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Abstract  

 

The railway network is one of the main means of transportation and one of the most 
valuable infrastructure assets of a country. The maintenance and renewal of railway 
infrastructure play a vital role in safety performance, the quality of the ride, train 
punctuality, and the life cycle cost of railway assets. An effective and efficient 
maintenance management system is required to ensure the availability of the 
infrastructure system while maintaining the cost of the maintenance operation. 
Planning and scheduling processes are critical to improving the efficiency and 
effectiveness of maintenance management. 

Railway infrastructure owners and maintenance contractors need decision-making 
tools and models to use resources efficiently and maintain the track effectively. 
Recent technological advancements and the increasing deployment of sensors and 
connected devices creates new opportunities to improve maintenance management. 
This thesis aims to contribute to the use of advanced decision-making models to 
effectively use data to increase maintenance planning and scheduling efficiency. 

The thesis contains two articles to expand the knowledge of the practical and 
theoretical aspects of maintenance planning and scheduling in railway 
infrastructures. First, a literature review study is conducted to summarize the 
improvement policies applied for maintenance planning and scheduling in the 
literature and find research trends and gaps. In the second paper, a data-driven 
approach is proposed to effectively use inspection data to improve maintenance 
planning and scheduling efficiency. The proposed framework considered some of the 
organizational and structural characteristics of the maintenance planning and 
scheduling problem from a practical point of view. Furthermore, the performance of 
the proposed framework is evaluated through the historical data collected in the case 
study. The result of the case study indicated the possibilities of saving maintenance 
costs by optimising the maintenance schedule and the use of the grouping nearby 
segments policy. 
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Chapter 1 
Thesis introduction 
The introduction chapter provides a background on the use of a data-driven decision-
making framework in railway maintenance planning and scheduling problems. The 
problem statement, research purpose, research questions, scope of the research, and 
research design are discussed.   

1.1 Background 

The railway track is among the critical infrastructures of a country playing an 
essential role in sustainable transport development. Railway transport is the most 
sustainable mode of transportation (Smith, 2003). Rail traffic only represents 0.3% 
of total greenhouse gas emissions, while covering 12% of domestic passenger 
transport and 21% of freight transport in Sweden during 2018 (Annual Report of the 
Swedish Transport Administration, 2019; Trafikanalysis, 2020). In recent years, the 
demand for faster transport and higher axle load for both freight and passenger trains 
has grown due to the cost of air pollution from road transport (European Commission, 
2019). Consequently, the rail track infrastructures are subjected to a higher level of 
stress and faster degradation due to the increase in axle load in freight transport 
(Praticò & Giunta, 2016). Therefore, the need for inspection, maintenance, and 
renewal of track components has also increased accordingly.  

The international standard of maintenance terminology, EN 13306:2017, defined 
maintenance as the “combination of all technical, administrative and managerial 
actions during the life cycle of an item intended to retain it in, or restore it to a state 
in which it can perform the required function”.  Maintenance of railway infrastructure 
is vital for safety performance, the quality of the ride, train punctuality, and the life 
cycle cost of railway assets. From the cost perspective, the maintenance cost of road 
and railway in Sweden is approximately 40 per cent of the total railway operation 
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cost (Swedish Transport Administration Annual report 2019 p.7). An effective and 
efficient maintenance management system is required to ensure the availability of the 
infrastructure system while maintaining the cost of the maintenance operation (Al-
Douri, Tretten, & Karim, 2016). Due to the large proportion of maintenance costs, 
increasing the efficiency of maintenance through optimised timing of intervention 
can lead to large cost saving. Moreover, from a safety perspective, late maintenance 
intervention can result in defective track and rolling stock components, which in 
severe cases, can cause severe accidents such as derailments (Remennikov & 
Kaewunruen, 2008; Zhang, Ferreira, & Murray, 1997). 

The infrastructure managers face many challenges in developing an effective and 
efficient maintenance intervention plan and schedule (Lidén, 2015). Some of these 
challenges are associated with the structural characteristics of the railway 
infrastructure, which is a multi-component linear asset. Railway infrastructures 
include bridges, tunnels, lineside systems, tracks superstructure (rail, joints and 
fasteners, sleepers, pads, wiring, and switch and crossing), and tracks substructure 
(ballast, soil, drainage system). Some components of the railway network are shown 
in Figure 1.  

