; therefore, they may differ
from what was reported when the WO was opened
and from the system where the failure actually
occurred.

To maximise the usability of the symptom param-
eter for giving information on the real failure, we
grouped the systems into more generic groups, such
as signalling systems (including track circuits,
signals, IXLs, etc.), power and electric systems
(e.g. transformers, substations, etc.), telecommunica-
tion systems (e.g. radio, telephony, signal cable, etc.)
and track systems (turnouts, rail, etc.). When the
system was not defined, it was classified as ‘other
systems’ and, when no fault was found, it was
classified as a system with a NFF. Figure 9 shows
the relationship between the symptoms and the
system groups affected; the identification given by
the symptom mostly relates to the affected system
asset.

Having a more general classification of the symp-
toms may result in better accuracy; in addition, data
classified in this manner can be used by the mainten-
ance personnel. Therefore, using broader groups for
the symptom classification can give the maintenance
personnel a better initial idea of which technology has
failed.

Discussion

Based on the number of WOs related to failures, we
conclude that signalling systems play an important
role in the dependability of the railway system.
IXLs, level crossings and track circuits are the systems
most affected by failures and cause most of the WO
actions. Improving the performance of these systems
will improve the overall performance of the railway
network.

‘Non-operative’, ‘not defined’ and ‘NFF’ are the
most common values recorded for the failure mode
for signalling systems. There are two possible reasons
for this: either there was no failure or it was not pos-
sible to identify a failure (hence, if there actually was a
failure, it would remain unrepaired and the asset in
question would fail again). The most common value
recorded for the cause of failure is ‘not defined’. A
comparison of the number of WOs for each system
and the real failure recorded shows that the more
complex the system is, the more often a clear failure
mode is not identified. Identifying failures in electron-
ically based systems presents some difficulty, since
ageing in such systems is not directly visible (unlike
mechanical fatigue). This can be seen in the high
number of WOs with the following values recorded
for the failure mode: ‘NFF’, ‘not defined’ or ‘non-
operative’; these WOs concern failures for which the
failure mode was not identified, and either no action
was taken or the component was replaced. These WOs
require extra time for corrective maintenance due to
the time spent trying to identify a failure (sometimes
unsuccessfully).

The complexity of the system and the maturity
of the design architecture (e.g. it is easier to identify
failures in a well-known system) play an important
role when identifying failure and performing
corrective maintenance actions. Better knowledge of
the systems to be maintained can reduce the time
needed to identify the required corrective maintenance
action.

Figure 9. The system where the failure actually occurred related to the symptom.
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Factors such as environmental conditions or elec-
tromagnetic compatibility can affect the normal oper-
ation of the assets, producing random failures, for
which it is difficult to identify the failure cause and
mode. Better failure identification would lead to
better preventive measures, reducing the occurrence
of failures or minimising their effects.

Studying the relationship between the corrective
actions and the systems affected allows us to examine
the maintainability of the various systems, and to pro-
pose improvements to reduce the time for corrective
maintenance actions and increase the efficiency and
efficacy of such actions. A review of the corrective
maintenance procedures can help to achieve this goal.

The study of failure modes and their occurrence
allows a better understanding of the reliability of the
system, allowing the possibility of developing hybrid
reliability models combining physics of failure and
data-driven models to study failure prognosis and
remaining useful life. This model, together with
other methodologies such as FMECA and FTA,
allows companies to review their preventive mainten-
ance inspections, with special emphasis on the most
frequent failure modes. Finding the link between fail-
ure modes and failure causes assists in reviews of pre-
ventive maintenance and CBM, yielding insight into
how operational and external factors affect the reli-
ability of the system and suggesting ways to either
minimise their effect or monitor them to adjust the
estimated remaining useful life. Studying the causes
of failure can facilitate a better understanding of the
failure modes, even on WOs where little information
is recorded (e.g. in the case of ‘not defined’ and ‘non-
operative’). Linking the failure modes to the failure
causes and corrective actions performed can help to
reduce the time for failure identification, which leads
to a reduction in the time needed to perform the cor-
rective maintenance action (leading to improved
availability).

From our observations of the TTM, the TTR and
the relative RT, we conclude that, depending on the
system asset, a number of different factors can influ-
ence the times required to maintain and to restore.
Analysing the values for the factors affecting mainten-
ance performance for each system can help reduce the
time spent on corrective maintenance, thus improving
the dependability of the system. Proposals for
improvement depend on the focus; e.g. one can
reduce the waiting time by improving the maintenance
support, and one can decrease the RT by striving for a
more efficient corrective maintenance performance,
etc.

Depending on the system asset, different factors
can influence the TTM and TTR for different reasons;
examples of such factors are failure mode identifica-
tion, specification of the repair requirements, the dis-
tance to the failure location, human and/or material
resources, etc. Analysing the values of the factors that
affect the maintenance performance for each system

can help to reduce the time spent on corrective main-
tenance and improve the dependability of the system.

Conclusions

The purpose of this paper was to propose a data-
driven decision support model that would integrate
the various parameters of corrective maintenance
data and study maintenance performance by consider-
ing different RAMS parameters. To develop our
model we considered the different parameters rec-
orded on the corrective maintenance WOs as the
inputs for our model. The output of the model is
the relations between the different parameters and a
presentation of the relations that occur more fre-
quently. This makes it possible to review the current
maintenance policies and propose continuous
improvements depending on the current performance.
A limitation of the model is its dependence on the
quality of the data recorded on the WOs.
Depending on the quality of the input data, the reli-
ability of the output for the decision support process
can vary.

The proposed model is based on failure analysis of
historical events in the form of corrective maintenance
actions. It has been validated with corrective mainten-
ance data from a specific case study. We have focused
on signalling systems for two reasons. First, the fail-
ure of a signalling asset may mean that the railway
section where it is located will be not fully operative
until the failure has been repaired (since safety cannot
otherwise be ensured); hence, the availability of the
whole railway section will be affected. Second, signal-
ling systems receive a great deal of corrective main-
tenance WOs (27% in our case study).

Implementation of the proposed decision support
model has shown that it can be successfully applied,
with the following results.

1. The model treats the failure occurrence from a
holistic perspective; it integrates the information
recorded in the different parameters of the correct-
ive maintenance WOs.

2. The model is based on empirical data and can
therefore be used to validate results from other
methodologies.

3. The model allows companies to review how
changes in maintenance policies (e.g. scheduled
maintenance and inspection procedures) affect
corrective maintenance performance.

4. New policies can be oriented to a reduction of the
most common causes of failure and to an opti-
misation of the most frequent corrective actions
to reduce the time spent on maintenance.

5. The need to improve failure identification and
reduce the number of WOs with ‘not defined’,
‘non-operative’ and ‘NFF’ recorded for the failure
mode is indicated by the number of WOs with
these values recorded. Improvements in
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knowledge transfer and information logistics
could reduce their number.

6. The model links failure modes and causes of fail-
ure, establishing the basis for possible future
improvements, such as the implementation of
CBM (e.g. CBM of track circuits depending on
the rainfall).

7. The model identifies the assets that affect railway
availability most; improving their reliability will
maximise the global benefits.

Signalling systems are designed based on the ‘fail safe’
mode; a failure can mean that the railway section
where they are located will be not fully operative
until the failure has been repaired. Hence, the failure
of a single component can affect the availability of the
whole railway network. The model identifies the sys-
tems that are more likely to fail, the causes of failure
and the most common corrective actions.
Maintenance policies can be proposed to improve
the reliability and availability of these systems.

From the results of the case study, we conclude
that signalling systems play an important role in the
dependability of the railway system, and this is par-
ticularly true of such assets as IXLs track circuits and
level crossings. We also find that ‘non-operative’, ‘not
defined’ and ‘NFF’ are the most common values rec-
orded for the failure mode. Further research on the
NFF phenomena can help to optimise maintenance
performance and reduce the corrective maintenance
WOs.

For the analysis performed in the presented
research study, we assumed that all the failures were
recorded in the corrective maintenance database.
Since this research is based on empirical data, the
results are limited to the information that could be
obtained from the recorded data. Further research
can reduce these limitations and examine the results
more closely.
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Abstract 
 
The purpose of this paper is to explore the use of information logistics for railway 
signalling systems to improve the efficiency of their corrective maintenance. The 
signalling system is used to control, supervise and protect railway traffic; therefore, 
its reliability, maintainability and related maintenance support affect the availability 
of the railway network. The paper reviews the current status of the maintenance of 
railway signalling systems, looking at company surveys and company data for a 
specific case study and consulting relevant literature. It describes how and where 
data are processed and analyses corrective maintenance work orders to determine 
how much time is spent on corrective action and knowledge management Areas of 
improvement are identified and possible improvements are proposed. The efficiency 
of information logistics has a clear effect on the dependability of the railway 
signalling system. Signalling systems’ performance can be improved by having 
better control of and accessibility to the information required for each maintenance 
action.  
 
Keywords: railway, signalling systems, information logistics, knowledge 
management, dependability, maintenance. 
 

1  Introduction 
 
During the operation and maintenance of the railway infrastructure, lots of data are 
collected and managed to control and analyse the current state of the system. These 
data include the system architecture, maintenance reports, work orders (WO) 
performed, etc. The managers responsible for determining maintenance actions face 
an over-abundance of data and have a complicated task transforming these data into 
information that will support maintenance actions [1]. In addition, confusing 
data/remarks in the databases often lead to misinterpretations. For a holistic picture 
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of the location of failures and the dominant factors causing them, structured 
databases containing the complete information are required [2].  
 

The railway network can be divided into different systems depending on 
functionality, such as the rolling stock, the track, the power supply, the signalling 
system, etc. [3]. The signalling system plays an important role in the control, 
supervision and protection of rail traffic, and its availability affects the performance 
of the whole system. There are a number of items within the larger category of 
signalling systems [4]. For example, track circuits, axle counters and GPS-based 
systems can be used to locate a train. Track circuits and signals help control the 
traffic on the railway line to prevent collisions. Balises and radio based systems 
allow the train control centre to restrict the movement of trains, and advanced 
systems i.e. European Rail Traffic Management System (ERTMS) or Automatic 
train control system (ATC) supervise and control the railway network. They 
interpret the input from other systems, creating restrictions on the train route to 
ensure safe operation. An example of the parts of a signalling system and their 
relationship are shown in Figure 1. 

Figure 1: Signalling systems and their interfaces. 
 
Many signalling systems are currently on the market, each with different 

specifications and based on different technologies (e.g. ERTMS, ATC, etc.) [4,5,6]. 
The various systems, such as track circuits or level crossings, provide input for 
interlocking systems and the radio block centre systems (RBC). Interlocking 
systems receive information, process it and make new restrictions on system 
components. For example, they can provide information to onboard signalling 
systems through the GSM-R system, by means of the base transceiver stations 
(BTS) located along the railway network. The onboard signalling system is 
composed of a centralized computer that processes the different inputs, giving 
supervision during the train’s operation. An odometry system constantly measures 
the speed and acceleration of the train. The balise antenna reads the information 
from the balises placed on the track. The man-machine interface provides the 
interaction between the driver and the onboard computer. The juridical recorder 
records the information generated during the operation (e.g. driver operations, 



 

balises and odometry information, etc.). Other systems such as the GSM-R or the 
radio infill exchange information between the wayside signalling system and the 
onboard signalling system. Some auxiliary systems, such as the Lineside electronic 
unit (LEU) whose purpose is to exchange information between wayside systems, do 
not depend on the interlocking system to process information.  

 
The main characteristic of a signalling system is that every system within it has a 

particular function, but the overall function is fulfilled by the sum of the functions of 
the different parts: the supervision and protection of the railway network will not be 
possible if any of the items of the signalling system do not work properly or there is 
a lack of interoperability between them. These characteristics define a system of 
systems (SoS) [7,8]. When managing SoS, it is not possible to consider the different 
parts independently; functionality depends on the relationship between them [9]. 

 
A signalling system is a complex combination of software and hardware; the 

maintenance manager must understand how changes will affect the system, how the 
system is built, what role the different parts play and how they are interconnected. If 
up-to-date documentation is lacking, maintainers have serious problems [10]. The 
complexity of signalling systems makes information management a necessity to 
ensure proper performance in all phases of the life cycle. 

 
Performing effective and efficient maintenance requires the appropriate 

dissemination of accurate information. Two potential problems in doing so are data 
overload and information islands. Excessive amounts of data can cause problems in 
decision making due to the unavailability of the right information [11], while 
information islands can prevent the integration of information [12]. Preventing data 
overload and allowing the integration of the maintenance-related information from 
various sources can avoid these issues [13]. The efficiency of maintenance depends 
on the availability of information services, at the right time, with the right quality, 
for the right stakeholders [11]. Insufficient or inadequate maintenance support 
information results in the No Fault Found (NFF) phenomenon [14], ultimately a 
costly error. 

 
The use of Information and Communication Technology (ICT) and other 

emerging technologies facilitates easy and effective collection of data and 
information [15]. Providing the right information to the correct information 
consumer or producer at the right time is essential [15,16]. However, this makes 
managing designs and modifications and estimating item reliability and criticality 
throughout the system’s life cycle much more complex (Karim, 2008).Therefore, 
there is a need to integrate knowledge discovery with maintenance support for 
effective decision-making.  

 
Some research has considered improving the maintenance of railway signalling 

systems (e.g. Availability analysis [17,18,19]; Reliability analysis  [20,21,22]; RAM 
performance [23,24]; Life cycle cost [25]; Risk evaluation [26]; Electromagnetic 
compatibility (EMC) [27,28]; Dependability optimisation  [29]; Condition-based 



 

maintenance  [30]; etc.), but to the best of our knowledge, no previous research has 
considered improving maintenance of railway signalling systems by enhancing the 
information logistics.  

 
The purpose of this paper is to explore the use of information logistics for railway 

signalling systems to improve the efficiency of their corrective maintenance. It 
describes the information logistics used by the Swedish railway infrastructure 
manager (Trafikverket) for railway signalling systems and suggests improvements. 
The paper reviews the current maintenance of railway signalling systems, looking at 
company interviews and company data, such as work orders (WO), and discussing 
relevant literature. It describes how and where data are processed and analyses 
corrective maintenance WOs to determine how much time is spent on corrective 
action and knowledge management. Finally, it identifies areas of improvement and 
proposes possible improvements. 

 

2  Research methodology  
 
Our case study is based on the Swedish infrastructure manager (Trafikverket). Based 
on unstructured interviews and a literature review, we sought to define the status of 
information logistics and knowledge management in the maintenance of Swedish 
railway signalling systems, examining how information is currently managed and 
suggesting possible improvements.  
 

The databases analysed are listed in Table 1. A brief description of the databases 
is given in the results section, and more information can be found in previous 
research [17,31]. 

Table 1: Trafikverket databases related to signalling systems  

Database Description 
BIS System architecture [32] 
BVDOC Generic documentation 
IDA Project documentation [33] 
0felia Corrective maintenance [34] 
BESSY Preventive maintenance inspections [35] 
PATCY ATC design performance 
Duvan Analysis of operation and maintenance performance 

 
Since one of the purposes of this paper is to link information logistics 

performance to maintenance performance, we performed a data analysis of the 
corrective maintenance database to find indicators showing the relation between 
them. Data were gathered from the corrective maintenance actions performed on the 
infrastructure of a Swedish railway line. This is a fully operative railway line; the 
signalling system ATC (Automatic Train Control) supervises and controls the 
network. The line has been operative with no major changes for many years; hence, 
we can assume that the WOs deal with maintenance and not design changes or 



 

failures. The data comprise WOs from January 2003 until November 2012 on a line 
203km long in the northern part of Sweden. 

 
Data analysis comprised the following steps: analyse the WOs for the railway 

infrastructure, looking for the reasons for failure; identify the WOs for signalling 
systems to find WOs on the same system and location, as well as “no failure found” 
work orders.  
 

3  Case study 
 
Trafikverket has several linked databases for information management. Figure 2 
shows a schema of the most important databases for signalling systems and their 
relationships.  

Figure 2: Data fusion architecture schema. 
 
The architecture of the whole railway infrastructure is managed by a software 

tool (BIS) which allows us to see which items compose a section of the railroad 
(signalling, power supply, track components, etc.). The specific location of each 
item is defined, together with the model and serial number. The information in this 
database is the basis for such activities as infrastructure design, budgeting, operation 
and maintenance, traffic analysis and planning, reports, etc. The database allows us 
to look for a specific item and see its historical data, or to look at a specific location 
and see what has been installed there and what inspections have been performed 
over time. A copy of the state of the architecture is saved periodically, and by 
comparing them, it is possible to trace the changes over time. 

 
Documentation is managed in two different databases, depending on the class of 

the data. The documentation repository BVDOC stores and classifies generic 
regulations and manuals not assigned to any specific project. IDA is the 
documentation and file database for the Swedish transport administration. It is an 
adaptation of ProjectWise from Bentley Systems. This tool supports management 
while developing new projects and maintaining existing ones. It manages various 
types of information, from documentation to CAD files. Specific information from 
projects is stored on this database, including contracts, manuals, drawings, etc. The 
processes for reviewing and updating information are described in the software 
tool’s manual.  

 
BIS exchanges information with several other railway databases. Two software 

tools manage corrective (0felia) and preventive maintenance (Bessy). Since the data 



 

analysis for this study is based on corrective maintenance work orders, 0felia is 
described in more detail in the following section.  

 
Maintenance and safety inspections in the infrastructure are registered in Bessy. 

The results and dates of these inspections are registered for each item inspected. 
Scheduled inspections are also indicated. The regulations governing the safety 
inspections required for each system and subsystem of the railway infrastructure are 
defined by the Swedish infrastructure manager; these can be found in the 
documentation database BVDOC. 

 
Another database involved in the operation and maintenance of signalling 

systems is PATCY. The purpose of PATCY is to record and upload ATC projects to 
the architecture database BIS. It uses Duvan as the platform for analysis of the 
operation and maintenance of the railway network based on information from the 
databases Bessy, 0felia and BIS. As the data are not updated immediately, there is a 
delay.  
 
3.1 0felia: Corrective maintenance 
 
One important part of information and knowledge management in the maintenance 
phase of the life cycle is maintenance performance. By analysing the records of 
corrective maintenance actions, it is possible to identify the weak points of the 
system and determine how they can be improved. 
 

The corrective maintenance database “0felia” is based on the BMC Software 
Remedy User but is adapted to meet the specific requirements of the management of 
the corrective maintenance of the railway infrastructure. More information about 
BMC software can be found on the Internet. 0felia has its own manual for data 
analysis. 

 
The process of failure reporting is described in a Trafikverket document (see 

references in Table 2 for more information); the document lists the appropriate steps 
to take from the time a failure is identified and reported until corrective action is 
finished and the WO related to the failure is closed. Every record is associated with 
a WO. A number of partners are involved in the process: the failure can be identified 
by the train operator, by the railway infrastructure manager who controls activities 
on the railway network, or by a subcontracted company that performs the corrective 
maintenance. Various types of communication are used, from computer databases to 
phone calls. 

 
0felia offers information on the WOs at a specific location or line of the railway 

infrastructure, at a specific time. Once the location and dates are specified, a list of 
the WOs for corrective maintenance actions is generated. Each row of the list is a 
WO, identified with an ID of the failure report, date when the order was opened, 
location, status of the order, symptom, system, subsystem, component, and name of 
the maintenance worker. The exact location of the failure, when the corrective action 



 

was performed and when the WO was closed can also be determined, as can the real 
failure, the reason for failure and the action performed to close the WO.  

Table 2: 0felia corrective maintenance: description of parameters  

Report label Label description 
Failure report ID Each WO record is assigned a code for identification. 

Status WO status associated to each report: open, in progress, 
closed. 

Identification date Date when the WO report was opened 
Notification date Date when personnel were notified of the WO 
On the way dates Date when personnel arrived at the failure location 
Corrective action start date Date when corrective action began 
Found date Date when the failure was identified 
Corrective action end date  Date when the failure was corrected 
Completed date Date when the WO was closed 

Response time 
Response time between notification and start of corrective 
action 

Corridor ID Code of the railway corridor where the failure is located 
Location from 

Section of the track where the failure is located 
Location until 
Symptom Symptom that identifies a failure 
Description Description of the failure 

Technology system failure 
Technology related to the failure (power supply, 
signalling, track, etc.) 

Field competence Technology related to the WO (electrical, mechanical, 
telecommunications, etc.) 

System Asset 
System where corrective action is performed, following 
the architecture description of Trafikverket (Trafikverket, 
2012) 

Location Location where the corrective action is performed  
Model type Model identification of the asset (Part number) 

Subsystem asset 
Subsystem where corrective action is performed, 
following the architecture description of Trafikverket 
(Trafikverket, 2012) 

Component  Component where corrective action is performed  
Device  Device where corrective action is performed 
Real failure  Real failure related to the corrective WO 
Failure mode (Real failure) Cause of the failure 
Action performed Corrective action performed 

 
This information can be exported to an excel file for further analysis. Each 

column displays different data, from the opening of the WO to the performance of 
corrective action and the closing of the WO. A list of the main features appears in 
Table 2. With these data, we can study how much time is spent identifying the 
failure and preparing to perform the corrective action. Quality of failure 
identification can be analysed by studying repeated work orders for the same 
component over a short period. 



 

Table 3: 0felia work order  

Report label Example case 

Failure report ID FRXXX1 FRXXX2 FRXXX3 FRXXX4 

Active repair time 1 h. 50 min 15 min 1 h. 30 min 1 h. 

Symptom 
Failure code 

ATC 
Failure code 

ATC 
Failure code 

ATC  
Failure code ATC 

System Balise group Balise group 
Interlocking / 

RBC 
Interlocking / RBC

Location SUS 2/2 SUS 2/2 SUS 2/2 SUS 

Subsystem asset - - 
Control and 
supervision 

Control and 
supervision 

Component  ATC ATC 

Real failure  No failure No failure 
Not possible to 

define 
Bad contact 

Cause  
No reason 

known 
No reason 

known 
No reason 

known 
Material Fatigue / 

Aging 
Action performed Control Control Control Unit replacement 

 
Table 3 gives a sample failure report. Four WOs relate to a failure reading and 

ATC code. The failure component is identified as the balise group. The first WO 
was open for four hours with two hours dedicated to corrective action. In this 
example, no corrective actions were performed since it was not possible to identify 
the failure. Looking at the data, we see that the failure appeared three more times 
during the following days. The third WO related to the same failure, and this time 
the failure was assigned to the component related to the ATC (part of the subsystem 
of control and supervision on the interlocking system), but no failure was found. It 
was not until the fourth failure that corrective action was performed, and the 
component was replaced. 

 
Human factors can complicate the analysis of the failure data. Table 2 shows 

different data describing the same failure (e.g., the four WOs in the same location 
have three descriptions of the track section, depending on the track location 
description and the track section codes). Therefore, manual filtering is required to 
ensure the quality of the information.  
 
3.2 Data analysis 
 
The WOs are classified according to technologies, identifying the following systems 
in the railway infrastructure: power system, track system (e.g. switches and 
crossings), telecom system, electricity system, signalling system (e.g. ATC, signals, 
boards, etc.).  
 

In what follows, the values found for each WO parameter are described (failure 
modes, causes of failure and repair actions). More values for each parameter can be 
considered, but this paper focuses on ones that can tell us if the information logistics 



 

need to be improved: the system, the real failure and the symptom (initial 
identification of the failure) 

 
The studied signalling system is composed by the following subsystems: 
• Track circuits: responsible for train location. 
• Balise group: input from track to onboard signalling system (e.g. speed limits, 

driving mode, etc.). 
• Level crossings: coordinate road traffic across the railroad. 
• Signals: give or restrict permission to the train coming onto a track section. 
• Signalling boards: inform train of fixed information (e.g. tunnels, bridges, 

speed restriction area, etc.). 
• Traffic management system (TMS): interface between traffic operator and 

railway network. 
• Interlocking (IXL) / Radio Block Centre (RBC): receive input from different 

systems (e.g. track circuits, level crossings, signals, TMS), calculate and return as an 
output the train operation restrictions to ensure safe traffic operation. 

 
The WO failure modes include: Not defined (failure mode not specified in WO; 

Non operative (system /subsystem does not work properly); NFF (no failure found); 
Electrical; Mechanical and External. 
 

As shown in Figure 3 (left), 31% of the WOs were identified as related to 
signalling systems. In other words, most of the WOs were generated by some 
symptom related to signalling systems, even though the real failure and the system 
to repair could differ. 

Figure 3: Left: Corrective maintenance work orders depending on the railway 
system (Symptom); Right: Work orders depending on the failure (Real failure). 

 
Some conclusions can be also reached by analysing the failure identification. 

Figure 3 (right) shows that on 23% of the WOs opened, no failure was found (NFF), 
and another 27% could not define the failure. This can be caused by one of two 
things: either there was no failure, or there was one but it could not be identified (it 
remains and failure will recur).  

 



 

Table 4 shows the relationship between the parameters and the failure modes. 
From these data we can identify how the different system assets fail. Interlocking 
systems most frequently have a “non operative” failure mode, while balise groups 
and track circuits have “NFF” as the most recorded failure mode.  

Table 4: Failure modes depending on system asset affected. 
 System affected 

Failure mode Balise group IXL
Level 

crossing 
Sign Signal TMS 

Track 
circuits 

Electrical 15 71 54 0 207 5 140
External 1 4 9 1 4 0 1
Mechanical 16 31 92 10 26 0 10
NFF 80 86 107 2 66 6 162
Non operative 55 290 84 2 51 4 118
Not defined 53 181 202 19 96 16 78

 
We can assume that one reason for the high number of WOs with a failure mode 

of “Non operative”, “NFF” and “Not defined” is the complexity of the system where 
the failure occurred. Other reasons can be related to environmental conditions or 
electromagnetic disturbances (EMC). For balise groups, a failure on a balise can 
have the same effect as a failure on the connection or the interlocking of the 
signalling systems. 

Figure 4: Real failure depending on the symptom. 
 
Figure 4 shows the relationship between symptoms and real failures. 

Approximately 24% of the WOs where no failure was found and 27% of the WOs 
where it was not possible to define the failure were related to signalling systems. In 
particular for signalling systems, 66% of the WOs were related to “NFF”, “Non 
operative” or “Not defined” failure modes. 
 

4  Discussion 
 
In addition to our analysis of the databases used in information logistics, we carried 
out unstructured interviews with personnel involved in the processes to understand 
the actual state of affairs and to find areas of improvement. As a result of these 



 

interviews and our analysis of the data, we conclude that the Swedish infrastructure 
manager could make improvements in the following areas:  

• In BIS, the relationships between the different systems are not visible; each 
item is described as independent. Seeing the interrelations between the 
installed systems would avoid interoperability problems when performing 
maintenance or changing the design.  

• Integrating the management of the hardware and software would give a more 
integrated view of the system’s configuration. 

• Tools, software applications and procedures are used to diagnose and maintain 
the different railway systems. Since they are linked to the system architecture, 
linking information on the maintenance tools to information on the 
architecture would give a holistic perspective of the system’s needs. 

• Unifying the documentation repository would bring together the various 
requirements of the system, managing the access of information according to 
levels of access rights. 

• Accessing reports on architecture modifications would clarify the reasons for 
modifications to the railway network. This knowledge could be transferred and 
applied elsewhere. 

 
We suggest the following changes to ensure more efficient and effective 

information logistics:  
• Improve the change control management process to allow analysis of changes 

chronologically on a specific component or on a railway corridor and the 
reasons for those changes. 

• Enhance visibility of information related to different systems / subsystems / 
items to improve failure identification (and improve overall maintenance).  

• Facilitate access to maintenance and diagnostics tools (e.g. hardware and 
software tools, manuals, procedures) to reduce downtime. 

• Reduce dependency on the expertise of the personnel 
• Transfer inter-organizational knowledge between stakeholders 

 
Enhancing these areas would improve the configuration management process. At 

the same time, the time required to identify the failures from the data analysis should 
be reduced, for example, by creating a common database to unify information. The 
learning process and knowledge transfer are facilitated if information is easy to find. 

 
The results of the data analysis show that signalling systems play an important 

role in corrective maintenance. Given the number of WOs related to these systems, it 
seems clear that improving their maintenance would lead to an overall improvement 
in railway maintenance. 

 
Not having the proper data can lead to incorrect failure identification causing  

more time to spent on corrective maintenance actions; this, in turn, reduces system 
availability. The comparison of the number of WOs for each system and the real 
failures recorded indicates that more complex systems more frequently have no clear 
failure mode identified. Identifying failures in electronic based systems presents 



 

difficulties since aging is not directly visible (unlike mechanical fatigue). This can 
be seen in the high number of WOs with failure modes recorded as NFF, not defined 
or not operative failures, or failures where the failure mode is not identified; in such 
cases, either no action is taken or the component is replaced. These WOs require 
extra time on corrective maintenance because more time is spent trying to identify a 
failure (sometimes unsuccessfully); with better knowledge of the system, 
maintenance performance would improve. Hence, improving the knowledge of the 
system through enhanced information logistics is a must to diagnose failure and 
reduce the time spent on corrective maintenance. 
 

A common database benefits management companies; with such a database, all 
stakeholders can share common information while certain data remain restricted to 
specific companies or to individuals within that company. A proper security system 
could manage accessibility to the system. For example, on a need to know basis, the 
operator manager could see the resources relevant for his/her specific needs 

 
It is possible to develop solutions that control information while making it more 

easily accessed by those involved in signalling system maintenance and operation, 
such as the configuration management (CM) process. In addition, a configuration 
needs to be adapted to various stakeholders’ processes (e.g. design, manufacturing, 
operation, and maintenance processes). 

 
Even within the same management company, different users require different 

system information. In a well-structured and easily accessed configuration 
management process, the following can occur: maintenance managers can analyse 
corrective and predictive maintenance, identifying tendencies and suggesting 
management improvements; maintenance crews can easily obtain information and 
material needed to perform repairs, as the WOs are linked to the configuration of the 
infrastructure; logistics and supply managers can determine which devices are 
installed, which are being repaired and which are in stock; operation managers can 
receive information on problems in the railway operation and determine their cause 
and also perform simulations of how a change in the configuration of the signalling 
system can affect the availability of the line and improve the capacity of the railway 
network; quality and safety managers have easy access to the certificates of the 
devices and how to perform any action on the infrastructure, thereby reducing the 
time needed for a review or audit or to keep track of safety issues; project and 
process managers have complete visibility of the management numbers obtained 
from the Key Performance Indicators (KPIs) and, thus, know the real situation of the 
infrastructure and processes. 

 
A good configuration management process provides better control of information 

and ensures better visibility. Information and knowledge management are improved 
by increased accessibility to information related to the system and any changes to it. 
In turn, better access to information allows faster and better diagnosis of failures, 
thus improving maintenance performance. The downtime of the railway network is 
reduced and maintainability is increased. 



 

 
For optimal maintenance of a signalling system, it is necessary to keep track of 

the configuration of the various systems and where they are located. These 
configurations include not only the software and hardware of each subsystem, but 
also the interfaces between systems and where each device is located. 
 

5  Conclusions 
 

The purpose of this paper was to explore the use of information logistics for railway 
signalling systems to improve the efficiency of their corrective maintenance. It 
discusses the information logistics used by the current Swedish infrastructure 
manager for railway signalling systems, identifies weaknesses and suggests 
improvements. 
 

A great deal of information is gathered by the various databases, but data suffer 
from a lack of visibility and the links between the different repositories are not well 
established. This leads to a dependency on the expertise of the personnel, an 
approach which is not beneficial in the long term.  

 
The lack of proper data can lead to incorrect failure identification, which, in turn, 

means more time spent on corrective maintenance and lower system availability. 
Even when a failure is correctly identified, if the item is not repaired to assure 
interoperability with the rest of the systems, operation will not be possible. 

 
It can be concluded that increased visibility of the information and reduced time 

to gather the required data needed for maintenance activities will improve the 
efficiency of corrective maintenance of railway signalling systems. This can be done 
by unifying the databases and improving the CM model. Some approaches to 
achieve this goal are the unification of databases and the improvement of the CM 
model. This paper presents how information logistics can improve the performance 
of the corrective maintenance, and states the basis of further research. 
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ABSTRACT 

The reliability, maintainability and related maintenance support of signalling systems affect the railway network´s availability. Constituting a system-of-
systems spread over a wide geographical area, signalling systems consist of a large number of items with different lifecycles making it a challenge to define 
and describe the structure and relationship between the system’s inherent items at any specific time. System configuration describes a system’s structure to 
which other data sources can be related. Some current research discusses asset maintenance management in the railway infrastructure, but not many holistic 
approach deals with signalling systems. The purpose of this paper is to investigate how the process of configuration management, can improve the 
dependability of the railway system. The paper presents a model for the configuration management of railway signalling systems. The model is based on 
the results of company surveys and interviews, data analysis and literature review. This model provides better control and visibility of the information 
related to the system and any changes made to it. Faster and better failure diagnostics can be performed, thus improving maintenance performance. This, in 
turn, provides better availability of the system by reducing the downtime of the railway network; hence, an improvement in maintainability is also achieved.

Keywords: Railway, Maintenance, Dependability, Maintenance support performance, Information logistics, Configuration management, Signalling
systems, Capability Maturity Model Integrated, CMMI.
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1. Introduction 

A railway network is a complex system with several 
technologies working together to solve problems created by the 
increasing demands on capacity, speed and mobility for the 
transportation of goods and passengers. The Swedish rail 
network is approximately 12 000 km in length. About 4 000 km 
consist of double tracks, and 10 000 km are electrified [1]. The 
total amount of freight transport in the Swedish rail network for 
2009 was 19,4 billion tonne-kilometres, and the passengers 
transport was 11,1 billion person-kilometres [2]. Clearly, the 
maintenance of the railway infrastructure is key to maximise its 
operation.

Systematic maintenance management of the railway assets 
must consider the short-term cost and performance demands and 
guarantee the Reliability, Availability, Maintainability and Safety 
(RAMS) in the long run [3]. The dependability of a system 
describes the availability performance of the system and the 
various factors influencing it, including reliability performance, 
maintainability performance and maintenance support 
performance [4]. Maintenance and maintenance support 
provision is one of the main prerequisites to ensure dependability 
of systems throughout their life cycle [5]. Railway infrastructure 
managers need maintenance analysis and planning tools that will 
enable them to systematically analyse and optimise budget needs, 
minimise the total costs for the required RAMS level, and 
guarantee the ongoing quality of the railway assets [6]. The first 
step in maintenance management is to establish a complete asset 
register that links infrastructure quality measurements, 
maintenance work history and transport data (tonnage) with a 
specific asset and its location [6]. 

During the operation and maintenance of the railway 
infrastructure, many data are collected and managed. Data 
sources include the system architecture, maintenance reports, 
work orders performed, etc. The managers responsible for 
determining maintenance actions usually face an abundance of 
data and have a complicated task transforming these data into 
information to support maintenance actions [7]. Poorly processed 
data lead to incomplete information and misinterpretations. To 
get a holistic picture of where failures are located and the 
dominant factors causing those [8], infrastructure managers 
should know the parameters which must be measured; often this 
is not the case. In addition, different information and systems 
should be linked with each other so that more detailed 
information is available in less time [8]. This data fusion is 
important when dealing with railway signalling systems. 
Maintenance should ensure both the operation of the different 
items and their interoperability.  

A railway signalling system can be defined as a System-of-
Systems (SoS). A SoS is composed of a number of different 
systems; each has its own purpose, but the main function is 
interoperability of the different systems [9,10,11]. Signalling 
systems are challenging to model, given the amount of 
information derived from both software (SW) and hardware 
(HW) in the various locations of the systems’ many devices. 
Since signalling systems ensure the safe operation of the railway 
network, their reliability and maintainability directly affect the 
capacity and availability of the railway network, in terms of both 
infrastructure and trains. For efficient maintenance, it is 
necessary to keep track of the configuration of the different 
systems and where they are allocated. These configurations must 
consider not only the software and hardware of each subsystem, 
but also the interfaces between systems and where each device is 
located.

Since a SoS can be understood as a set of system capabilities 
which together deliver a combined capability, performing 
maintenance on an SoS creates challenges not usually found in a 
system. As the correct operation of each separate system does not 
ensure the operability of the whole SoS, interoperability is key, 
and the configurations of the different items must be compatible. 
It is necessary to know which items constitute the signalling 
system and how they are affected by any changes. Managing 
configuration information in such a heterogeneous context is 
complex and requires specifying a process [9].  

Many research woks have been undertaken to improve the 
maintenance of railway signalling systems (e.g. Availability 
analysis [12,13,14]; Reliability analysis [15,16,17]; RAM 
performance [16,17]; Life cycle cost [12,20]; Risk evaluation 
[21]; Electromagnetic compatibility (EMC) [22,23]; 
Dependability optimisation [24]; Condition-based maintenance 
[25]; etc.), but no research has been found on the improvement of 
the maintenance of the railway by enhancing CM of signalling 
systems.  

The purpose of this paper is to investigate how the process of 
configuration management (CM), related to the railway 
signalling system, can improve the dependability of the railway 
system. It proposes a model for the CM process based on 
company surveys and interviews, data analysis and a literature 
review. This model can provide better control and visibility of 
the information related to the system and any changes made to it. 
This, in turn, can provide a better availability of the system by 
reducing the downtime; and thus an improvement in 
maintainability can also be achieved. 

2. Maintenance support performance 

Conducting effective and efficient maintenance requires 
accurate information and appropriate information provisioning. 
Excessive data can cause problems in decision making due to the 
inability to find the right information [26]. In addition, 
information islands hamper the integration of the information 
related to a system [27]. Prevention of data overload and 
integration of the maintenance-related information from the 
various sources can avoid these problems [28]. Efficient 
maintenance depends on the availability of necessary information 
services, at the right time, with the right quality and for the right 
stakeholders [26,27]. Insufficient or inadequate maintenance 
support information leads to the No Fault Found (NFF) 
phenomenon [30]. 