 
Figure 1- The illustration of railway network components  
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The multi-component characteristics of the railway track address the 
interdependencies between the railway infrastructure components. Common 
classification of the multi-component system is to separate the dependence as either 
economic, stochastic, and structural (Keizer et al., 2017; Nicolai & Dekker, 2008; 
Thomas, 1986). Economic dependence addresses the cost-saving by considering 
interdependencies between railway components when performing maintenance 
(Keizer et al., 2017). Structural dependence refers to the maintenance connection 
between structural parts (Keizer et al., 2017). Stochastic dependency describes the 
interaction effect of a deteriorating component; for example, it does not fulfil its 
designated duties, thus transferring the load and increasing the deterioration rates of 
other components. (Van Horenbeek & Pintelon, 2013; Keizer et al., 2017).  

Linear assets are infrastructures such as railways, pipelines and roads, which can be 
divided into different segments with the same function, subjecting different loads and 
environmental conditions. (Sun et al., 2012). In this context, the failure of one 
component can significantly affect the system performance of the whole track. For 
instance, major maintenance activities such as tamping require a vacated track. 
Therefore, the track is closed to traffic during the maintenance time window. In 
addition, the railroad networks are distributed overland, which requires the transport 
of maintenance teams and crews to the required locations. 

From an operational perspective, the increasing demand for rail transport has reduced 
the time slots available for maintenance operations. Additionally, rail components 
degrade faster due to increased traffic demand that requires a higher level of 
maintenance. A higher level of maintenance can result in longer maintenance time 
on the track and less possession time for train traffic. Therefore, there is a dilemma 
in scheduling maintenance interventions and possession time for train traffic that 
require decision support tools to use the available maintenance window efficiently. 

1.2 Problem statement 

In recent years, significant technological advances have resulted in increased interest 
in the development of smart eMaintenance system (Johansson, Roth & Reim, 2019; 
Fraga-Lamas et al., 2017). One of the goals of eMaintenance systems is to yield 
smarter maintenance management decisions (Menéndez et al., 2016). However, the 
use of recent technological developments in railway maintenance is transforming the 
conventional railway systems to a complex data-rich environment (Durazo-Cardenas 
et al., 2018). Therefore, a new automated data-driven approach may be needed to use 
the generated data by sensors and monitoring technologies in maintenance decisions 
(Durazo-Cardenas et al., 2018).  Perceived ease of use and perceived usefulness are 
two main factors in accepting the technology by the user (Bach, Čeljo & Zoroja, 
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2016; Davis, 1989). Therefore, the ease of use in automated data-driven approaches 
is important for the implementation in practice.  

The predictive condition-based maintenance (PCBM) is a common policy in railway 
track maintenance. PCBM use sensor technologies and data analysis platform to 
monitor the track condition and predict the need for maintenance interventions 
(Gerum, Altay, & Baykal-Gürsoy, 2019). Predictions of the track condition, for at 
least a year into the future, constitute the basis for the planned maintenance 
interventions.  The accuracy of the prediction is vital for the effectiveness of 
maintenance planning and scheduling (MP&S).  

Planning and scheduling processes are critical to improving the efficiency and 
effectiveness of maintenance management. (Palmer, 2006). However, the planning 
and scheduling process is a complex and uncertain decision-making problem in 
railway infrastructure. The railway system is a complex system due to the numerous 
operations on the rail network, many infrastructure assets and track components, and 
the interdependencies between track components. (Durazo-Cardenas et al., 2018). 
The complexity of the maintenance planning and scheduling (MP&S) problem arises 
from the uncertainty in predicting future infrastructure degradation, weather-
dependent job performance, and resource availability at the time of maintenance 
need. Infrastructure managers need to make decisions in an uncertain environment to 
efficiently and effectively allocate resources and assure railway track safety 
(Movaghar & Mohammadzadeh, 2020). Therefore, finding the most effective and 
efficient maintenance plan and schedule may require a refined decision-making 
framework to consider the complexity of MP&S in practice. 