Extensive application of Information and Communication 
Technology (ICT) and other emerging technologies facilitates 
easy and effective collection of data and information [31]. 
eMaintenance connects all the stakeholders (e.g. manufacturers, 
infrastructure managers, operators, etc.), integrates their 
requirements and facilitates effective decision making in 
maintenance performance. For eMaintenance to be implemented 
on complex systems, a number of their characteristics must be 
considered, such as their complex configurations, due to a large 
number of heterogeneous items, multiple simultaneous life cycle 
processes, large numbers of functions, and large numbers of 
versions and editions of the system, among others. These 
characteristics create complexity in managing designs and 
modifications and estimating item reliability and criticality 
throughout the system’s life cycle [26]. CM based on 
eMaintenance can solve this complexity. 
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3. Configuration management on maintenance of railway 
signalling systems 

CM is defined as the process of identifying and documenting 
the characteristics of a facility’s structures, systems and 
components (including computer systems and software), and of 
ensuring that changes to these characteristics are properly 
developed, assessed, approved, issued, implemented, verified, 
recorded and incorporated into the facility documentation [25]. 
CM is included in railway standards as well. The standard EN 
50126 [32] defines the process of CM as the discipline that, 
applying technical and administrative direction and surveillance, 
identifies and documents the functional and physical 
characteristics of a configuration item, as well as the control of 
and change to those characteristics, records and reports change, 
processing and implementation status, and verifies compliance 
with specified requirements.  

The railway standard EN 50126 [32] also defines and 
establishes the relationship between RAMS and CM. It defines 
RAMS in terms of reliability, availability, maintainability and 
safety and their interaction, and it defines a process, based on the 
system lifecycle and tasks within it to manage RAMS. It also 
establishes certain mandatory requirements. One is to establish 
and implement adequate and effective configuration 
management, addressing RAMS tasks within all lifecycle phases 
[32]. 

The scope of the configuration management depends on the 
system under consideration, but it normally includes all system 
documentation and all other system deliverables. In the design 
phases, the main focus is on design changes and improvements to 
validate the final solution; during the operation and maintenance 
phase, CM seeks to make the entire system transparent and 
maintain the interoperability between the different parts. Tracing 
changes in the installed equipment is also important, as it allows 
managers to oversee the state of the items (e. g. how many 
devices are undergoing repair). 

The CM process can be set up or improved with various 
approaches such as Software Process Improvement (SPICE), 
Capability Maturity Model Integrated (CMMI), Six Sigma, Total 
Quality Management (TQM), etc. Some are general methods to 
improve processes (Six Sigma), others focus on software 
management (SPICE), and still others establish a model but not 
the specific process (CMMI). The CM of signalling systems must 
take into account the configuration management of both software 
and hardware in the same model. 

The configuration needs to be managed and adapted to the 
various stakeholders’ processes (e.g. design, manufacturing, 
operation, and maintenance processes). The infrastructure 
manager must ensure that the entire network fulfils all their 
requirements (e.g. safety, functionality, and non-functionality). 
This requires good control of the information and any changes to 
the configuration of the network [33]. When used for signalling 
systems, a CM process should make information more accessible 
to and easily controlled by those involved in maintenance and 
operation.

4. Research methodology 

The proposed CM process is based on the results of company 
surveys together with a data analysis of the corrective 
maintenance performed by the Infrastructure Manager. A schema 
of the methodology is shown in Figure 1. In addition, a literature 
review examined the current status of research and the different 
possible approaches. Based on the results of the literature review, 

the data analysis, and company surveys, a model is proposed to 
improve the weak points in information logistics and 
configuration management of railway signalling systems. 

Figure 1. Research methodology 

The various stakeholders in the CM process were interviewed 
to establish their needs. Stakeholders included system engineers, 
maintenance managers, maintenance personnel, quality and 
RAMS managers, project managers. The approach depended on 
the availability of those interviewed; most were interviewed 
personally, but some were interviewed by email and phone. Once 
the information was gathered, collective meetings were held to 
discuss how to combine the various needs and opinions. During 
the generation of the model, periodic meetings were scheduled to 
ensure that all requirements were taken into account. 

5. Case study 

This research focuses on tangible items related to maintenance 
of railway signalling systems. Maintenance support performance 
can be improved by applying CM to the item’s structure or to the 
organisation providing maintenance [24]. The former comprises 
the items that are part of the system; the latter defines the 
structure of the human resources required to perform the 
maintenance. Human resources depend on the needs of the 
system and on the company’s budget and policy. Thus, external 
factors will give a certain independency to the results, apart from 
the system itself. 

This study draws on company surveys by the Swedish 
Infrastructure Manager (Trafikverket) and data analysis of the 
corrective maintenance work orders on the Swedish iron ore line 
for the last 10 years. Other studies have pointed out the relevance 
of signalling systems and failure identification on railway 
maintenance on the Swedish railway network [34,35,36]. The 
focus of this research is to study how to improve the current CM 
model of Trafikverket for the railway infrastructure. 

The implementation of the model is based on the architecture 
of the railway infrastructure implemented in Sweden [2]. Two 
main systems of control and supervision can be found: Automatic 
Train Control (ATC) and European Railway Train Management 
System (ERTMS), thus the requirements and particular solution 
will vary depending on the solution installed on each railway 
corridor. The signalling system is composed by the following 
subsystems: 

Interlocking (IXL) / Radio Block Centre (RBC): receive the 
input from the different systems (e.g. track circuits, level 
crossings, signals, TMS), calculate and returns as an output 
the train operation restrictions to ensure a safe traffic 
operation.

Track circuits: responsible of the train location.  
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Balise group: input from the track to the onboard signalling 
system (e.g. speed limits, driving mode, etc.). 

Level crossings: coordinate the road traffic when crossing 
the railroad. 

Traffic management system (TMS): interface between the 
traffic operator and the railway network. 

Signals: give or restrict permission to the train on coming 
into a track section. 

Signalling boards: Inform the train on fixed information (e.g. 
tunnels, bridges, speed restriction area, etc.). 

The architecture of the whole railway infrastructure is 
managed by a software tool (BIS) which allows us to see which 
items compose a section of the railroad (signalling, power 
supply, track components, etc.) [37]. The specific location of 
each item is defined, together with the model and serial number. 

By analysing the work orders related to corrective 
maintenance actions, it is possible to identify the weak points of 
the system and determine how they can be improved. An analysis 
of the corrective maintenance data shows that signalling systems 
play an important role in corrective maintenance. Thus, 
improving their maintenance would improve overall 
maintenance. An important part of the failure causes on record 
were NFF or could not identify the failure. Both require extra 
time in corrective maintenance and can be avoided with better 
knowledge of the system. An enhancement of the CM would 
assist the signaling systems to increase the efficacy of the 
maintenance actions. This occurs by improving the accessibility 
of the necessary information for the understanding of further 
possible failures, hence increased knowledge and the time needed 
to identify failures is reduced, resulting in a higher efficiency for 
the maintenance action. Hence, our research will focus on the 
improvement of the following areas: 

- Change control management: to be possible to analyse 
the changes chronologically on a specific component or 
on a railway corridor and the reasons for that changes. 

- Visibility of the information related to different systems / 
subsystems / items, in order to improve failure 
identification (which will improve the overall 
maintenance).  

- Facilitate the access of the maintenance and diagnostics 
tools (e.g. hardware and software tools, manuals, 
procedures) to reduce the downtime. 

- Reduce the dependency on the expertise of the personnel 

On the next section, a literature review is performed to 
identify the different possible solutions to improve the CM 
process on signalling systems. 

6. Methodologies for CM 

Even though most of the signalling systems existing research 
studies do not focus on CM, some results may be applicable to 
the present study. Kitahara et al. [38] proposed a method to 
perform CM on the maintenance of the railway software, but did 
not consider the hardware. Kelly and McDermid [39] designed a 
change control management process for safety during 
maintenance; their case study from the aviation sector can be 
applied to the railway sector. Di Tommaso et al. [40] proposed a 
methodology to perform hazard analysis of complex distributed 
railway systems. Drawing on survey findings, De Souza et al. 
[41] discussed the documentation required for the maintenance of 
software based.  

Turner and Jain [42] studied differences between process 
management approaches, such as the differences between the 
Agile approach and the CMMI model for software management. 
Dayan and Evans [43] noted the similarities between the CMMI 
model approach and Knowledge Management (KM). Sutherland 
[44] discussed how to combine software management’s Agile 
and CMMI approaches. SEI has published some studies 
comparing the CMMI model with other approaches to process 
improvement, such as how to combine CMMI with Six Sigma 
[45] and why CMMI should not be combined with Agile [46].  

Some results of using the CM process on an SoS have been 
published. Gorod et al. [9] described the challenges of managing 
a SoS compared to a normal system, including CM. Bellomo and 
Smith II [7] listed the challenges of performing a CM process on 
a SoS.  

Fonseca and De Ameida Jr. [47] proposed a process following 
the CMMI model based on the CENELEC standards. Jansson 
[48] studied the implementation of the CMMI model to maintain 
software. CMMI documents have described a CM process 
divided into goals and tasks [49]. A survey to determine which 
tools were used by companies to apply the CM process found 
that tools are chosen based on the requirements of the system. 
Ren [50] evaluated CM tools for software, including CVS, 
Firefly, ClearCase and others. The appropriate tool for our model 
will be determined by the infrastructure manager depending on 
needs and priorities. 

After studying the different possibilities, we concluded CMMI 
is a good approach to solving the challenges of signalling 
systems. CMMI is a framework that helps organizations to 
improve their processes [51]. It was generated from previous 
models, including software management models (such as the 
CMM model); it includes processes of software and hardware 
management, making it a good choice to perform CM in 
signalling systems. CMMI is a model, not a rigid method; hence, 
it allows the model to be adapted to the requirements of the 
system. Other methods like KM or Six Sigma are more focused 
on process improvement, but they can be combined with CMMI 
to improve processes. The Agile method specialises in software 
management; it cannot manage both hardware and software. 

7. The CMMI model for configuration management 

The CM process should be able to perform the following tasks 
[49]:  

identify the configuration of the items selected in the system 
to control at either periodic or punctual points in time, 
depending on the system configuration;  

distribute periodic reports of the state of the processes and 
changes performed to provide information on the real status 
of the system to the different managers and end users; 

track the changes and modifications of both configuration 
and processes;  

ensure the integrity of the configuration baselines and 
determine whether they reflect the real installation 
configuration status.  

The CMMI defines specific practices and sub practices for the 
model’s process. The sub practices include identifying the 
configuration items, establishing a CM system and creating or 
releasing baselines [49] (CMMI product team, 2010). Successful 
implementation of the CM process is the result of combining 
efforts and resources: people must be correctly trained and 
motivated, they must have the tools and equipment to gain access 
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to the information and they must know the procedures to use. 
These are called the three critical dimensions [49](CMMI 
product team, 2010). 

8. The model 

This research produced a model for the CM process for 
railway signalling systems. The required information was 
identified; this included procedures and manuals, mechanical 
drawings and electrical schemas, software files, hardware serial 
numbers, etc. Which information was not needed, e.g. fasteners, 
cables and internal documentation, was also determined. The 
links between the information were defined. 

A description of the tasks and how they are applied in the 
configuration management process of a signalling system 
maintenance is given below, based on the requirements of the 
signalling system maintenance management and applying the 
CMMI model to improve the CM process. The configuration 
items that conform to the baselines are identified and described. 
Different baselines are created for different data. The interactions 
between baselines are also defined. The process to perform a 
change in the configuration is proposed, together with the review 
process to ensure the integrity of the configuration. Applying 
these practices will ensure the implementation of the CM 
process.

8.1. Establish baselines 

A baseline is the configuration of the system at a fixed point 
in time; the configuration will be the reference for controlling 
any changes performed on the system. A baseline describes what 
items are part of the system and their status; it provides 
documentation for and information on the real state of the system 
at that point of time. The concept of baseline could be explained 
as a picture of the system taken at a particular time. Baselines 
describe the status of a determined system at a fixed point in 
time; they serve as a reference for tracking changes (such 
replacement of items due to failure) on that system. They can 
also be determined for a particular item and show the changes 
performed on it during a specific time. 

Baselines are needed to identify the configuration items that 
are part of the system. The configuration items are the required 
information that defines the system (e.g. HW, SW, location 
where the devices are installed, manuals, electrical schemas, 
mechanical drawings, etc.). Each item (i.e., piece of information) 
is placed on the related baseline and is assigned the properties 
that will allow us to determine the relations between it and the 
rest of the items (information in the database) 

.

Figure 2. System baseline architecture. 

To provide a unified database that is useful to the stakeholders, 
the needs of the stakeholders have to be taken into account to 
determine which system characteristics should be controlled and 
uploaded into the various baselines of configuration, (e.g. models 
of the devices, tools, software documentation, etc.). Note that 
some documentation may not require uploading onto the 
database, including internal notes or certain proceedings that are 
not relevant.

The information of each item (e.g. SW and HW version, 
certificates, manuals, corrective maintenance performed on it, 
etc.) is linked to the systems, subsystems and components related 
to it, in a parent-child relationship. This enables to control of the 
individual items and also their interoperability. An overview of 
the structure of the system baseline is shown in Figure 2. 

In the case of the different items that are part of signalling 
systems, there are varying levels of detail. Therefore, it is 
important to decide the minimum level of detail that the installed 
configuration baseline must achieve and which items will not be 
covered. Items like generic cables or fasteners do not have serial 
numbers, making it difficult to control where they are placed. 
They are also easy to replace (not reparable). Modern signalling 

systems are based on modularity and line-replaceable units 
(LRU) to make maintenance operations easier and increase 
availability. The modules can be replaced quickly in case of 
failure to restore the system to service while the failed module is 
brought to the maintenance facility to be repaired. This procedure 
increases availability by reducing downtime. The model 
proposed here takes the LRUs as the minimum level to control in 
the configuration baselines. 

A CM process needs to control the information involved in the 
system´s maintenance. Different baselines can be described 
depending on the configuration items considered. The 
documentation baseline gathers all data compiled on 
documentation, such as procedures, mechanical drawings, 
certificates, etc. The system design baseline makes the structure 
of a system visible and indicates the models of the different 
subsystems and devices, together with the software that 
configures a specific signalling system. From the design 
structure, the installation baseline specifies what is found in the 
real installation, indicating not only the model and software of 
each device but also its serial number and where is it located in 
the installation. It can also specify if a device is not installed but 
is in stock or in the maintenance workshop. This baseline helps 
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managers keep track of all installed items and make estimations 
of availability and maintainability. 

Depending on the desired level of detail, more baselines can 
be added. For maintenance purposes, the baselines of corrective 
and preventive maintenance are required to control the actions 

performed on the different components of the railway network. A 
requirements baseline identifies the needs of the railway network 
for good operation and links them with the actions that are 
needed to meet these requirements. Other baselines can be 
generated depending on the needs of the system. 

Figure 3. System configuration baselines.

Each configuration item has related information in the 
different baselines. The whole makes visible all the information 
related to the item (e.g. location, software and hardware, 
documentation, maintenance performed, etc.). The proposed 
baselines and their relationship are shown in Figure 3. 

8.2. Change control management 

A change can be the consequence of a deviation between the 
function required and the one delivered. A modification can be 
caused by a maintenance action (e. g. an item is replaced due to 
failure) or by an update of the design of the system (e. g. an 
upgrade of the software). Depending on the cause of the change, 
the needed change actions may be managed and processed in 
different ways. In the case where the failure of an item is 
identified, the item may need to be replaced or repaired. In this 
case, the change is managed as a work order and the change 
made is the repair or replacement of the failed device. A change 
can also be the result of a modification in the design, such as an 
update in software or new equipment. The procedure defined 
here allows us to consider both repair and a design modification, 
since the consequence of both is a change in the system. 

Depending on the reason, the change will be classified as 
maintenance or design change in the datasheet.  

The change control management process includes the steps 
from the identification of the reason for the work order to the 
closure of the request. The action performed is described in the 
change request report. Figure 4 shows a diagram of the process. 
Any failure identification should generate a change request. 
When a failure is identified by any person involved in the 
operation or maintenance of the railway line where the signalling 
system is located, the maintenance manager is notified of the 
failure.

Once a change request is generated, the failure is analysed along 
with the possible solutions; this is checked by the maintenance 
manager who consolidates a definitive version of the report; the 
change request is distributed to the personnel affected by the 
change, always including the person responsible for the quality 
and RAMS departments. The safety manager is responsible for 
pointing out if the change affects safety; in this case, the change 
must be approved by the safety department

Figure 4. Change control management process.

The change request is reviewed by all personnel affected by 
the change, safety effects are studied, and the change request is 
registered on the change control datasheet. Corrective 
maintenance actions and design changes are identified 
differently. The change request should annex any evidence 
required to prove that the requested change was made and should 
check for non-regression (i.e., the change does not affect 
functionality and fulfils all requirements for operation). 

The configuration manager should be informed of the 
implementation status of the change in order to perform follow 
up. The maintenance manager is responsible for closing the 
change request when all tasks have been performed and all 
evidence has been collected. Any change in the system should be 
reflected in the configuration database and linked to the change 
request, work orders, and evidence of the change performed. 
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8.3. Establish integrity 

One of the goals of a configuration review is to check that the 
configuration database reflects the reality of the installation and 
is consistent with the changes performed during the operation of 
the signalling system. 

The configuration should be reviewed before a new version of 
a baseline is created. The elements controlled in the configuration 
database should be verified, and all modifications and changes 
registered in the change datasheet should be implemented in the 
baselines. 

Figure 5. Integrity process assurance.

An overview of the review process is given in Figure 5. A 
change report identifies the need for a modification of the active 
baseline. The baseline is then modified to implement the change, 
creating a draft. This draft is reviewed by the personnel affected 
by the change to assure the update of the baseline is consistent 
with the real modification. If a gap is identified, a new draft 
version will be generated and sent to review, until the baseline 
reflects the real state of the railway network. Once the integrity 
of the baseline is assured, the definitive version of the baseline 
will be released and distributed. 

A design baseline configuration review ensures that the design 
of the system is the same as that implemented in the railway 
network, checking, e.g., the hardware and software of the 
different devices. An installed baseline configuration review 
determines whether the devices (serial numbers) included in the 
configuration are installed in the location where the configuration 
database indicates. A documentation baseline review checks that 
all documents regarding the configuration are linked to each item 
of the configuration and that they are updated to include the most 
recent version. 

A review of the configuration has the goal of verifying that an 
element or group of elements of a configuration which 
constitutes a baseline fulfils the system requirements and is 
consistent with the real configuration of the signalling system 
installed in the railway network. These reviews concern all 
personnel affected by the change requests involved in changes to 
the baseline, as well the maintenance, configuration, quality and 
safety managers. 

After each review, the configuration manager publishes a 
report on the state of the configuration database and the changes 
performed. This is important as it renders visible the real status of 
the system and any changes that have been made. 

9. Results 

Table 1 shows the system design baseline. Every design 
solution will be described as part of different systems (e.g. 
different design baselines depending on if the control system is 
ATC or ERTMS, or the SW version that is implemented). The 
different subsystems and their components are identified and 
listed. The SW for the different subsystems and the tools for 
testing and uploading SW are included in the baseline since they 
are linked to the system. This integrates all the information of a 
specific design, thus facilitating change control management.  

Table 1. System design baseline 
Subsystem  Component 
IXL / RBC Control & supervision 

Power supply 
Transmission  
Manoeuvre equipment 
IXL / RBC SW 
SW update tool for IXL / RBC 
Testing tool for IXL / RBC 

Track circuit Resistance 
Chocke coil 
Joint isolations 
Cable
Battery 
Safety relay 
Cable connectors 
Rail

Balise group Balise  
Cable
Connectors 
Fasteners 
Generic SW  for balise 
SW update tool for balise 
Testing tool for balise 

Level crossing Manoeuvre equipment 
Control and supervision 
Transmission 
Power supply 
Understructure & Overstructure 
Gateway
Bean 
Signal & Sign 
Level crossing SW 
SW update tool for level crossing 
Testing tool for level crossing 

TMS Central system 
Power supply 
Transmission 
Understation  
Working station 
TMS SW 
SW update tool for TMS 
Testing tool for TMS 

Signal Lamp 
Cable
Connectors 
Pole & Base 

Sign Sign 
Pole & Base 
Fasteners & Grounding 
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The installation baseline describes how the design baseline is 
implemented in the different corridors, e.g. the number of 
systems and subsystems and where are they located, the specific 
SW to answer the requirements that depend on external 
parameters (e.g. speed limitations to the train on the balise 
groups), and finally the status of the components associated to a 
particular system (if the component is in operation, on repair or 
in stock) (see Table 2). This information will be needed to 
manage the components that can affect the interoperability. On 
the contrary, the components of the systems which are 
replaceable and standardized: (e.g. fasteners, connectors, cables, 
etc.) are not necessary to control on the baseline.  

Table 2. Installation baseline 
Parameters Values 
Location (Corridor, section, etc.) 
Serial Number (Part number of the SW and HW) 
SW files Generic files 

Specific files 
Operative status Working / On repair / In stock 

The documentation baseline gathers all the information that 
corresponds to the different systems; subsystems and components 
(see Table 3). Standards and specifications gather the 
requirements to accomplish, procedures and drawings give 
information of the installation and maintenance, the reports show 
the historical data of every component and help to analyse 
possible improvements. To include the certificates in the same 
baseline simplifies the number of databases to maintain, since it 
is information related to the system that some stakeholders may 
need (e.g. quality, RAMS, etc.).  

Table 3. Documentation baseline 
List of documents 
Installation procedure 
Corrective maintenance procedures 
Inspection procedure (preventive maintenance) 
SW update manual 
Testing manual 
Mechanical drawings 
Electrical schemas 
Quality 
ISA (independent safety assurance) certificate 
EMC (electromagnetic compatibility) 
RAMS (CENELEC 50126, 50128, 50129) 
EMC (electromagnetic compatibility) 
ERTMS specification (UNISIG SUBSETS) 
GSM-R specification EIRENE / MORANE 
Functional Interface Specification (FIS) 
Form Fit and Functional Interface Specification (FFFIS) 
Operational requirements (Trafikverket) 
Change report 
Inspection report 
Corrective maintenance work orders 

The CM proposed simplifies the number of databases to 
manage. It integrates the different type of information for each 
system / subsystem / component; hence it simplifies the access to 
the correct information and improves change control 
management process.  

10. Discussion 

Implementing the process of CM following the premises of 
the CMMI model which has both benefits and drawbacks. Open 
interviews were performed with different personnel involved in 
signalling systems development, maintenance and operation 

performance to identify them. The personnel interviewed worked 
on different departments such as engineering, RAMS, quality, 
processes and maintenance performance. Table 4 summarizes 
these benefits and drawbacks.  

10.1. Benefits

The proposed CM model provides a common vision of the 
different products and processes, making it easier to identify 
common factors that affect the availability or maintainability of 
the system and decreasing the time needed to gather all the 
information. A unified information database for the different 
stakeholders provides better visibility of the system for all 
stakeholders, along with easier traceability of any change 
performed. Failure identification is faster, since there is better 
knowledge of the system as a whole and there is a direct access to 
the material and information needed to perform any maintenance 
action (e.g. manuals, tools needed, software, etc.). For these 
reasons, the time consumed in corrective maintenance is reduced.  

In addition, the cost of staffing the infrastructure is reduced 
due to the unification of the information in one database. Because 
the cloud is used to manage information, equipment and a 
location to store information are no longer required, and 
maintenance resources are included in the costs of the cloud. 

From a management point of view, changes are more visible, 
and it is easy to trace where, when and why a change has been 
made. This allows the simulation of possible modifications to 
improve the availability and maintainability of the railway line 
and reduce costs before any real change is implemented.  

Finally, there is a better return on investment due to the 
reduction of costs dedicated to managing the different 
information databases, gathering data for each task and 
controlling the supplies. Better control of the system and 
processes gives better quality and decreases failure rate (better 
identification, diagnosis and prognosis of failures). The result is 
increased capacity and better customer satisfaction. 

10.2. Drawbacks 

There are some drawbacks to implementing the CMMI model 
for CM process. It is challenging to create a useful CM process; 
the personnel involved in the different areas related to signalling 
systems (RAMS, quality, management, engineering, etc.) must be 
involved in the development of the process. The model can have 
different possible interpretations, so surveys are required to 
ensure that the best CM process is performed and to determine 
what modifications are needed to adapt to the real requirements 
of signalling systems. 

While the CMMI model establishes guidelines, it does not 
specify an exact procedure. This implies that the model will be 
interpreted differently depending on the person developing it.  

Finally, depending on the accuracy of the interpretation of the 
CMMI requirements, the process can become extremely 
complicated, and the effort required can be disproportionate to 
the benefits expected. To avoid this and achieve maximum 
benefits, it may be useful to adapt the requirements of the CMMI 
model to the needs of the company where the process is applied 
(in the case of the signalling systems, this involves the 
infrastructure manager). It is essential to remember that the goal 
is not to create something new, but to improve the processes of 
the company in order to improve performance.  
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Table 4. Pros and Cons of the new CM process 
PROS  
Unified information database The new CM process provides a common vision of the different products and processes. 

The CM process based on the CMMI model can manage the database in a structured way 
The process stores data from different sources and locations in a unified database 
The database can be placed on a server and be accessed remotely. 
Processes are standardized and do not depend on the experience of the workers. 

Ensure traceability of 
changes 

Traceability is ensured: changes are more visible, and it is easy to trace where, when and why a change has 
been made. 
CM provides better control of supplies and change control management. 
Better control of the system and processes gives better quality and decreases failure rate (better 
identification, diagnosis and prognosis of failures). 

Cost reduction Less time is needed to gather all the information. 
Return on investment is increased due to the reduction of costs dedicated to managing the different 
information databases. 

Increase productivity Productivity is increased (less time dedicated to identifying, finding and gathering the equipment needed),  
Downtime due to repair is decreased (those performing the work order will have all necessary information). 
The result is improved maintenance performance, increased capacity and better customer satisfaction. 

Easier failure identification All information of the systems and the maintenance equipment is linked to the different failure 
identifications and work orders. 

CONS  
Personnel has to be involved The personnel need to be involved in the development and implementation of the CM process.  

Implementing the model will require extra effort until the process is fully implemented. 
The improvements will not be visible until the process is fully implemented. 

Interpretative model CMMI model establishes guidelines to be followed; it does not specify an exact procedure. 
The model will be interpreted differently depending on the person developing it.  
The final users should be involved in the interpretation process so that all needs and requirements are 
covered 

Compromise solution The process can become extremely complicated, and the effort required can be disproportionate to the 
benefits expected.  
The main goal is not to create something new, but to improve the processes of the company in order to 
improve performance. 

11. Conclusions 

The purpose of this paper was to investigate how the process 
of CM, can improve the dependability of the railway system. The 
lack of proper data can lead to an increase in failure identification 
time in corrective maintenance actions which, in turn, leads to 
lower availability of the system. Even when a failure is well 
identified, if its interoperability with the rest of the system is not 
assured during the repair, the system will not be operable. Hence, 
a CM process is essential for the railway signalling system.  

This paper proposes a solution based on adapting the CMMI 
model to meet the requirements of signalling systems. The goal is 
to create a tool that makes the accessibility of information and its 
control easier for all those involved with signalling system 
maintenance and operation. This model can be applied to the 
whole railway system, for both trains and infrastructure, since the 
challenges of the model are the similar. 

Finally, the proposed CM model provides better control and 
visibility of information. Information and knowledge 
management can be improved by better accessibility to the 
information related to the system and any change performed on 
it. With better access to information, a faster and better diagnosis 
of failures can be performed, thus improving maintenance 
performance. This provides better availability of the system due 
to reduced downtime of the railway network. Hence, an 
improvement in maintainability is also achieved. 

Further work could be oriented towards the quantification of 
the effects of the improvements of CM on the dependability of 
railway signalling systems. Surveys and data analysis of the 
corrective maintenance performance could validate and quantify 
the results obtained in this paper. 
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Abstract 

This paper proposes a method to assess the reliability of long-lived complex systems by combining statistical 
methods with expert assessment and focusing on the failure data of the Swedish signalling systems. Previous 
research has modelled the reliability of signalling systems mainly as an exponential or Weibull distribution. This 
paper questions these assumptions and proposes a general method to evaluate the failure behaviour of the 
signalling systems. It validates the proposed method with a case study from the Swedish railway network. The 
results show different behaviours in the failure occurrences of the different signalling systems, requiring a 
combination of models depending on the location, time frame and system. Changes in the behaviour of the 
failure data are linked to major renewals of the systems or work in the infrastructure affecting the signalling 
systems. The proposed method sets the basis for a condition-based maintenance support tool using the diagnostic 
of the railway signalling systems.  

Keywords: reliability, failure, corrective, maintenance, field, complex systems, repairable, railway, signalling 
systems  

1. INTRODUCTION 

Signalling systems are large complex systems with multiple hierarchical layers and a long expected life (in 
general, between 30 and 40 years). An accurate and complete description of signalling systems can be found in 
[1,2,3]. Evaluating the performance of complex systems has challenges, i.e. the lack of a system overview and 
conflicting objectives or unclear distribution of responsibilities between the actors involved (e.g. the 
manufacturer, operator, maintainer, etc.). The operating and maintenance conditions can affect greatly the 
operating performance of complex systems, and this explains the large discrepancies observed between intrinsic 
and effective reliability of existing systems [4,5,6,7].  

The long life of these systems means the process used to record their failures could change before end-of-life, 
leading to inconsistencies or incomplete data [8]. Components may also evolve, with design updates, changes in 
maintenance procedures, etc. Furthermore, data sets are collected for maintenance management rather than 
reliability purposes; hence, they may lack vital information for a proper reliability evaluation, leading to wrong 
or incomplete conclusions [8]. In the Swedish railway, previous research has shown low accuracy in the 
corrective maintenance records for railway signalling systems; as many as 70% of the corrective maintenance 
records may cite a “not defined” failure mode [1]. All of these factors can affect the results of reliability analysis 
and subsequent decision making, especially as they are not usually documented or linked to changes in the 
performance of the system.  

Several authors have published research on the reliability evaluation of railway signalling systems. Table 1 gives 
an overview of the previous research, noting whether the failure rate of the system or the component is being 
considered, along with the particular topic of the paper. In studies on the ageing of railway signalling systems, 
researchers have taken different approaches. As shown in Table 1, most research considers a constant failure 
rate. Some focus on sensitivity analysis depending on the values of the failure rates [9,10,11]. Panja and Kumar 
[12] study the reliability of a point machine, testing the hypothesis of the failure with HPP and NHPP models; 
they conclude the failure can be modelled as an HPP. Other authors consider the effects of the ageing of the 
railway signalling systems on maintenance and operation; see Table 1 [10,13,14,15]. Most existing research 
assumes a predetermined model for the failure data, such as constant failure models, instead of developing a 
model based on the field data. Nor are there any previous contributions to modelling repairable systems when 
there is a change in the pattern of the failure trend. For railway signalling systems, only Chandra and Kumar [13] 
consider the possibility of a change of pattern in the failure data, but they consider it as always the same change. 
Some research has taken a broader perspective, focusing on identifying change points [16,17]. 

 



Table 1: Previous research on RAMS of railway signalling systems 

System/Component Failure model Topic References 

Railway Constant Reliability and safety [9] 

Railway signalling 
systems 

Constant 

Dependability [6] 
FMECA [12] 

Reliability, maintainability [18] 

Availability [19] 

RAM performance  [20] 

System 

GSM-R 

Constant 

Reliability [21] 

Interlocking 

RAM [22] 

Safety and dependability [23] 

Safety [24] 

On board 

RAMS [25] 

Constant / RP / 
Imperfect repair 

Availability target with lowest life-cycle cost [10] 

Point machine 
HPP / NHPP 

Reliability 
[26] 

RP (Weibull) [14] 

Track circuit Weibull Availability [27] 

Component 

Fail safe node 3 failure rates Reliability and safety [13] 

Safety nucleus Constant  Dependability [11] 
Track circuit  

receiver 
Constant Dependability [28] 

Track circuit 
transmitter 

Weibull Reliability [15] 

This paper proposes a method to assess the reliability of long-lived complex systems by combining statistical 
methods with expert assessment, focusing on failure data (in particular, railway signalling systems). It will 
explore the reasons for the existence of change points and the behaviour of the failure data with the help of 
experts in the maintenance, architecture and operation of the railway network. It applies graphical techniques to 
observe if a trend is monotonous, and it proposes various trend tests depending on the results. Autocorrelation 
tests are used to find the dependency, and different models are considered, based on the type of repair (perfect, 
minimal, imperfect). The goodness of fit is evaluated by the Anderson-darling test. Finally, a case study from the 
signalling system of the Swedish railway network is used to validate the model.  

This document is structured as follows. Section 2 summarises the characteristics of failure reliability data and 
reliability assessment. Section 3 describes the case study of the Swedish railway signalling system. Section 4 
summarises the proposed methodology. Section 5 presents the results of the case study. Section 6 describes the 
implementation of the method, and section 7 summarises the conclusions that can be drawn from this paper. 

2. FAILURE DATA AND RELIABILITY ASSESSMENT 

Different frameworks have been proposed to find the best fitting model for failure field data [8,29,30]. However, 
these frameworks focus on monotonic trends, and this is not always applicable to complex and long-lived 
repairable systems. 

The trend and independence of the data must be checked to find the best model. The selection of a trend test 
depends on whether data are monotonous or not. A trend in the pattern of failures can be monotonic or non-
monotonic, and this can be seen graphically. In addition, different tests have different null hypotheses; i.e., even 
if a trend test for null hypothesis of H0 being an HPP is rejected, the data could still follow an RP or an HPP. 
Therefore, a second trend test to check the null hyphothesis of H0 being an RP must be performed. 

Various tests, both parametric and graphic, can be used to check whether data exhibit a trend. Graphical tests can 
determine if the data show a trend [29,30], identify possible outliers in the data, and define trends as monotonous 
or non-monotonous. Non-monotonous failure data can be modelled by considering one distribution and two 



different failure intensities, mixed distributions or different and independent distributions, etc. This paper 
considers the possibility of having one or more distributions and parameter values and a maximum of two 
distributions per sample for the sake of simplification. In the case of a non-monotonous trend, the change point 
can be identified graphically or analytically; the former method has been selected for this paper, with the latter 
left for future work.  

The plot of cumulative number of failures vs. cumulative operating time can be used to reveal the existence of 
trend (monotonic or non-monotonic) in the data and to study possible outliers. If a discovered trend is non-
monotonic, it is possible to identify graphically where the change point is located. The results of the plot can 
give an initial idea of the possible rejection of the null hypothesis; this is later validated by the results of the 
parametric tests.  

Unfortunately, graphical techniques do not provide statistical evidence to reject the null hypothesis. Parametric 
tests help determine whether the observed trend is statistically significant or just accidental. Such tests include: 
Laplace, Military Handbook, Anderson-Darling, Mann reverse arrangement, Lewis and Robinson, etc. [29]. The 
Laplace and Military Handbook tests are tests for the null hypothesis that data come from an HPP; rejection of 
the null hypothesis means the process is not an HPP but could still, in principle, be an RP and, thus, still have no 
trend [29,32]. A summary of the relevant trend tests is shown in Table 2, together with the limits for each trend 
test for a confidence interval of 95%. 

Different trend tests can lead to different results; each is optimal for certain families of intensities or hazard rates 
and less powerful for others. When a true trend exists in the underlying intensity or hazard rate, a test can lead to 
three different results: it correctly detects a trend and the type (direction) of the trend; it fails to recognise any 
trend (accepting the null hypothesis); or it incorrectly points to an opposite (false) trend. Several authors have 
studied the power of the different trend tests for monotonic and non-monotonic trends in repairable systems, 
identifying their strengths and weaknesses; some of the results are:  

 Laplace and MIL tests are more efficient than the LR test for NHPP alternatives with log linear and 
power law intensities [32,33].  

 GAD and LR tests have fairly similar power properties for monotonic trends, with the GAD being a bit 
more powerful than the LR test for increasing trends; the opposite is true for decreasing trends [33]. 
That said, GAD clearly has better power properties than the other tests in detecting non-monotonic 
trends [33, 34].  

 The Mann test is clearly less powerful than the other tests against increasing trend but is the most 
powerful test against decreasing trend in the overdispersed case [33].  

 The GAD test is more appropiate in increasing or bathtub trend cases, while Mann and LR tests are 
better for the decreasing trend cases [34].  

If there is no apparent trend, the autocorrelation must be checked to test the independency between the Xi. It is 
possible to check the independency by plotting Xi+k against Xi for various integer values of k, known as the lag 
[31]. There is a parametric test to check the autocorrelation coefficients rk for various values of k [31]. If a 
number of r orders of serial correlation are considered, the sample serial correlation coefficient can be 
calculated; this can assess if ρk is different from zero [35]. The equations for the autocorrelation test appear in 
Table 2. Even though the first-order serial correlation (k=1) is typically the most important lag to consider [35], 
simply checking the correlation between i+1 and i only tests the independence between the two immediate 
failures; however, it is still possible to find autocorrelation in the failure data [31]. 