During the past decades, many efforts have been devoted to developing mathematical 
decision-making models to manage the complexity of MP&S practice. These 
mathematical models are the foundation of decision support systems to analyse 
massive data and aid MP&S decision making. The decision-making models can be 
either deterministic or stochastic. The stochastic decision-making address the 
uncertainty of planning and scheduling process by stochastic methods. Furthermore, 
data scientists are developing machine learning approaches to aid interpretation of 
the produced data volumes that, together, reduce the unknowns of the asset condition 
status estimates (Ghofrani et al., 2018). Data-driven stochastic approaches in MP&S 
have recently emerged in limited studies (Gerum et al., 2019; Sharma et al. 2018; 
Jamshidi et al., 2018). However, MP&S is a complex problem with several practical 
challenges that need to be discussed in more detail in data-driven approaches. 
Therefore, more studies are needed to cover the structural and operational 
complexities of MP&S in data-driven decision making. For example, the multi-
component characteristics of the railway asset have not been discussed in any of the 
previous research using a data-driven approach. 
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Previous literature review studies have provided an overview of decision-making 
models and have highlighted variations of the models in the literature. Lidén (2015) 
provided an overview of railway maintenance planning and scheduling problems 
(RMP&S), classifying them into three levels: strategic, tactical and operational. 
Lidén (2015) classified the research in these classes mainly based on the duration of 
the planning periods and the applied decision-making models. Some possible 
improvements to the Lidén (2015) review are updating the review to cover articles 
from 2015 to 2020, distinguishing railway planning and scheduling problems, 
discussing solution approaches, and analysing research trends and gaps. 
Summarizing existing modelling approaches and their benefits could be beneficial to 
both RMP&S practitioners and researchers in selecting the appropriate approach. 
Additionally, a comprehensive taxonomy could be helpful for both practitioners and 
researchers to get an overview of the RMP&S decision-making process and 
associated complexities. Additionally, highlighting research trends and gaps using 
taxonomy can be beneficial in directing future research in areas that need more 
attention. 

In summary, the problem statement of this thesis includes the following points: 

• There is an increasing interest in modernizing railway transportation and the 
use of new technological developments, such as big data analytics, in 
improving MP&S decision-making performance. However, these 
approaches need to be easy to use in practice.  
 

• The planning and scheduling process is a complex and uncertain decision-
making problem in railway infrastructure. Therefore, a refined decision-
making framework to consider the complexity of RMP&S in practice is 
needed. 
 

Data-driven approaches in MP&S have recently emerged in limited studies. 
There is a research opportunity to broaden the knowledge on the use of data-
driven approaches to deepen the consideration of the structural and 
operational characteristics of RMP&S. 
 

• The literature of decision-making optimisation models in RMP&S has been 
previously discussed by Lidén (2015). An updated version of the literature 
review is needed to cover the articles published from 2015 to 2020. 
Moreover, a more comprehensive review is needed first to discuss the 
structural and operational characteristics of the RMP&S and proposed 
solution approaches. Secondly, to study the research trends and gaps which 
has not been discussed in Lidén (2015). 
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1.3 Research purpose  

The purpose of this study is to broaden the knowledge of decision-making models 
for planning and scheduling maintenance in railway infrastructure. The vision of the 
research is to find data-driven approaches to PCBM planning and scheduling, which 
can be put into practice and improve the efficiency and effectiveness of rail 
maintenance. The data-driven framework must have the ability to be applied as a 
decision-making framework in practice. The decision-making framework may help 
railway infrastructure managers to make more effective and efficient decisions in 
maintenance operation while keeping the track condition at a reliable level. 

1.4 Research questions 

1. What models have been proposed in the literature to increase the efficiency 
and effectiveness of decision-making in condition-based MP&S? 
 

2. How can PCBM planning and scheduling be modelled in a practical data-
driven framework while considering the structural and operational 
characteristics of MP&S?? 

 

a. What are the structural and operational characteristics of MP&S in 
practice that need to be considered in a decision-making model? 
(Limitations and practical objectives for decision making) 

 

b. How can a data-driven framework be developed for PCBM planning 
and scheduling to address the structural and operational characteristics 
of MP&S without making it complicated to use in practice? 

 

 

1.5 Research scope  

The scope of this research is limited to the following statements based on the research 
purpose and questions.  