After calculating the parameters for the various possible distributions that can fit the data, it is necessary to 
perform a statistical test for goodness of fit. Goodness-of-fit tests show which distribution best fits the failure 
data by comparing the values obtained (the distribution with the lowest value on the test will have the best fit), 
while the p-value (the probability of getting a value from the corresponding distribution equal to or more 
extreme than the one computed from data for the parametric test) measures the level of significance [30]. The 
Anderson-Darling test for goodness of fit is a modification of the Kolmogorov-Smirnov (K-S) test. The 
Anderson-Darling equations for the goodness-of-fit test can be found in Table 2.  
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3. CASE STUDY: SWEDISH RAILWAY SIGNALLING SYSTEMS 

The case study is based on data obtained from the Swedish Infrastructure Manager (Trafikverket) for a fully 
operative railway corridor where the ATC (automatic train control) signalling system supervises and controls the 
network. The railway signalling divides the railway corridor into track sections (or blocks) where only one train 
is allowed at a given time [36]. Corrective maintenance work orders related to the railway infrastructure in 
Sweden are managed in a software program called “0felia”, while the architecture of the whole railway 
infrastructure is managed by a software tool (BIS). Both databases were used as input for this paper. The process 
of failure reporting is described in a document of the Swedish infrastructure manager [37]. The document lists 
the different steps and explains how to proceed from the time a failure is identified and reported until the 
corrective action is finished and the work order (WO) related to the failure is closed. Many partners are involved 
in the process, as the train operator can identify the failure, the railway infrastructure manager controls the 
activity performed on the railway network and a subcontracted company does the corrective maintenance. Since 
some parameters in 0felia are registered manually, processing the data is necessary to group information in an 
appropriate manner. 

3.1. Data collection 

The data were processed to eliminate inconsistent or poor-quality records; a description of the different steps can 
be found in previous papers [1,38]. As noted, 70% of the corrective maintenance records related to signalling 
systems have a “not defined” failure mode [1]. This supports our decision to study the reliability of signalling 
systems with a “black box” approach. This approach does not differentiate the failure modes or failures in the 
different subsystems, but it allows all failure records to be included in the reliability analysis (including those 
whose information is not accurate or complete). 

For the case study, the signalling system of three track sections were analysed to assess their reliability and 
compare their performance, using corrective maintenance data for a period of 10 years. The data were analysed 
independently for each system and location, using Matlab, with a significance level (α) of 0.05.  

Figure 1 shows the event plot for all systems and locations. Signalling systems supervise the railway at all times, 
not only when a train passes, making them continuously operating items. Therefore, all maintenance time will 
affect the operation of the signalling system. The systems considered are those most affecting the reliability of 
railway signalling systems [1]: 

 Interlockings (IXL): receive input from the different systems (e.g. track circuits, level crossings, 
signals) and calculate and return as an output the train operation restrictions to ensure safe traffic 
operation. 

 Level crossings (LC): coordinate the road traffic crossing the railroad. 
 Track circuits (TC): enable localisation of the train.  

 

Figure 1: Event plot for all systems and locations 
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3.2. Data Analysis 

As stated previously, the reliability of the results of trend tests differs depending on the failure data. The purpose 
of this paper is to present a method to assess reliability with the minimum number of necessary steps; hence, this 
section evaluates trend tests to decide which one (or ones) best suits the failure data of railway signalling 
systems. 

Table 3 summarises the results obtained in the graphic plots. The plots look for trends in the data and for 
monotonic or non-monotonic patterns in the trends. If a non-monotonic pattern is observed, the change point is 
identified in the graphic. All systems have both monotonic and non-monotonic patterns, so it cannot be 
generalised for any of them. At the same time, from the  point of view of the locations, some consistencies can 
be seen: the systems located in B are all monotonic, and  those in C are all non-monotonic. Since the 
management of the maintenance records was the same for all locations at the same moment of time, it may be 
deduced that the differences in the trends are due to operational and environmental conditions. 

Table 3: Results of the graphic trend tests  

Loc. n Pattern? Trend? Change point (Ti (min)) 

IXL 

A 56 Non monotonic Improving 2283178 

B 29 Monotonic No trend - 

C 23 Non monotonic No trend 2608494 

LC 

A 69 Monotonic No trend - 

B 50 Monotonic No trend - 

C 71 Non monotonic No trend 2067019 

TC 

A 39 Non monotonic Improving 3492021 

B 14 Monotonic Improving - 

C 18 Non monotonic Deteriorating 3295187 

As can be observed in Table 3, railway signalling systems present both monotonic and non-monotonic trends. 
Hence, the test or tests chosen will have to be able to handle both types. Table 4 shows the results for the trend 
tests for the different systems and locations. In all cases, both the RP and the HPP are studied to find the best fit 
for the data. Different colours indicate the suitability of the test for the type of data (e.g. if the trend test is 
suitable for both monotonic and non-monotonic or only monotonic), and show whether the null hypothesis can 
be rejected (grey for the not applicable tests; green for those without enough evidence to reject the null 
hypothesis; red for those rejecting the null hypothesis).  

Most of the valid tests have the same results:  

 Not enough evidence to reject null hypotheses of both HPP and RP: IXL in B, LC in A and TC in C. In 
these cases, both an RP and an HPP (a special case of an RP) will be suitable to model the failure data 
of the system. 

 Null hypothesis of HPP rejected, but not enough evidence to reject the null hypothesis of RP: IXL in C 
and LC in C. While an HPP would not suit the failure process, it would be possible to model it with an 
RP. 

 Null hypothesis of both HPP and RP rejected: IXL in A and TC in A. Hence, a NHPP would be the best 
solution to model our data. 

Some cases show different results depending on the test. For the system LC located in B, the U test rejects the 
null hypothesis of HPP, but the MIL and AD tests do not show enough evidence to reject the null hypothesis. 
However, when testing the null hypothesis for RP for the same system and location, no test finds enough 
evidence to reject the null hypothesis. This may be caused by non-homogeneous data, even if this is not 
detectable in the graphic plots; this would make the MIL and U tests unable to handle the data (and to be valid 
only for the result obtained in the AD test). When testing the null hypothesis of HPP, no test finds enough 
evidence to reject the null hypothesis. Previous research indicates the Mann test is less powerful than the LR and 
GAD tests [33]; therefore, this test was discarded for the selection (although it was tested).  

 

 

 

 



 

Table 4: Results of the parametric trend tests  

 
Null hypothesis: H0 is HPP Null hypothesis: H0 is RP 

MIL U  AD LR GAD 

 
Limits  

c.i. 95% 
χ2, 2n degrees  

of freedom 
│U│>1.960 │AD│>2.492 │LR│>1.65 │GAD│>2.492 

IXL 
A - - 2.72* - 3.06* 
B 62.41 -0,45 0,59 -0.46 0.45 
C - - 2.66* - 1,57 

LC 
A 134.74 0.25 0,64 0,23 0.48 
B 122.71 -2.01* 2.31 -1,54 1,53 
C - - 1,62 - 1,51 

TC 
A - - 6.39* - 3.39* 
B 29.24 -1.35 1.84 -1.04 0.68 
C - - 2.05 - 1,19 

Note: * for the rejected null hypothesis 

4. PROPOSED METHODOLOGY/FRAMEWORK 

This section presents the proposed framework, along with the tests that have proven more reliable for the failure 
data of railway signalling systems (see Figure 2).  

First, the failure data must be processed and put into chronological order. As stated previously, more information 
about the data cleaning and processing for this case study can be found in previous publications [1]. Graphical 
trend tests help to identify the main properties of the failure data: by plotting the cumulative failure times (Ti) vs. 
the N(t), it is possible to identify whether the failure data show a monotonic or non-monotonic trend, making it 
possible to identify graphically the change point. Once the change point is identified, the sample is separated and 
studied in independent subsamples. 

The proposed framework tests the trend for the null hypothesis of H0 being an RP, since the HPP can be 
considered a special case of the RP on which the hazard rate is constant. The GAD trend test is the choice for 
testing the null hypothesis of H0 being a RP, as it can handle both monotonic and non-monotonic trends. Other 
authors propose a framework based on the null hypothesis whereby H0 is an HPP, not considering the possibility 
of an RP. While this simplifies the calculation, this paper tries to reduce the number of steps without affecting 
the possible outputs (hence, being able to consider HPP, NHPP and RP). This can be improved better approach 
for complex systems which are known to deteriorate during their estimated life and have previously been 
modelled as RPs (such as the railway signalling systems). 

If the parametric trend test cannot reject the null hypothesis of modelling the data with an RP (not finding a trend 
in the data), the next step is to test the independence between the failure data by using autocorrelation tests. If the 
data do not show dependency, an RP is an appropriate process to model the reliability of the system. If the 
assumptions of independence are false, a branching Poisson process can be used. The parameters of the possible 
distribution depending on each sample/subsample are calculated, and the Anderson-Darling goodness-of-fit test 
is used to evaluate how well a specified probability distribution “fits” a set of data. For NHPP models, the 
parameters are also calculated and the goodness-of-fit is established by the standard error of the different 
parameters.  

At this point, the link cause effect of the change point and the models obtained are evaluated with the help of 
experts in the maintenance and operation of the railway. These experts are asked to analyse different possible 
causes to see which ones may have influenced the failure behaviour; the model will be modified accordingly.  

Once the models for each sample and subsample are determined, it is possible to assess the reliability of the 
system in a particular location, in a determined frame time, and not only evaluate past actions, but also consider 
future maintenance strategies to improve the dependability of the system. Survival plots can help in reliability 
assessment. 
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5. RESULTS OF THE CASE STUDY 

The results obtained in the case study to validate the proposed method are summarised below. Figure 3 shows 
the cumulative number of failures vs. cumulative operating time for the IXL, LC, and TC. For the same system, 
the gradients are different, depending on the location; this indicates different failure intensities for each location. 
The IXL shows a non-monotonic trend in locations A and C, together with an improving trend in location A. For 
the LC, the plots show a similar gradient for all three locations, even though a non-monotonic trend is apparent 
in location C.  

 

Figure 3: Cumulative number of failures vs. Time plots (Left: IXL; Right: LC) 

The sample is divided into different monotonic subsamples, depending on the change point. Table 5 shows the 
results of the GAD test for the samples (if monotonic) and subsamples (if non-monotonic). The appearance of a 
trend is more frequent in the last part of the subsamples (of the six times the GAD test shows the presence of a 
trend in the data, five are in the second subsample of the system). This means the trends occur in the later part of 
the life cycle of the system. The only instance of a trend in the first subsample is in the TC in A, and in this case, 
both subsamples show a trend. Another result is that no monotonic sample shows a trend in the GAD test. 

Table 5: Results of the GAD trend test  

System Location Change point (Ti (min)) n GAD subsample 

IXL 

A 2283178 25 1.22 

31 26.84* 

B - 29 0,45 

C 2608494 
5 0,08 

18 23.39* 

LC 

A - 69 0,48 

B - 50 1,53 

C 2067019 
19 0.80 

52 37.56* 

TC 

A 3492021 
30 12.07* 

9 9.97* 

B - 14 0.68 

C 3295187 
12 2.28 

6 28.45* 

Note: * for the rejected null hypothesis 

After testing the trend of the data, the data is tested for independence by plotting the autocorrelation lag values 
for the different systems and locations for those samples where no trend has been found. The different lag values 
are not greater than the limit to show dependence. Only one system in one specific location shows a small 
dependence, the LC in C for the lag 3. However, since there are no correlation for the other lags, it can be 
concluded that all failure data samples have independent data. 



 

 

Figure 4: Autocorrelation for the level crossing at location C where there is dependence for Lag 3  

5.1. Failure modelling and parameter evaluation 

In the next step, different distributions are tested to find the best fit to the failure data. The results of the data 
analysis for the four best-fitted distributions, as well as their p-values, are given in the coloured columns of 
Table 6. More information about these and other distributions can be found in [39]. The tested distributions 
include: Normal, Box-Cox transformation, Lognormal, 3-parameter lognormal, Exponential, 2-parameter 
Exponential, Weibull, 3-parameter Weibull, Smallest extreme value, Largest extreme value, Gamma, 3-
parameter Gamma, Logistic, Loglogistic, 3-parameter Loglogistic and Johnson transformation. For the 3-
parameter distributions, the likelihood ratio test p-values obtained are equal to the unit, indicating the third 
parameter does not significantly improve the fit compared to the 2-parameter distribution. 

For the different RP distributions, the best fit is obtained using the Gamma and Weibull distribution (for the TC 
in B, the Weibull distribution is rejected). The exponential distribution is rejected for four of the eight cases. As 
the Weibull distribution is easier to operate than the Gamma, it is selected to model the RP; it is also more 
commonly used for the reliability modelling of railway systems. 

In the subsamples where a trend is observed, a normal NHPP with a Power law model is not able to fit the data 
because there is also a shift in time. Hence, the NHPP is modelled with a 3-parameter Power law process. In its 
last three columns, Table 6 summarises the parameters for the best model for every system and location, 
depending whether it is an RP (in particular, the Gamma distribution) or an NHPP (power law process), and also 
shows their goodness-of-fit. For the NHPP models, it includes the standard error for the shape and scale 
parameters in brackets for each system and location.  

The results show the differences in the failure behaviour of the samples and subsamples do not depend on the 
system or location. Since it is known that the maintenance actions and records were managed by the same 
company for all locations and systems at the same moment of time, the differences are due to operational and 
environmental conditions for the same system in different locations. This means it is not possible to generalise 
the modelling of the reliability of a signalling system by only considering one model; different systems (and 
even the same system installed in different locations) show different failure behaviour and must be modelled by 
different models, sometimes combining more than one type. 

The results of Table 6 indicate that even though in the first part of the life cycle of railway signalling systems 
(first subsample), reliability can be modelled as an RP (in particular, as a Weibull or Gamma distribution), this is 
not possible at the end of the life cycle (second subsample), when an NHPP fits better the failure data, because of 
the existence of trends. Hence, the best option is to study each subsample and look for the best fitting model. The 
next section uses the results of Table 6 to suggest how to perform maintenance analysis and assessment. 

Different values are obtained for the different systems and locations, for both the RP and the NHPP models. For 
the Weibull distributions, the shape parameter is between 0.54 (for the subsample of the TC in C) and 0.93 (for 
the IXL in B). The shape parameter of a value less than the unit indicates the failure mode may be defined by 
early failure, which will decrease with time in service; the shape parameter values close to the unit indicate 
constant failure rate. There is an exception in the first subsample of the IXL in C, where the shape is more than 
2. This can indicate than the IXL in C is in the final period of product life, showing fast wear-out.  
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For the NHPP, the shape parameter range is between 0.55 and 0.62 for the IXL and the LC. Meanwhile, it is 
found in three different values in the TC: in location A, the first subsample has a shape parameter of 0.55 while 
the second has an increased shape parameter of 1.04; the second subsample of the TC in C has a shape parameter 
of 5.31. As with the RP, finding shape parameters of less than the unit means an improvement; if the reverse is 
true, this indicates the degradation of the system. 

The next section evaluates the link cause effect of the change points and the proposed models with the help of 
experts in the maintenance and operation of the railway. 

5.2. Experts assessment and model readjustment 

As stated previously, in this case study, once a preliminary model was designed, experts were consulted to 
identify possible causes for the changes in the behaviour of the failure data. The experts identified a number of 
actions as having potential effects on the reliability of the railway signalling systems: 

 Major repair or replacement of the system (not recorded as corrective maintenance) 
 Major construction (e.g. bridge or road crossing the railway) 
 Major modification of the architecture of the infrastructure (e.g. increasing number of switches and 

crossings, signals and TC to handle by the IXL) 
 Track maintenance (e.g. grinding) 

When these actions were checked to see if any time or location coincided with the change points identified in the 
previous results, it was possible to come out with the following findings: 

 Major construction work was performed in location C over two years (in particular, a bridge), during 
which time the signalling system was barely operative, hence the reduction of failures at the change 
points in C for A and C in the TC and IXL. This construction work would not affect the LC, however. 

 A major renewal of all the IXL was performed around the dates of the change points in A and C (the 
change also applied to B, although no change in the trend is graphically observed). This explains the 
improvement of the reliability for both A and C. 

 A major renewal of the beam of the LC in C was performed on the date of the change point. The beam 
was changed but the painting was performed incorrectly, increasing the adhesion of the snow and, 
consequently, the number of failures. Once the beam was repainted, the behaviour of the failures of the 
LC in C reverted to the previous state. 

 A renewal of all isolation joints for the TC of all the railway corridor corresponded to the change points 
in A and C; this periodic replacement occurs every 50 or 60 years to improve the reliability of this 
component of the TC.  

 No direct relation was found between the grinding and the change in behaviour of the failures of the 
TC. 

With the new input and knowing the effect of these events on the reliability of the signalling systems, the models 
can be adjusted. Any major repair or modification will mean a change point. The change point can be adjusted to 
correspond to the last change, and the system will operate in the same conditions from that point of time. In the 
case of the TC in C, for example, instead being the last subsample to follow a deteriorating NHPP, it will follow 
an RP with a shape parameter of less than a unit. Meanwhile, for the LC in C, having the change point after the 
second painting will convert the model of the second subsample into an RP, instead of an NHPP. 

6. IMPLEMENTATION 

The implementation of the framework in the operation and maintenance of the railway signalling systems will 
benefit both the analysis and the planning of maintenance operations. The field data allow new data to be 
received every time a failure occurs; this will modify (or not) the parameters of the model. The historical data 
permit previous decisions to be assessed, for example, to determine whether major replacements were made at an 
optimal moment or could have waited (or should have been done earlier). If the identification of the change point 
is done analytically, the process will provide a condition based maintenance support tool for maintainers to 
determine the optimal moment to perform a major renewal. For this, the change point will be the point where the 
shape parameter is close to showing deterioration, instead of being constant (or showing improvement). Future 
work could be oriented in this direction. Some practical examples of implementation include:  

 In the IXL in C, the Weibull distribution shows a clear degradation, but after the change point, the new 
failures points show an improving trend behaviour, indicating this was an optimal time to perform a 
major renewal of the system. 



 

 The same may be said for the IXL in A and the LC in C. However, in these cases, the values of the 
shape parameters do not indicate a degradation of the system; hence, it may have been possible to delay 
the main repair or restoration of the system. 

7. CONCLUSIONS 

The paper proposes a method to assess the reliability of long-lived complex systems by combining statistical 
methods with expert assessment, focusing on the failure data of railway signalling systems. Changes in the 
behaviour of the failure data are linked to major renewals of the systems or work in the infrastructure affecting 
the systems. The method is validated using a case study of the Swedish railway network. The following 
conclusions can be drawn: 

 The framework shows its validity when analysing real failure data of complex and long-lived repairable 
systems, in this case, railway signalling systems.  

 The combination of statistical methodologies and expert knowledge when analysing failure data allows 
changes in failure trends to be linked with their causes. This was not possible previously, as all causes 
were not directly linked to corrective maintenance actions as well as to operations and preventive 
maintenance.  

 When modelling the reliability of railway signalling systems, it is better not to accept a single model 
(e.g. HPP), but to look for change points and the possibility of combining models. This paper shows the 
relevance of change points in the behaviour of the reliability of railway signalling systems (four out of 
the nine cases studied have change points at which the behaviour of the failure data changes). 