• This study focuses on improving the MP&S process on the railway track. The 
maintenance planning and scheduling of other assets in the railway system 
such as rolling stocks, bridges, tunnels, switches, and lineside systems are not 
considered in this study. The reasons for focusing on the railway track was 
due to the scope of the InfraSweden2030 research projects that formed the 
case study in this thesis. The aim of the InfraSweden2030 research project was 
developing a coordinated and efficient railway track maintenance scheduling 
model. Therefore, the infrastructure scope was limited to the railway track.  

• The PCBM policy is investigated in this study. The planning and scheduling 
of predetermined preventive maintenance actions are not considered in the 
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developed decision-making framework. The reason for focusing on PCBM 
policy was due to the selected data-driven approach, which can be applied 
only for predictive condition-based maintenance. Moreover, planning and 
scheduling the PCBM is more challenging in practice and need refined 
decision-making models.  

1.6 Research design  

The overview of research design in this thesis is presented in Figure 2. The thesis is 
structured in 5 chapters to discuss the motivation of the research, providing a 
theoretical framework, presenting the research method, analysing the result and 
conclusions made in each paper, and finally discussing future research possibilities. 

  

Figure 2- The overview of the research design 
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Chapter 2 
The theoretical framework 
The following chapter covers the review of the research topics literature and related 
theories necessary to fulfil the purpose of the research.  

2.1 Maintenance definitions and terminology 

2.1.1 Maintenance policy 

The maintenance policy addresses managerial decisions or course of action to assure 
that the system performs the required functions (Sharma et al., 2018; Ruschel et al., 
2017; Wang, 2002). The preventive maintenance policy aims to perform inspection, 
repair, and replacement actions to mitigate asset degradation and to reduce failure 
probabilities (Basri et al., 2017; Shafiee & Sørensen, 2019). The international 
standard of maintenance terminology, EN 13306:2017, defines corrective 
maintenance as the reactive action to manage the consequences of failure. 
Improvement policy refers to actions performing to enhance the inherent reliability, 
maintainability, or safety of an asset without changing the original function (EN 
13306:2017). The classification of maintenance policies is presented in Figure 3.  

Preventive maintenance  

Preventive maintenance (PM) is classified in EN 13306:2017 into two groups of 
predetermined and condition-based. Predetermined maintenance specifies actions 
that are scheduled according to predefined time intervals or based on the monitored 
asset’s use (EN 13306:2017 p.35). By the condition-based maintenance (CBM) 
policy, the asset condition observations provide the foundation of the maintenance 
intervention plan (Jamshidi et al., 2018). CBM is either predictive or non-predictive 
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depending on if the maintenance decisions include degradation prognoses or not (EN 
13306:2017 p.35).  

In railway track maintenance, the prediction of geometry degradation is used as a 
track quality indicator to predict the future need for maintenance intervention within 
PCBM. The accuracy of prediction models is vital for effective PCBM policy. 
Therefore, technologies such as big data analysis, sensors and monitoring systems 
can be valuable to improve the performance of PCBM (Gerum et al., 2019). 

 

 

Figure 3- Maintenance type classification (EN 13306:2017 p.58) 

Corrective maintenance 

Corrective maintenance (CM) is a response to the observed failure to restore the 
system to an operational state (EN 13306:2017). In EN 13306:2017, preventive 
maintenance activities are considered as schedulable, whereas CM activities are not. 
However, in the literature, there are several studies about scheduling CM 
(Argyropoulou, Iliopoulou, & Kepaptsoglou, 2019). 

Corrective 
maintenance 
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maintenance 

Improvement 

Deferred 

Immediate Condition-based 
maintenance 

Predetermined 
maintenance 

Predictive 
maintenance 

Non-predictive 
condition-based 

maintenance 

Scheduled 

Maintenance policy 
types 
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2.1.2 Maintenance planning and scheduling definitions  

PM activities are costly, particularly when performed excessively (Gerum, Altay, & 
Baykal-Gürsoy, 2019). Therefore, the timing of the maintenance intervention must 
be properly determined. In maintenance management literature, Campbell, Reyes-
Picknell & Kim (2015) defined the purpose of planning as “ensuring that all the 
known resources necessary to do a job are accounted for and available”. The planning 
determines what has to be done, in what sequence, and with what skills (Campbell, 
Reyes-Picknell & Kim, 2015). Palmer (2006) defined the planner tasks as 
determining maintenance job scope, required craft and skill level estimating the time, 
and specifying predicted parts and tool. According to Duffuaa & Al‐Sultan (1997), 
the planning function includes work identification, determining complexity on the 
composition of works, estimating required workforce, spare part identification and 
material requirements, and identifying if specific tools are required. 