 This method makes it possible to assess the reliability of the system in a particular location, in a 
determined frame time; it not only evaluates past actions, but also considers future maintenance 
strategies to improve the dependability of the system. This method sets the basis for a condition based 
maintenance support tool based on the diagnostic of the railway signalling systems, by identifying the 
optimal moment to perform a major renewal on the system. 

 The results of the case study give a better understanding of the reliability of the railway signalling 
systems, in particular, interlockings, level crossings and track circuits. It shows these systems can be 
modelled by a combination of NHPP and RP. 

 Causes found to affect the trend of the failure occurrences include major renewal of the system or 
components, construction work on the area,  

FUNDING 

This research received financial support from Luleå Railway Research Center (JVTC) and Trafikverket. 

ACKNOWLEDGEMENTS 

The authors gratefully acknowledge the intellectual support of Luleå Railway Research Center (JVTC) and the 
Swedish Transport Administration (Trafikverket). The authors gratefully acknowledge the valuable support and 
discussions of Rikard Granström and Bror Esberg. 

REFERENCES  

[1] Morant A, Larsson-Kråik P-O, Kumar U. Data-driven model for maintenance decision support - a case 
study of railway signalling systems. Institution of Mechanical Engineers. Proceedings. Part F: Journal of 
Rail and Rapid Transit, 2014. DOI: 10.1177/0954409714533680 

[2] Theeg G, Vlasenko S. Railway Signalling & Interlocking - International Compendium, Eurailpress 2009. 

[3] Pincock AJL. Safe passage to Europe-Eurostar's in-cab signalling systems. Institution of Mechanical 
Engineers. Proceedings. Part F: Journal of Rail and Rapid Transit, 1998; 212(3): 235-250. 

[4] Garmabaki AHS, Ahmadi A, Block J. Fleet Level Reliability Estimation of Repairable Units. In : Safety 
and Reliability: Methodology and Applications - Proceedings of the European Safety and Reliability 
Conference, ESREL 2014, Poland. Taylor & Francis, CRC Press/Balkema, 1977-1982, 2014. 

[5] Block J, Ahmadi A, Tyrberg T, Kumar U. Fleet-Level Reliability Analysis of Repairable Units: A Non-
Parametric Approach using the Mean Cumulative Function. International Journal of Performability 
Engineering, 2013; 9: 335-346. 

[6] Vernez D, Vuille F. Method to assess and optimise dependability of complex macro-systems: Application 
to a railway signalling system. Safety Science 2009; 47(3): 382-394. 



 

[7] EN 50126-2: 2007, Railway Applications – The specification and demonstration of Reliability, Availability, 
Maintainability and Safety (RAMS) – Part 2: Guide to the application of EN 50126-1 for safety, European 
Committee for Electrotechnical Standardization (CENELEC), Brussels, Belgium. 

[8] Louit DM, Pascual R, Jardine AKS. A practical procedure for the selection of time to failure models based 
on the assessment of trends in maintenance data, Reliability Engineering & System Safety, 2009; 94(10): 
1618-1628. 

[9] Brkic R, Adamovic Z. Research of defects that are related with reliability and safety of railway transport 
system. Russian Journal of Nondestructive Testing, 2011; 47(6): 420-429. 

[10] Dersin P, Péronne A, Arroum C. Selecting test and maintenance strategies to achieve availability target 
with lowest life-cycle cost. In Proceedings - Annual Reliability and Maintainability Symposium, 2008. 

[11] Bondavalli A, Nelli M, Simoncini L, Mongardi G. Hierarchical modelling of complex control systems: 
Dependability analysis of a railway interlocking. Computer Systems Science and Engineering, 2001; 16(4): 
249-261. 

[12] Panja SC, Kumar RP. Reliability analysis of a 'point-and-point machine' of the Indian railway signaling 
system. Quality and Reliability Engineering International, 2007; 23(7): 833-848. 

[13] Chandra V, Kumar KV. Reliability and safety analysis of fault tolerant and fail safe node for use in a 
railway signalling system, Reliability Engineering and System Safety, 1997; 57(2): 177-183. 

[14] Rama D, Andrews JD. A reliability analysis of railway switches. Proceedings of the Institution of 
Mechanical Engineers, Part F: Journal of Rail and Rapid Transit, 2013; 227(4): 344-363. 

[15] Antoni M. The ageing of signalling equipment and the impact on maintenance strategy. In International 
Conference on Computers & Industrial Engineering, CIE 2009, 2009; pp. 1179 – 1184. 

[16] Pan J, Chen J. Application of modified information criterion to multiple change point problems. Journal of 
Multivariate Analysis, 2006; 97(10): 2221-2241.  

[17] Bae SJ, Mun BM, Kim KY. Change-point detection in failure intensity: A case study with repairable 
artillery systems. Computers and Industrial Engineering, 2013; 64(1):11-18. 

[18] Pal S. Reliability and maintainability activities in Indian Railways. IEEE Proceedings - Annual Reliability 
and Maintainability Symposium, RAMS 2012. 

[19] Iwata K, Hiraguri S, Watanabe I. Evaluation methods for railway signalling systems from the viewpoint of 
availability. Quarterly Report of RTRI (Railway Technical Research Institute, Japan), 2009; 50: 152-157. 

[20] Stamenkovic BB. RAM assurance programme carried out by the swiss federal railways SA-NBS project., 
In Safety, Reliability and Risk Analysis: Theory, Methods and Applications - Proceedings of the Joint 
ESREL and SRA-Europe Conference, 2009; pp. 3209-3216. 

[21] Ding X, Chen X, Jiang W. The analysis of GSM-R redundant network and reliability models on high-speed 
railway. ICEIE 2010 - 2010 International Conference on Electronics and Information Engineering, 
Proceedings, 2010; pp. V2154. 

[22] He T, Ren JX. Research of RAM on the all-electronic computer interlocking system. Applied mechanics 
and materials, 2014; 511-512(2014): 719-726 

[23] Kohlík M, Kubátová H. Reduction of complex safety models based on Markov chains. In IEEE 15th 
International Symposium on Design and Diagnostics of Electronic Circuits & Systems (DDECS), 2012; pp. 
183-186.  

[24] Anik VG., Ustoglu I, Kaymakci OT. The functional safety calculation of a real interlocking system in 
Turkey, in 2011 IEEE International Conference on Mechatronics, ICM 2011 - Proceedings, 2011; pp. 71.  

[25] Tan P, He W, Lin J, Zhao H, Chu J. Design and reliability, availability, maintainability, and safety analysis 
of a high availability quadruple vital computer system. Journal of Zhejiang University – SCIENCE A 
(Applied Physics & Engineering), 2011; 12(12): 926-935. 

[26] Panja SC, Ray PK. Failure mode and effect analysis of Indian railway signalling system". International 
Journal of Performability Engineering, 2009; 5(2): 131-142. 

[27] Patra AP, Kumar U. Availability analysis of railway track circuits, Proceedings of the Institution of 
Mechanical Engineers, Part F: Journal of Rail and Rapid Transit, 2010; 224(3): 169-177.  



 

[28] Dobias R., Konarski J, Kubátová H. Dependability evaluateion of real railway interlocking device. In 
Conference on Digital System Design Architectures, Methods and Tools, DSD '08. 11th EUROMICRO, 
IEEE, 2008; pp. 228-233.  

[29] Ascher H, Feingold H. Repairable systems modelling, inferences, misconceptions and their causes. New 
York, Marcel Decker, 1984. 

[30] Vaurio JK. Identification of process and distribution characteristics by testing monotonic and non-
monotonic trends in failure intensities and hazard rates. Reliability Engineering & System Safety, 1998; 
64(3): 345-357. 

[31] Crowder MJ, Kimber AC, Smith RL, Sweeting TJ. Statistical Analysis of Reliability Data. Chapman and 
Hall, London, 1991. 

[32] Lindqvist BH. Statistical modelling and analysis of repairable systems. Statistical and Probabilistic Models 
in Reliability, V. Ionescu and N. Limnios, eds. Birkhauser Boston, 1997; pp.3-25. 

[33] Kvaløy JT, Lindqvist B, Malmedal H. A statistical test for monotonic and nonmonotonic trend in repairable 
systems. In: Proceedings of European conference on safety and reliability—ESREL 2001. pp. 1563–70. 

[34] Jiang R. Introduction to quality and reliability engineering, Beijing: Springer, 2015.  

[35] Meeker WQ, Escobar, LA.  Statistical methods for reliability data. New York: Wiley, 1998. 

[36] Anik VG, Ustoglu I, Kaymakci OT. The functional safety calculation of a real interlocking system in 
Turkey. In 2011 IEEE International Conference on Mechatronics, ICM 2011 - Proceedings, pp. 71.  

[37] Trafikverket. Failure report on the railway infrastructure (Felrapportering inom järnvägsinfrastruktur), 
Regulation BVF 808.20, Trafikverket, Borlänge, (in swedish), 2011. 

[38] Morant A, Karim R, Tretten P, and Larsson-Kråik, PO. Dependability improvement through configuration 
management – A study of railway signalling systems. International Journal of COMADEM, 2013; 16(4): 
31-40. 

[39] Blischke WR, Murthy DNP. Reliability: modeling, prediction, and optimization, Wiley, New York, 2000. 

 



 

ANNEX A: FAILURE DATA

Sys. Loc.  Ti (min) 
LC C 4997 
LC B 39884 
IXL B 51239 
IXL A 55360 
LC C 59254 
IXL B 60916 
IXL C 67696 
LC C 89735 
LC C 115309 
LC A 119584 
LC B 177475 
LC B 178620 
LC A 197580 
LC B 197840 
TC A 202768 
TC A 206132 
TC A 236379 
LC A 256534 
LC A 262753 
LC B 262954 
LC A 266494 
LC C 266720 
LC A 274024 
TC A 274777 
LC A 321645 
IXL B 346913 
LC B 347374 
IXL B 348268 
TC A 351961 
TC A 352107 
TC C 365065 
LC B 411979 
LC B 414687 
LC A 415313 
LC A 422282 
TC A 453720 
LC B 465560 
TC A 471593 
IXL A 473920 
IXL A 473921 
IXL A 479902 
IXL C 506037 
LC B 524971 
TC A 529894 
LC C 567873 
LC C 571937 
IXL B 594877 
TC A 619667 
TC A 619731 
TC A 624025 
LC A 630926 
IXL A 649885 
LC A 652697 
LC B 694155 
IXL A 703219 

TC B 709362 
TC B 710195 
IXL A 711637 
LC A 720900 
TC A 746309 
LC B 806601 
LC B 806758 
TC A 824422 
IXL A 835471 
LC C 891741 
LC B 904460 
IXL A 926097 
TC A 938028 
LC A 955412 
LC A 966740 
LC A 980107 
TC A 1002567 
TC A 1012514 
IXL A 1013735 
IXL A 1017055 
LC A 1018317 
IXL B 1028870 
LC A 1036067 
LC A 1046069 
LC C 1052791 
TC A 1054215 
IXL A 1096134 
LC B 1101262 
IXL A 1115857 
IXL A 1117699 
TC B 1136389 
TC B 1136539 
TC B 1136850 
IXL C 1145288 
TC A 1155090 
IXL A 1159360 
TC A 1164204 
IXL A 1186761 
IXL A 1189543 
LC A 1217077 
TC A 1225683 
IXL A 1239973 
LC B 1264241 
LC B 1265968 
LC B 1275870 
TC B 1284959 
LC B 1288830 
LC C 1289231 
IXL A 1336602 
LC A 1339435 
IXL A 1378952 
IXL A 1391733 
TC A 1395926 
TC A 1413808 
IXL B 1421539 
TC B 1450566 

TC B 1458843 
LC A 1480600 
LC C 1518265 
LC B 1524499 
IXL A 1528925 
LC C 1564057 
LC C 1564390 
LC B 1572372 
LC B 1620636 
IXL B 1625615 
TC B 1656050 
IXL B 1668988 
TC C 1672149 
TC A 1692371 
TC C 1764139 
LC A 1770230 
TC A 1782718 
LC C 1788629 
IXL B 1803076 
IXL A 1813204 
LC C 1822129 
LC A 1828049 
IXL B 1835299 
LC A 1848240 
IXL B 1870538 
TC C 1873804 
IXL B 1899802 
LC A 1905563 
LC C 1914350 
IXL A 1924088 
TC C 1925875 
LC A 1986074 
LC C 2016263 
TC C 2016509 
TC C 2018605 
LC C 2020651 
LC B 2062983 
LC A 2066527 
LC C 2066702 
LC A 2066771 
LC C 2067019 
LC C 2068127 
LC C 2068367 
LC C 2069623 
LC C 2069806 
IXL A 2076875 
LC A 2077338 
LC C 2084094 
LC C 2085437 
IXL B 2085860 
TC C 2106782 
LC C 2107251 
LC A 2113453 
LC C 2122738 
LC C 2122923 
LC B 2123130 

LC B 2132603 
TC A 2143329 
IXL B 2151465 
LC B 2154938 
LC C 2160568 
LC C 2187480 
LC A 2187608 
LC C 2187711 
LC B 2216504 
TC A 2223579 
LC B 2224198 
IXL A 2283178 
LC C 2285780 
TC C 2317135 
IXL A 2333691 
LC B 2335642 
LC B 2336045 
LC B 2337793 
IXL A 2342921 
LC A 2346304 
IXL A 2348768 
IXL A 2356042 
LC C 2375172 
LC C 2377633 
TC C 2415219 
IXL A 2418424 
TC C 2419286 
TC C 2419452 
IXL A 2466813 
IXL A 2467665 
LC C 2468735 
LC C 2469756 
LC C 2469862 
IXL B 2537551 
LC B 2544564 
IXL A 2544869 
IXL A 2559218 
LC B 2562967 
LC B 2563146 
IXL C 2563707 
LC B 2564681 
IXL A 2574809 
LC A 2577947 
TC A 2590083 
TC B 2590505 
IXL A 2600077 
IXL C 2608494 
IXL C 2609111 
IXL C 2641363 
LC C 2652999 
LC A 2653014 
LC A 2667492 
LC B 2672092 
LC A 2686724 
LC C 2707383 
LC A 2729031 



 

IXL A 2778045 
IXL C 2798554 
TC B 2801169 
IXL C 2808909 
IXL C 2811862 
IXL A 2828984 
IXL C 2840540 
IXL A 2867712 
LC C 2903388 
IXL A 2984024 
LC A 2998759 
IXL C 3011361 
IXL A 3018604 
LC A 3054804 
TC A 3083815 
IXL C 3085219 
IXL C 3086160 
LC A 3112610 
LC A 3113674 
IXL B 3123742 
LC C 3128251 
IXL B 3140073 
LC B 3159430 
IXL B 3203506 
IXL A 3205906 
LC C 3229685 
LC C 3263236 
LC C 3275009 
IXL A 3280811 
IXL B 3280827 
IXL C 3294884 
TC C 3295187 
IXL A 3304108 
IXL A 3305213 
LC A 3336697 
LC C 3339857 
LC A 3367542 
LC A 3372697 
LC A 3383085 
LC A 3383238 
LC A 3387058 
LC A 3403089 
LC C 3456650 
LC A 3465116 
IXL A 3473287 
TC A 3473322 
IXL B 3483606 
IXL A 3491023 
TC A 3492021 
IXL C 3507449 
IXL B 3542750 
LC C 3583173 
IXL A 3608276 
LC A 3617530 
TC A 3658415 
IXL A 3689717 
IXL A 3693075 
LC C 3696769 

LC C 3722618 
LC B 3725446 
LC B 3727385 
IXL A 3731802 
LC B 3745538 
LC B 3746248 
IXL C 3754503 
LC C 3765969 
IXL C 3766049 
IXL C 3766267 
LC B 3767230 
TC A 3782097 
LC C 3791795 
IXL B 3797224 
LC A 3803323 
LC C 3849592 
TC C 3889919 
IXL B 3890913 
TC A 3903249 
TC A 3905688 
IXL C 3925288 
IXL B 3929927 
IXL B 3960842 
LC B 3999317 
LC B 4024861 
TC C 4039442 
TC C 4046681 
LC C 4046897 
TC C 4054049 
LC B 4071699 
TC A 4080425 
LC C 4114501 
IXL C 4117285 
LC C 4148749 
LC A 4187897 
LC A 4187997 
TC C 4192007 
IXL C 4192442 
LC B 4237571 
IXL A 4244599 
LC A 4259970 
LC B 4369461 
LC C 4392629 
LC C 4403675 
IXL B 4411037 
IXL B 4463215 
TC B 4477371 
LC A 4480653 
LC A 4481420 
LC A 4481977 
LC A 4514518 
LC C 4523162 
LC A 4627090 
LC C 4696114 
IXL A 4713272 
LC C 4729489 
LC C 4731969 
LC A 4736330 

LC A 4779575 
LC B 4781667 
LC C 4805465 
LC C 4808615 
IXL A 4812601 
LC C 4814162 
TC B 4847984 
LC A 4866412 
IXL C 4879155 
LC A 4896403 
LC A 4911299 
LC B 4911398 
IXL B 4925453 
TC A 4963608 
LC A 4968249 
TC A 4974506 
IXL A 4976943 
TC B 4984733 
LC A 4985382 
LC B 5004811 
LC C 5013173 
LC C 5015809 
LC C 5015949 
LC C 5016534 
LC C 5017288 
LC A 5020145 
LC A 5033102 
TC A 5053177 
LC A 5095156 
LC C 5174420 
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Abstract 

A framework is presented to evaluate the safety and availability of the railway operation, and 
quantifying the probability of the signalling system not to supervise the railway traffic. Since a failure 
of the signalling systems still allows operation of the railway, it is not sufficient to study their effect on 
the railway operation by considering only the failures and delays. The safety and availability are 
evaluated, handling both repairs and replacements by using a Markov model. The model is verified with 
a case study of Swedish railway signalling systems with different scenarios. The results show that the 
probability of being in a state where operation is possible in a degraded mode is greater than the 
probability of not being operative at all, which reduces delays but requires other risk mitigation 
measures to ensure safe operation. The effects that different improvements can have on the safety and 
availability of the railway operation are simulated. The results show that combining maintenance 
improvements to reduce the failure rate and increase the repair rate is more efficient at increasing the 
probability of being in an operative state and reducing the probability of operating in a degraded state.  

Keywords: Railway; signalling systems; operation; maintenance; availability; reliability; safety; 
Markov; dependability; RAMS 

1. Introduction 

The railway signalling system protects, controls and supervises the railway traffic, in order to ensure 
safe operation. The signalling system supervises the railway at all times, not only when a train passes, 
which makes it a continuously operating system. Hence, all maintenance time will affect the operation 
of the signalling system. 

Signalling systems are an example of large complex systems made of multiple hierarchical layers and 
indenture levels [1], and with a long expected useful life (in general, between 30 and 40 years). The 
performance evaluation of complex systems has its own challenges, i.e. the lack of the system overview 
and the conflicting objectives or unclear distribution of responsibilities between the actors involved (e.g. 
the manufacturer, operator, maintainer, etc.) [1].  