Campbell, Reyes-Picknell & Kim (2015) defined the scheduling as “Scheduling 
determines when the work will get done and is a matter of resource and asset 
availability”. Duffuaa & Al‐Sultan (1997) defined the maintenance scheduling 
problem as “maintenance scheduling problem is not limited to preparation of a 
schedule, but also includes forecasting future loads, developing methods for 
controlling backlog, and dynamic decision rules for updating the schedule when 
need”.  

In the railway maintenance literature, planning and scheduling problems are 
distinguished mainly based on the time horizon of the decision-making model. 
However, based on the definitions mentioned above, the time horizon is not a good 
metric to define if the problem is planning or scheduling. Therefore, a clear definition 
of planning and scheduling activities can be helpful for researchers to use 
terminology consistently. 

2.2 Decision theory and decision-making  

Decision making is an essential part of any organization ranging from simple to 
complex problem-solving situations (Chankong & Haimes, 2008). From 1950, a 
considerable literature has grown up around the decision theory in economics, 
engineering, and statistics. De Almeida & Bohoris (1995) defined decision theory as 
“A logical framework for solving real-life problems. It is concerned with the 
identification of an action which is expected to provide maximum benefits to the 
decision-maker”. According to De Almeida & Bohoris (1995), the decision-making 
process involves the following activities: 

a. The circumstances and basic law referring to the environment and state of 
nature which the decision-maker cannot control 
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b. The set of possible actions determining all the available alternatives that 
decision-maker has 

c. The consequence or outcome of taking each action 
d. The loss and utility functions representing the loss or gain that decision-

maker may have based on each consequence 
e. Elicitation and consistency checking of the utility function to model the 

preferences of the decision-maker for each consequence  
f. Optimisation to obtain an optimum solution for the given problem  
g. Sensitivity analysis to evaluate the solution robustness to the made 

assumptions  

Decision-making frameworks are used in the literature to present structured 
frameworks or models to support the decision-making process in practice (Li, Xu, & 
Li, 2020; Eid & El-Adaway, 2018).  In this thesis, the terminology of the decision-
making framework is used to describe a structured approach to the optimisation of 
MP&S. 

2.3 Characteristics of decision-making in RMP&S problem 

A brief description of the attributes of decision-making in the RMP&S problem is 
presented in the following sections to support the thesis summary. The attributes of 
RMP&S decision-making problem are discussed extensively in the first appended 
paper, the literature review.  

2.3.1 Levels of decision making 

The decision-making process in RMP&S has been classified into three levels of 
strategic, tactical and operational problems according to the domain and duration of 
the planning horizon by Lidén (2015). The strategic level includes long-term 
planning decisions with time horizons of one to several years. The tactical level 
covers problems related to planning and scheduling decisions with a time horizon of 
weeks to years. Finally, the operational level includes work time and resource 
scheduling issues with a time horizon of hours to one month. In the literature, the 
strategic, tactical and operational levels are mainly considered separately. There are 
few studies considering the interaction between the multi-levels of the decision-
making process (Su et al., 2019; Su et al., 2017). Therefore, it may be needed to 
develop more decision-making frameworks that consider the multiple levels of 
decisions in RMP & S in future research.  

2.3.2 Maintenance intervention identification and prioritization  

Identifying maintenance intervention is based on a predetermined or condition-based 
preventive maintenance policy. In CBM, the EN 13848-5:2008 standard is mostly 
used in Europe to identify maintenance action based on track geometry parameters. 
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The track geometry parameters in EN 13848-5:2008 standards are the gauge, 
longitudinal level, cross-level, alignment, and twist. In the literature, track geometry 
parameters are used to integrate the planning decisions and track condition prediction 
(Berawi et al., 2010; Peng et al., 2015; Lee et al., 2018; Sadeghi et al., 2018; 
Movaghar & Mohammadzadeh, 2020). The track geometry parameters correspond to 
irregularities, illustrated in Figure 4.  

 
Figure 4- Track geometry irregularities according to EN 13848-5:2008 standard 

In EN 13848-5: 2008, appropriate maintenance actions are identified when the 
observed track geometry parameter exceeds the defined limit. The first level is the 
immediate action limit (IAL), which triggers actions to reduce the risk of derailment, 
either by closing the line, having speed restriction or taking corrective actions to 
restore the geometry of the runway. The second level is the intervention limit (IL) 
that requires corrective actions to avoid reaching the immediate action limit before 
the next inspection. The third level is the alert limit (AL) at which regular 
maintenance operations will be planned to prevent the road geometry indicators from 
reaching the intervention limit. 

2.3.3 Scheduling the track possession time 

In rail transport, all non-train activities on the railway infrastructure must have a track 
possession time in the train timetable (Lidén & Joborn, 2017). A possession schedule 
specifies the start times, duration, and sequence of segments that define the 
possession schedule for both infrastructure maintenance and train operation 
(Albrecht, Panton, & Lee, 2013). The growing demand for rail transport during the 
last decade has accelerated both the density of rail traffic and the necessary 
maintenance of the rail infrastructure (Lidén & Joborn, 2017). Therefore, efficient 
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scheduling of time of possession plays a critical role in the RMP&S decision-making 
process (Albrecht et al., 2013; Lidén & Joborn, 2017). 

2.3.4 Grouping policy and opportunistic maintenance   

In the literature, grouping policy addresses the characteristic of multiple components 
of the railroad infrastructure in the RMP & S decision support models. A simple 
classification of grouping policy is two possible combination scenarios of different 
activities of maintenance and renewal in the same track segment or the same activity 
in adjacent segments (Zhao, Chan, & Burrow, 2009).  

The efficiency of the first grouping policy to integrate several activities at the same 
time intervals is addressed in several studies. Budai & Dekker (2004) showed that 
grouping maintenance work could reduce the time and cost of track possession by 
33%. Pargar, Kauppila, and Kujala (2017) found that by combining maintenance and 
renewal activities in a long-term planning horizon, a cost reduction of up to 14% can 
be achieved compared to planning maintenance operations and renewals separately. 
Dao, Hartmann, Lamper, & Herbert (2019) also considered the economy-of-scale 
effects in integrating renewal intervention of multiple components of railway 
infrastructure such as track components (rails, ballast, and sleepers), switches, and 
level crossings. The result of applying their model in Northern Netherlands shows up 
to 13% cost reduction compared to the regular scheduling practice.  

The second scenario for grouping segments for a given maintenance activity is also 
called opportunistic maintenance in the railway maintenance literature (Letot, 
Soleimanmeigoun, Ahmadi and Dehombreux, 2016; Dekker et al., 1997). The 
grouping of close segments is discussed in Khajehei et al. (2020), Gustavsson et al. 
(2014), Letot et al. (2016) and Peng and Ouyang (2014). Zhao et al. (2009) considered 
both scenarios of combining maintenance activity for different components in the 
same segment or grouping of adjacent segments for the same activity. 

Previous studies on all three grouping policies show promising cost-saving results 
when incorporating pooling policies. However, according to the literature reviewed, 
besides Khajehei et al. (2020), previous studies only considered the predetermined 
preventive maintenance cost and did not explore the effect of grouping policy on CM 
costs.  
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Chapter 3 
Research method  
This chapter discusses research design, data collection and analysis methods used 
during the research. The chapter ends with a discussion of research quality. 

The research methods applied in this thesis are both quantitative and qualitative 
methods to provide a solution to the MP&S problems discussed earlier. Research 
methods are often grouped into three types of deductive, inductive, and abductive 
approaches (Saunders, 2011). A deduction is a dominant approach in natural science 
to conducting an experiment or a survey on the defined idea or hypothesis (Saunders, 
2011). In a deductive approach, the theory is verified or falsified. In an inductive 
approach, the purpose is to understand the nature of the problem, to formulate the 
theory or develop a conceptual framework (Saunders, 2011). Finally, an abductive 
approach combines inductive and deductive approaches to generate new methods or 
modify the existing one (Saunders, 2011). For instance, a case study that uses both 
directions of moving from theory to data (deduction) and data to theory (induction) 
is a good example of abduction (Saunders, 2011).  