The long useful life of the system implicates that the process and procedures to record the failures could 
be modified during the time, showing inconsistencies or having incomplete data [2-3]. It can also be 
affected on changes of the provider of the components; design updates; changes of maintenance 
procedures, etc. Furthermore, data sets are collected for maintenance management rather than reliability 
engineers; hence they may lack vital information for a proper reliability evaluation, which can lead to 
wrong or incomplete conclusions [2]. The standard EN 50126 [4] defines the terms of reliability, 
availability, maintainability and safety (RAMS) as:  



 Reliability is the probability that an item can perform a required function under given 
conditions for a given time interval. 

 Availability is the ability of a product to be in a state to perform a required function under 
given conditions at a given instant of time or over a given time interval assuming that the 
required external resources are provided. 

 Maintainability is the probability that a given active maintenance action, for an item under 
given conditions of use, can be carried out within a stated time interval when the maintenance 
is performed under stated conditions and using stated procedures and resources.  

 Safety is the freedom from an unacceptable risk of harm. 

The RAMS of a railway system is influenced in three ways: by sources of failure introduced internally 
within the system at any phase of the system lifecycle (system conditions), by external sources of failure 
on the system during operation (operating conditions) and by external sources of failure on the system 
during maintenance activities (maintenance conditions) [4]. These sources of failure can interact, and 
can affect greatly the operating performance of the railway systems, explaining the large discrepancies 
observed between intrinsic and effective reliability of existing systems [1-4]. 

To operate on a specific railway corridor, the signalling systems of train and infrastructure must be 
interoperable. In Sweden, state companies such Transitio or Rikstrafiken (via ASJ) provide the 
operators with the necessary rolling stock to solve this problem when necessary [5]. The main purpose 
of the railway signalling systems (which is, to ensure the safe operation of the railway) is fulfilled by 
the combination of the functionalities of all its parts, even though each part has its own particular goal 
and can be considered a complex system on its own.  

When analysing the performance of a railway signalling system, to analyse the different parts 
independently would not give a full picture of the global performance, since the final purpose (to ensure 
the safe railway operation) depends on the relationship between them. Therefore, the railway signalling 
system can be considered as a system of systems (SoS) [6], and the interoperability between the 
different systems needs to be assured. Furthermore, the complex architecture of electronics and the 
interdependency between the components and systems make it difficult to identify and analyse 
anomalous behaviours [7]. In the case of signalling systems, this difficulty may be illustrated by the 
high number of no fault found events or not defined failures that are recorded [8].  

The functionality of a railway signalling system is based on the principle of “fail safe”; this means the 
railway section where a failure is located will not be fully operative, until the failure is repaired, to 
ensure safety [4]. Figure 1 describes the state transition diagram, showing an overview of the main 
states of the signalling system [9]. Since a failure of the signalling system still allows operation of the 
railway, albeit limited, it is not sufficient to study its effect on the railway operation in terms of 
reliability and safety by considering only the failures and delays [10]. Furthermore, the probability of 
being operative in a degraded mode is not easily measurable, since it is not directly linked to the number 
of failures and the delays. 



 

Figure 1: Example of state transition diagram (adapted from [9]] 

A failure in a signalling system has economic consequences (penalties, high amount of maintenance 
resources, etc.), can affect the operation (delays, cancellations, speed restrictions, etc.), and have safety 
consequences. With a failed signalling system, a driver will operate in a degraded mode, with safety 
assured by other mitigation measures, such as low speed restrictions. The possibility of operating in a 
degraded mode reduces the economic and operational effects of a failure of the signalling systems, but 
makes it more difficult to evaluate the railway operation, since a failure will not necessarily be visible 
when considering the delays or cancelations, even though safety has been compromised. Within the 
maintenance area, the train records of the on-board part of the signalling system can help to identify a 
failure since they contain the information received from the infrastructure’s part of the signalling 
system.  

Different approaches can be used to evaluate the safety and availability of railway signalling systems. 
As stated by Restel [10], the classification into the subsets of availability and failure is not sufficient to 
model the reliability and safety of the railway system. There is a need for evaluating the safety and 
availability of the railway operation, and to quantify the probability of the signalling system not to 
supervise the railway traffic. This paper fulfils this need, by presenting a framework to evaluate the 
safety and availability of railway operation, focusing on the effects of railway signalling systems. 
Previous contributions focused on the evaluation of a particular subsystem [11-17]. In contrast, this 
paper evaluates the whole signalling SoS. This is a good approach to use when it is not possible to 
determine the failed system or the specific failure mode. This paper is based on records from corrective 
maintenance showing the variance found in real data; which supports a check of the validity of the 
model for future implementation in industry. The safety and availability are evaluated during the 
maintenance and operation phases of the life cycle, handling both repairs and replacements of the 
different systems of the various subsystems of the SoS. The knowledge gained will facilitate the 
decision-making process when improving or updating the railway infrastructure.  

This paper is structured as follows. Section 2 introduces the Swedish railway signalling. Section 3 
presents the developed methodology for safety and availability evaluation of the railway operation. 
Section 4 presents the analysed scenarios and summarizes the results obtained. Finally, the paper 
concludes with a discussion of the results and the conclusions in Sections 5 and 6. 



2. Case study: the Swedish railway signalling SoS 

The research is based on data obtained from the Swedish infrastructure manager (Trafikverket) for a 
fully operative railway corridor where the ATC (automatic train control) signalling system supervises 
and controls the network. The Swedish signalling SoS is composed of the following subsystems [18]: 

 Traffic management system (TMS): creates an interface between the traffic operator and the 
railway network. 

 Signals: give or restrict permission to the train on coming into a track section. 
 Interlockings (IXL) / Radio block centre (RBC): receive the input from the different systems 

(e.g. track circuits, level crossings, signals, TMS), and calculate and return as an output the 
train operation restrictions to ensure safe traffic operation. 

 Track circuits: are responsible for the train location.  
 Balise group (BG): give input from the track to the onboard signalling system (e.g. speed 

limits, driving mode, etc.). 
 Level crossings (LC): coordinate the road traffic crossing the railroad. 
 Signalling boards (SB): give the train fixed information (e.g. on tunnels, bridges, speed 

restriction areas, etc.). 

It is possible to find other signalling systems (e.g. axle counters, automatic warning system, radio loop, 
etc.). However, these are not considered in this paper since they are not part of the Swedish signalling 
SoS and there is no corrective maintenance data for them. However, it would be possible to include 
them in the evaluation by making minor modifications in the model. A more accurate and complete 
description of the different signalling systems can be found in [19].  

In order to guarantee safe operation, the railway signalling divides the railway corridor into track 
sections (or blocks) where only one train is allowed at a given time [13]. A track section is supervised 
by an interlocking located at the end of that section, usually at a station. Signals are placed at the 
entrance of every section and sometimes in the middle to allow or restrict the passing of a train into that 
section. Signals restrict the passing of a train when a failure occurs on a track circuit or an interlocking, 
and warns it to circulate with caution when there is a failure in a level crossing. When a signal fails, the 
balise group associated with it will force the train to stop. If a balise does not work properly, it will 
produce an emergency brake (EB). A single TMS controls the railway traffic of various corridors 
simultaneously. If the TMS fails, the operation has an automatic mode that allows normal operation for 
a maximum of two hours. After that time, operation is not possible. If there is a stoppage of operation 
caused by a failure in the signalling system of a track section, railway operation can still be possible on 
that section if the dispatcher allows the driver to circulate with caution in a degraded operational mode. 
In this case, the maximum speed is 40 km/h and the driver’s visual supervision is required to ensure safe 
circulation (e.g. there is no damage in the track; the switch is in the correct position etc.). Summarizing, 
from a reliability point of view, all the subsystems conforming the signalling SoS work in series to fulfil 
the main purpose of ensuring a safe railway operation. Since this paper focus on the performance of the 
signalling SoS regarding the railway operation, it only consider those failure which will affect the 
performance (e.g. failures that occurs in a system that is redundant and thereby continuous to fulfil its 
purpose are not considered). 

2.1. Data collection 

Corrective maintenance work orders related to the railway infrastructure in Sweden are managed in a 
failure recording system called “0felia”, while the data about the architecture of the whole railway 



infrastructure is managed by an asset register system (BIS). Both these databases were used as input for 
this paper.  

The process of failure reporting is described in a document of the Swedish infrastructure manager [20]. 
The document lists the different steps and explains how to proceed from the time a failure is identified 
and reported until the corrective action is finished and the work order (WO) related to the failure is 
closed. Many actors are involved in the process, since the train operator can identify the failure, the 
railway infrastructure manager controls the activity performed on the railway network and a 
subcontracted company performs the corrective maintenance action. Since some parameters in 0felia are 
registered manually, processing the data is necessary to group information in an appropriate manner. 

The corrective maintenance data covers WOs from January 2003 until November 2012 on a 203 km 
long railway corridor, divided into 50 track sections and located in the northern part of Sweden. 
Specifically, 9,030 WOs were registered during that period, of which 2,455 were associated with 
signalling systems. No changes of configuration were made during the years included in the 
maintenance data used for this research on the railway corridor considered. Hence, it can be assumed 
the WOs represent maintenance, not design changes or updates.  

The data were processed to eliminate inconsistent or poor-quality records. When studying the time to 
restore in the WOs, it was found that, of the 2,456 WOs related to failures of signalling systems, 103 
WOs had a restoration time of zero (0) seconds. Only 19 of these had a corrective action which could be 
used to calculate the restoration time, such as “repair” (one WO), “replacement” (10 WOs), “restart” 
(three WOs), and “removal of obstacles” (three WOs). It was decided not to consider these data, as their 
omission would not greatly affect the results of the analysis. The other abnormal result was that one 
WO had a negative time, probably due to an error when writing the “correction action start date”.  

Approximately 16% of the WOs have large times to restoration and maintain (more than one day). This 
can be due to different factors; e.g. the failure may not have affected the normal operation of the railway 
network and could wait for other scheduled maintenance; the complexity of the restoration may have 
been high; or it may have been difficult to identify where the failure was, etc. The procedures for 
corrective maintenance at Trafikverket state that a WO should be closed within a maximum of 24 hours 
[20]. Hence, the WOs which were open for longer than 24 hours were discarded. In addition, WOs were 
discarded if they did not correspond to any track section specified in the architecture database or were 
related to systems not specified for that track section. This left a total of 1.933 WOs to be considered for 
further analysis. 

Each track section has a different architecture composition for signalling systems. Two approaches can 
be used when evaluating the safety and availability of the railway operation, depending on the 
signalling system. One approach is to consider that the goal is to identify the effects on the operation 
depending on the type of subsystem (e.g. IXL, LC, Signal, etc.) and not focusing on which individual 
subsystem that is the cause when there is more than one within the studied track section. The other 
approach is to evaluate individually each subsystem and calculate the probability of affecting the 
operation for each one of them. Both approaches have been used in this paper; however, the results only 
show the first approach. This selection is due to two reasons. The first reason is that the goal of this 
paper is to evaluate the effects on the operation and not the particular performance of a subsystem. For 
that it is important to identify the type of subsystem that affects the operation. The second reason is that 
due to the particular data collection, it is not possible to identify in the WO which particular system is 
the one affected by a failure, only the track section where it is located. 

The corrective maintenance data and architecture data were merged for the processing required before 
modelling. Only the failures affecting the operation are accounted for in this model. Hence, the TMS 



and the signalling boards are beyond the present scope: the TMS is shared by all track sections (even 
when the WOs are related to a particular section), while the signalling boards do not affect the operation 
of the railway. 

From the case study’s corrective maintenance data, it is possible to obtain the information shown in 
Table 1, which will be the input for the verification of our model. More information on this case study 
and the high variability on the data can be found in [8]. The waiting time that starts with a detected 
signalling failure, where the driver has to stop and operation is not possible until the driver is allowed to 
continue at operation at reduced speed in a degraded mode is not recorded in any database. However, 
this time is relevant since it is the time when railway operation is not possible. With the support of the 
Trafikverket personnel, it was deduced that these waiting times range from a few seconds, until half an 
hour, depending on the severity of the failure. For the evaluation performed in this paper, an average of 
five minutes was taken, which was the recommendation from the experts.  

Table 1: MTBF and MTTM for the case study 

  
  

MTBF (Years) MTTM (h) 
Q. 25% Mean Q. 75% Q. 25% Mean Q. 75% 

Balise group 1.9730 4.7670 9.8631 5.3271 9.2377 12.5167 
Interlocking 0.7182 2.8581 3.0828 4.1839 5.5357 7.2221 
Level crossing  0.3846 2.2860 2.4664 2.1171 4.3308 4.7864 
Signal  0.8968 2.1464 2.4663 3.1070 5.1494 6.3838 
Track circuit 0.8221 2.0040 1.9731 2.0892 3.3577 4.1961 

3. Model development for safety and availability evaluation of railway operation 

The model developed in this paper is based on the fusion of different types of information obtained 
from corrective maintenance data records, operational data, and railway architecture. The model studies 
the effect of a failure in the signalling SoS on the overall railway operation in terms of safety and 
availability. Previous research related to the railway signalling systems provided current theories and 
suggested ways to improve the dependability of signalling systems, while Trafikverket documentation 
and unstructured interviews with experts facilitated the understanding of the information and results. 

The collected data and information are processed and combined for the analyses, with Excel 2010, 
Matlab 2014a and the R software (version 3.0.0) used for data processing, model development and 
verification. The model is based on a Markov process with discrete states and continuous time and is 
used to calculate the probability of the different operational states (safe operation, not operative or 
operative in degraded modes) of a track section, identifying the systems that most affect a safe operation 
of the railway. Depending on which system that is affected by the failure and the operational status of 
the railway, the model considers different operational states. Various scenarios are considered to verify 
the model, including mean values, worst and best case scenarios, simulation of effects of an 
improvement in reliability and maintainability, etc. Finally, the results are combined to show the effects 
of the signalling SoS on the railway operation of the considered railway corridor. 

Looking at the signalling systems as a SoS is interesting when studying the effect on the safe operation 
of every subsystem and when calculating the probability of being in the various operative states on a 
specific track section (TS) and for the railway corridor (RC) as a whole. The railway operation can be 
considered to be in one of three possible states depending on whether operation is possible and whether 
the signalling system is operative. The three states can be summarised as follows: 



 Operative state: In this state, operation is possible and the signalling system is fully operative. 
 Faulty state: This is the operational state from when the failure occurs and the operation is 

stopped until the dispatcher allows continued operation in a degraded mode (40km/h, driver 
responsible for supervision and protection). 

 Degraded state: In this state, the railway operation is possible in a degraded mode (40km/h, 
driver responsible for supervision and protection), but the signalling system is not operative 
due to a failure in one of the signalling subsystems. 

Depending on the subsystem affected by the failure, the three operational states of the railway 
infrastructure considered are subdivided, giving a total of 11 states that determine the different 
operational states and the state of the signalling SoS (indicating which is the system failed). The states 
are described in Table 2. The last two columns of the table show graphically the status of safety and 
availability, and how these change depending on the state of the railway: with a “++”OK, “-“  when 
operating in a degraded mode and “--“when the signalling system is not ensuring safety or the railway is 
not available. 

Table 2: States 

States State of the signalling SoS Railway operation S. Av. 
St.1 All operative Operative ++ ++ 
St.2 BG failed – signalling SoS not operative Faulty (not operative) ++ -- 
St.3 BG failed – signalling SoS not operative Operative in a degraded mode -- - 
St.4 IXL failed – signalling SoS not operative Faulty (not operative) ++ -- 
St.5 IXL failed – signalling SoS not operative Operative in a degraded mode -- - 
St.6 LC failed – signalling SoS not operative Faulty (not operative) ++ -- 
St.7 LC failed – signalling SoS not operative Operative in a degraded mode -- - 
St.8 Signal failed – signalling SoS not operative Faulty (not operative) ++ -- 
St.9 Signal failed – signalling SoS not operative Operative in a degraded mode -- - 

St.10 TC failed – signalling SoS not operative Faulty (not operative) ++ -- 
St.11 TC failed – signalling SoS not operative Operative in a degraded mode -- - 

3.1. Markov theory 

Various authors have evaluated the availability and / or safety of railway signalling systems: Markov 
Chains [21], Monte Carlo Simulation [22] and Stochastic Petri Nets [23-24] are suitable approaches for 
stochastic modelling to evaluate the RAMS of a railway signalling system. RAMS problems are 
normally concerned with systems that are discrete in space, i.e., they can exist in one of a number of 
discrete and identifiable states and are continuous in time; i.e., they exist continuously in one of the 
system states until a transition takes them discretely to another state, in which they then exist 
continuously until another transition occurs [25]. In the Swedish railway, previous research has shown 
the low accuracy of the corrective maintenance records regarding railway signalling systems [8]. While 
Hidden Markov models, Semi-Markov models and Petri nets would include in the evaluation the 
failures on redundant systems or components, and the ageing of the system, this would require having 
further assumptions since some of the information needed is not possible to obtain. This paper considers 
the failure rate of a specific time to evaluate the performance of the railway signalling systems and to 
support maintenance decisions. 



The Markov approach is applicable when handling both repairable and non-repairable systems, under 
the following assumptions [25]: 

 The behaviour of the system must be characterised by a lack of memory; that is, the future 
states of a system are independent of all past states except the immediately preceding one: 

P(qn|qn−1, qn−2, ..., q1) = P(qn|qn−1).      (1) 

 The process must be stationary (i.e. the probability of making a transition from one given state 
to another is the same at all times in the past and future).  

 Finally, it must be possible to define the different states of the system. 

The transition rates from one state into another can be defined as in Equation 2, and the transition 
between the different states of the Markov model is given by the failure, restoration and waiting rates 
(λ, µo and µw respectively) of each considered system. The transition rates describe not only the 
reliability of the process and the design of the components, but also the effectiveness of operation and 
maintenance practices [26]; shown as:  

Transition	rate
	 	 	 	 	 	 	 	 	

	 	 	 	 	
    (2) 

With respect to the transition rate, three time parameters can be defined. The mean operating time 
between failures (MTBF) is the expectation of the operating time between failures and can be calculated 
following Equation 3; the mean time to maintain (MTTM) is the expectation of the time to restore (see 
Equation 4), and the mean waiting time (MWT) is the time from the start of the downtime until the 
driver is allowed by the dispatcher to continue operation in a degraded operating mode: 

MTBF
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From Equation 2, the transition between the different states of the Markov model is given by λ, µo and 
µw of each system considered (see Equations 5, 6 and 7). In particular, µw measures the rate of systems 
staying in the non-operative state. 

λ            (5) 

μ            (6) 

μ          (7) 

The probability of being in the operating state after an incremental interval of time dt (made sufficiently 
small so that the probability of two or more events occurring during this increment of time is negligible) 
is [Prob. of being operative at time t AND not failing in time dt] + [probability of being failed at time t 
AND of being repaired in time dt] [25]. For example, for a continuous Markov process with two system 
states 1 and 2, as shown in Equation 8, the equation obtained is a linear differential equation with 
constant coefficients, which can be solved by Laplace transforms. 

     (8) 



Since the probability of occurrence of a transition in this interval of time Δt is equal to the transition rate 
times the time interval, the stochastic transitional probability matrix for a continuous Markov process 
with two states can be expressed as follows: 

P=
1 	Δ 	Δ

	Δ 1 	Δ         (9) 

If  represents the limiting probability vector of being in the different states, and P is the stochastic 
transitional probability matrix, once the limiting state probabilities have been reached by the matrix 
multiplication method, and any further multiplication by the stochastic transitional probability matrix 
does not change the values of the limiting state probabilities [25], then 

  being        (10) 

and 

=
1 	Δ 	Δ

	Δ 1 	Δ       (11) 

Rearranging Equations 10 and 11 allows the use of the stochastic transitional probability matrix 
simplified by omitting the Δt terms:  

P=
1 	 	

	 1 	         (12) 

3.2. Model development 

The state-space diagram for the Markov process visualised in Figure 3 shows the different states of the 
system (see Table 1 for description) and the possible transitions between them. The stochastic 
transitional probability matrix (P) shows the probability of going from one state to another (the 
probability of going from state i to state j is equal to Pi,j).  

 

Figure 3: Markov diagram 



The possibility of going from a failed state to the operative state (e.g. from the state 2 to the state 1), is 
not considered possible, since the inspection of the failure and the restoration action are performed in 
the third state (when the railway operation is possible in a degraded mode). It is possible to deduce then 
the simplified stochastic transitional probability matrix: 

  1- λ1,2- λ1,4- λ1,6- λ1,8- 
λ1,10 

λ1,2 0 λ1,4 0 λ1,6 0 λ1,8 0 λ1,10 0  

  0 1- µ2,3 µ2,3 0 0 0 0 0 0 0 0  
  µ3,1 0 1- µ3,1 0 0 0 0 0 0 0 0  
  0 0 0 1- µ4,5 µ4,5 0 0 0 0 0 0  
  µ5,1 0 0 0 1- µ5,1 0 0 0 0 0 0  
  0 0 0 0 0 1- µ6,7 µ6,7 0 0 0 0  
P=  µ7,1 0 0 0 0 0 1- µ7,1 0 0 0 0  
  0 0 0 0 0 0 0 1- µ8,9 µ8,9 0 0  
  µ9,1 0 0 0 0 0 0 0 1- µ9,1 0 0  
  0 0 0 0 0 0 0 0 0 1- µ10,11 µ10,11  
  µ11,1 0 0 0 0 0 0 0 0 0 1- µ11,1  

The system is considered to be fully operative for the initial state expressed as: 

P(t=0) = (1,0,0,0,0,0,0,0,0,0,0,0) 

3.3. Framework for safety and availability evaluation of the railway operation 

The different probability states for a TS can be obtained by the sum of the various probabilities for the 
faulty and degraded states, respectively (see Equations 13 and 14), since it can be assumed that it is only 
possible to have one failure on a track section at a specific moment in time. The sum of all the 
probabilities must be equal to 1, since the operational state is unique in every instant of time (see 
Equation 15). 

	 	 ∑         (13) 

		 	 ∑        (14) 

	 	 	 		 	 1    (15) 

The availability of the whole railway corridor can be represented by the probabilities of the different 
operational states; therefore, the probability of achieving the expected requirements in terms of 
punctuality and availability. The probability of all the track sections that comprise the railway corridor 
being fully operative can be calculated knowing that the probability of failure for each track section is 
independent of the others. For the operative state, the only case for this probability is that all the TS are 
in this state (see Equation 16, while the probability of being in a faulty state will be given by the 
probability that at least one TS is in that state (see Equation 17). Finally, the probability of being in a 
degraded operational mode state will be given by the probability of not being on the operative or faulty 
states (Equation 18).  

	 ∏ 		        (16) 

	 1 ∏ 1 		       (17) 

	 1 	 	      (18) 



However, for the purpose of this paper, the different probabilities are calculated assuming the same 
probabilities for all track sections (otherwise, a Markov model must be performed for each track 
section).  

4. Analysed scenarios and results 

This paper analyses the performance of the signalling SoS on track section level based on the collected 
data. Eight scenarios are considered and described in Table 3. These scenarios show the probabilities of 
being in the different operational states obtained by the mean failure and restoration rates and enables a 
study of the effects of the availability of railway signalling systems and the effects of implementing 
different maintenance policies.  

The considered scenarios can be divided in two types. In the first type, scenarios F-1 to F-5 are based on 
real data gathered from the maintenance databases, from which the MTBF and MTTM have been 
obtained for the different track sections that compose the railway corridor of the case study. In the 
second type, scenarios S-1 to S-3 are based on the recorded data, but they simulate the impact on the 
safety and availability of the railway operation of different maintenance policies for the signalling SoS. 
Scenario F-1 represents the mean values obtained from the corrective maintenance data for the track 
sections on the studied railway corridor. Scenarios F-2 and F-3 allow studying the effect of the different 
RAMS variables (such as the MTBF and the MTTM) on the railway operation to see which has more 
influence on safe operation. Scenarios F-4 and F-5 allow to look at the variance between the probability 
states obtained for the worst case scenario and the best case scenario observed from the recordings for 
all track sections on the railway corridor, looking at the range of values for the MTBF and MTTM (i.e. 
the lowest reliability and highest maintainability).  

Table 3: Scenarios to model 

Scenario Description 
F-1 Mean values of the MTBF and MTTM  
F-2 Mean values of the MTBF and 75% quartile of the MTTM  
F-3 25% quartile of the MTBF and mean values of the MTTM  
F-4 Worst case scenario: 25% quartile of the MTBF and 75% quartile of the MTTM 
F-5 Best case scenario: 75% quartile of the MTBF and 25% quartile of the MTTM 
S-1 Simulation with a 50% increase of the MTBF and mean values of the MTTM  
S-2 Simulation with a 25% reduction of the MTBF and 25% reduction on the MTTM  
S-3 Simulation with a 50% reduction of the MTTM and mean values of the MTBF  

Finally, scenarios S-1, S-2 and S-3 simulate the probabilities obtained when improving the reliability of 
the SoS (increasing MTBF in scenario S-1 by 50%), combining an improvement in reliability and 
maintainability simultaneously (increasing MTBF by 25% and decreasing MTTM by 25% in scenario 
S-2), or improving the maintainability (reducing MTTM by 50% in scenario S-3). By studying these 
scenarios (S-1 to S-3), it is possible to identify the effects of different maintenance policies on the safety 
and availability of the railway operation.  

4.1. Results obtained for the scenarios F-1 to F-5 

Tables 4 to 7 show the relative probabilities between states. For the operative state, it is desirable to 
achieve a probability state that is as high as possible, but for faulty and degraded states, the lowest one 
will give the best results for safety and availability. Table 4 shows the probabilities of being in the 



different states for scenarios F-1 to F-5. Figure 4 shows graphically the state probabilities. This allows 
comparing the results, looking at the performance variance in a real track section.  

 

Figure 4: Probabilities of the different states for the real data scenarios (F-1 to F-5) 

 

Table 4: Percentages of the probabilities of being at different states for the real data scenarios (F-1 to F-
5)  

States 
Scenario 

F-1 F-2 F-3 F-4 F-5 
St.1 Operative state 99.863 99.835 99.535 99.449 99.920 

St.2 Faulty - BG Failed 0.003 0.003 0.006 0.006 0.001 

St.3 Degraded – BG Failed 0.022 0.030 0.053 0.072 0.006 

St.4 Faulty. – IXL Failed 0.004 0.004 0.017 0.017 0.004 

St.5 Degraded – IXL Failed 0.022 0.029 0.088 0.114 0.016 

St.6 Faulty - LC Failed 0.005 0.005 0.032 0.032 0.005 

St.7 Degraded – LC Failed 0.022 0.024 0.128 0.141 0.010 

St.8 Faulty –Signal Failed 0.006 0.006 0.014 0.014 0.005 

St.9 Degraded – Signal Failed 0.027 0.034 0.065 0.081 0.014 

St.10 Faulty - TC Failed 0.006 0.006 0.015 0.015 0.006 

St.11 Degraded – TC Failed 0.019 0.024 0.046 0.058 0.012 

Figure 5 shows a difference between the values obtained for the state probabilities for the various 
scenarios. For example, for the LC, the state probability of being in a degraded state obtained for 
scenario F-4 is 14 times the one obtained for the F-5 scenario. This difference is also remarkable for the 
BG (11 times). The differences are minor for faulty states, even though they remain identifiable: six 
times for the faulty state linked to the LC and five times for the one linked to the BG. 

There is also a difference between the probabilities of the different scenarios of the system most 
affecting the railway operation. For example, for scenarios F-1 and F-2, the maximum probability of 
being in a faulty state is linked to a failure of the TC, and the maximum probability of being in a 
degraded state is linked to a failure of a signal. For scenarios F-3 and F-4, the maximum probabilities 



for both the faulty state and the degraded state are related to the LC. For scenario F-5, the maximum 
probability of being in a faulty state is related to the TC and to the IXL for a degraded state.  

The smallest difference between the state probabilities occurs for the LC and the TC in scenario F-5, 
where the probability of being in a degraded state is two times higher than the probability of being in a 
faulty state. The maximum difference is obtained for the BG in scenario F-4, with a probability of being 
in a degraded state that is 11 times higher than the probability of not being operative. 

4.2. Results obtained for the scenarios F-1 and S-1 to S-3 

Table 5 shows the probabilities of being in different states for scenarios F-1 and S-1 to S-3. The 
corresponding values are visualised in Figure 75, where the recorded mean values and the possible 
effects of different maintenance policies on safety and availability of a track section can be compared.  

 

Figure 5: Probabilities of the different states for the mean values scenario (F-1) and the simulation 
scenarios (S-1 to S-3) 

Table 5: Percentages of the probabilities of different states for the mean values scenario (F-1) and the 
simulation scenarios (S-1 to S-3)  

States 
Scenario 

F-1 S-1 S-2 S-3 
St.1 Operative state 99.863 99.909 99.913 99.901 

St.2 Faulty - BG Failed 0.003 0.002 0.002 0.003 

St.3 Degraded – BG Failed 0.022 0.015 0.013 0.015 

St.4 Faulty. – IXL Failed 0.004  0.003 0.004 0.004 

St.5 Degraded – IXL Failed 0.022 0.015 0.013 0.015 

St.6 Faulty - LC Failed 0.005 0.004 0.004 0.005 

St.7 Degraded – LC Failed 0.022 0.014 0.013 0.014 

St.8 Faulty –Signal Failed 0.006 0.004 0.005 0.006 

St.9 Degraded – Signal Failed 0.027 0.018 0.016 0.018 

St.10 Faulty - TC Failed 0.006 0.004 0.005 0.006 

St.11 Degraded – TC Failed 0.019 0.013 0.012 0.013 



The highest probability of being in an operational state is obtained for scenario S-2. The probability of 
being in a degraded state is 1.5 times higher for scenario S-1 and S-3 than for scenario F-1. For scenario 
S-2 this difference is increased to 1.7 times higher than for scenario F-1. 

Scenario S-3 and scenario F-1 have the same values for the faulty states. However, it is possible to see 
an improvement in scenarios S-1 (1.5 times the values obtained for F-1) and S-2 (1.7 times the values 
obtained for F-1). The reduction is less for the operational states; here, the improvement in reliability is 
only 25% instead of 50% as in scenario S-1, and there is no improvement for scenario S-3. 

4.3. Results obtained for the track section and railway corridor 

Table 6 shows the summarised results for the probabilities of a track section being in one of the three 
operational states, independent of the failed system. The probability of being in a faulty state is four 
times higher in scenario F-4 than in scenario F-5, and the variance of the probability of being in a 
degraded state is up to eight times higher.  

The results for the simulations of different maintenance policies are similar to the results obtained in 
section 5.2. The highest increase of the probability of being operational is obtained for scenario S-2, 
which also has the highest reduction in the probability of being in a degraded state. However, the 
maximum reduction for the faulty state occurs in scenario S-1. 

Table 6: Percentages of the probabilities of the different states for each scenario for the track section  

States 
Scenario 

F-1 F-2 F-3 F-4 F-5 S-1 S-2 S-3 
Operative state 99.863 99.835 99.535 99.449 99.920 99.909 99.913 99.901 
Faulty state 0.024 0.024 0.085 0.085 0.022 0.016 0.020 0.024 
Degraded state 0.112 0.140 0.380 0.466 0.058 0.075 0.067 0.075 

Finally, Table 7 shows the results of the state probabilities obtained for the whole railway corridor. This 
is where the effects of a failure on the railway operation can be observed, since it not only considers the 
failure of the systems found on a track section, but also the number of track sections a train drives 
through when going from one location to another.  

Table 7: Percentages of the probabilities of the different states for each scenario for the railway corridor  

States 
Scenario 

F-1 F-2 F-3 F-4 F-5 S-1 S-2 S-3 
Operative state 93.393 92.087 79.210 75.868 96.098 95.544 95.746 95.156 
Faulty state 1.213 1.212 4.147 4.144 1.079 0.810 0.972 1.213 
Degraded state 5.394 6.700 16.643 19.988 2.823 3.645 3.282 3.631 

For the considered railway corridor, the percentage of probability of a train having all track sections 
operative is between 76% and 96%. With the different simulations of the maintenance policies, the 
probability of being in an operational state could be improved by reducing the probability of being in a 
degraded state (in the case of S-3), or by reducing the probabilities of being in both faulty and degraded 
states (S-1 and S-2). Again, the maximum improvement on the operation is given in scenario S-2 where 
there is an improvement of both the failure and repair rate, while the highest reduction in the probability 
of being in a faulty state is obtained for scenario S-1.  



5. Discussion 

Since this research is based on the corrective maintenance affecting operation (supervision, protection, 
control, information) recorded in the database 0felia, it does not take into account corrective 
maintenance that could have been done but not recorded, e.g. during inspections. The use of real 
maintenance data makes the research process more complex, but renders the results more relevant since 
they reflect the complexity of reality. To increase the quality of the maintenance records (for example, 
recording the component affected, reducing the “not defined” failure modes or recording if the failure 
affects the railway operation) would increase the reliability of the obtained results.  

A Markov model is developed to calculate the probability of the three operational states (operative, 
faulty or degraded) of a track section, identifying the systems that most affect the safe operation of the 
railway. The model was used to evaluate the operational effects of dependability improvements of 
different signalling assets and then verified with a case study of a Swedish railway signalling system 
using a number of scenarios. The Markov model is a tool for maintainers to use when evaluating the 
safety and availability of the railway operation by analysing the times when operation is possible but the 
signalling system is not ensuring safety; it also allows simulating the effects of different RAMS 
improvements. Its simplicity allows using the actual maintenance records to obtain an estimation of the 
level of safety and availability, despite the lack of detailed data (which would be needed if 
implementing a more complex model). Further work can be oriented to investigate better models that 
can give a better estimation of the probabilities, by taking into account the failure and repair 
distributions. 

Depending on the performance of the signalling system, new actions can be taken to achieve 
improvements, and the model can simulate the effects of these on both safety and availability, not only 
with regard to potential delays or cancellations, but also considering safe operation and the reduction of 
the probability of operation in a degraded state. 

The probability of being in a state where operation is possible in a degraded mode is higher than the 
probability of not being operative at all. Operating the railway in a degraded state can reduce the delays 
caused by a failure of the signalling system, but this does not change the fact that the signalling system 
is failed and, hence, safety cannot be ensured. In order to evaluate the safety and availability of the 
railway, we must not only look into reliability and maintainability (i.e. considering failures and delays) 
but also consider the probability of operation in a degraded mode. From a safety perspective, the better 
option is signalling system with lower reliability but a safer design than one with higher reliability but 
with a higher probability of operating in a degraded mode. 

The differences in the results obtained for scenarios F-1 to F-5 can be linked to the fact that these results 
are obtained from operational instead of inherent reliability and maintainability data. Hence, other 
factors related to the environment, operation, etc. can influence the behaviour of the systems. The 
logistics related to the waiting time for performing corrective maintenance in a certain location also play 
an important role in the real repair rates. Maintenance improvements can be oriented, for example, to 
reduce the waiting time related to logistics if it is necessary to reduce the degraded operational mode. 

The probabilities of being in a faulty state are the same for scenarios S-3 and F-1 because the increased 
probability of being operative is based on a reduction in the repair rate that only affects the degraded 
states. The probability of being in a faulty state is reduced for scenarios S-1 and S-2 because the 
improvement is based on a global reduction of the failure rate, which affects all the states. The highest 
improvement in operational time is obtained for scenario S-2 by combining measures to reduce both the 
repair and the failure rate, which also gives the highest reduction in the probability of being in a 
degraded state.  



A reduction of MTTM can be obtained by improving the maintainability or the maintenance support 
performance (e.g. reducing the logistics time, optimising maintenance time by increasing personnel 
expertise, etc.). A reduction of the MTBF can be obtained by improving the inherent reliability of the 
systems by reducing the external factors, reducing the number of assets needed for a track section, 
implementing condition based maintenance methods for failure diagnostics and prognostics and/or 
improving the preventive maintenance, etc. Another important consideration when looking for the best 
maintenance strategy is the cost associated with each improvement; of course, this will depend on the 
specific situation. The best maintenance policy is reached when the minimum requirements of safety are 
met. If this is already optimum, the best option is to improve the probability of the operational state. 

This paper has used the 50%, 25% and 75% quartiles to show the range of variation that can be obtained 
when implementing the model, depending on the input data. The choice of these values is more for the 
purpose of easy visibility than anything else. The results of other simulations using the median, absolute 
maximums and minimums, and 5% and 10% quartiles show no relevant differences. 

6. Conclusions 

This paper proposes a framework to evaluate the safety and availability of railway operation, by 
quantifying the probability of the signalling system not to supervise the railway traffic. The following 
conclusions can be drawn: 

 The proposed methodology is successful on evaluating the safety and availability of the 
railway operation, focusing on railway signalling systems. 

 The results obtained from the model show that the probability of being in a state where 
operation is possible in a degraded mode is greater than the probability of not being operative 
at all, which reduces delays, but requires other risk mitigation measures to ensure safe 
operation. 

 Operational and environmental factors may have a great influence on the safety of the railway 
operation. Further work can be oriented to identify and measure the effects of external factors 
that can affect the performance of railway signalling systems. 

 Combining maintenance improvements to reduce the failure rate and increase the repair rate is 
more efficient at increasing the probability of being in an operative state and reducing the 
probability of operating in a degraded state than to only reducing the failure rate or increasing 
the repair rate. 

Even though this research has used the case study of the Swedish signalling system to verify the model, 
it can be generalised to other types of signalling systems or railway networks. Further research can be 
focused on the application of this method to evaluate and compare the performance of the signalling 
SoS from different locations, architectures or design solutions, thereby assisting in the decision-making 
process when improving or updating the railway infrastructure.  
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