The research method in the thesis has an abductive approach. When developing a 
data-driven decision-making model, both deductive and inductive approaches were 
applied. First, an inductive approach was used in both the interview study and the 
literature review study. The structural and operational characteristics of the MP&S 
problem in practice were summarised by analysing the data from the interview study. 
Furthermore, when reviewing the literature on RMP&S problems, the challenges and 
characteristics of the MP&S decision-making framework were collected and 
formulated into a taxonomy. In the next step, a deductive approach was applied to 
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verify the positive effect of the proposed framework for data-driven decision-making 
on improving the effectiveness and efficiency of RMP&S. 

The research method of this thesis is discussed through the following two studies. 
The first study was reviewing the literature on MP&S railways, and the second study 
was doing a case study on RMP&S practices in northern Sweden. For each study, 
two phases of (1) data collection and (2) data analysis and modelling are discussed 
in the following. 

3.1  Study 1: Reviewing the literature of railway track MP&S 

3.1.1 Data collection  

The purpose of the literature review study was first to summarize the structural and 
operational characteristics of MP&S that had been addressed in the literature. 
Secondly, the literature review aimed to analyse and classify the current approaches 
for optimising the MP&S problem. A critical factor in the credibility of a review 
study is the reliability of the review process and protocol. Therefore, a systematic 
review process was used to review the literature in three steps of (1) planning the 
review and defining scope, (2) searching and synthesizing, and (3) analysing the data 
and writing the review document. The review process was adapted from Booth et al. 
(2016). The details of the review process are discussed in the method section of the 
first appended paper. 

In the first step, the author of this thesis identified the need for a review of the 
literature on MP&S decision-making models in railway infrastructure. Based on the 
identified need, a literature review protocol was developed. The details of the review 
protocol are discussed in the methods section of the first attached document. In the 
second step, the author of the thesis found the main list of articles based on the search 
strings presented in the first appended paper. The author of this thesis reduced the 
gross list of articles based on three criteria of (1) relevance of the abstract, (2) keep 
only articles published after 1998 and (3) keep articles that fit into the network of 
science categories science and engineering and industry (rail). The refined articles 
were then distributed to the co-authors to read and classify. Furthermore, the 
reviewers also added some additional relevant articles to the final list of references 
of the reviewed articles. 

3.1.2 Data analysis method in the literature review 

The data collected through the first and second steps of the systematic review process 
were thematically analysed to address the structural and operational characteristics 
of the MP&S problem. Three main themes were found defining (1) structural 
characteristics of the railway system, (2) maintenance management decisions and (3) 
optimisation framework. Each of these core themes has underlying sub-themes that 
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formed the taxonomy of the RMP&S decision support models. The structure of the 
review article was formed based on the proposed taxonomy. Furthermore, in the third 
step of the review process, the details of the most relevant articles were classified 
according to taxonomy. Furthermore, the results of the classified literature were 
analysed numerically to find trends and gaps in the literature. 

3.2 Study 2: A case study on railway track MP&S in northern Sweden 

The Swedish Transport Administration (STA) was selected to conduct the case study. 
The aim of the case study was, firstly, to collect data and explore the characteristics 
of MP&S activities in practice. Second, the data collected through the case study was 
used to assess the reliability and validity of the decision-making framework 
developed. Track section 119 (TS 119) in northern Sweden was chosen for data 
collection and analysis. TS 119 is part of the Swedish iron ore line, located between 
the cities of Boden and Luleå in northern Sweden. TS 119 has 167 track segments of 
200 m length each. 

The history of inspection and maintenance data in TS 119 was made available to the 
thesis author due to a research project, InfraSweden2030, in which the thesis author 
and her supervisors participated. The InfraSweden2030 research project team 
members were Bjarne Bergquist, Murat Kulahci, Erik Vanhatalo, Athanasios 
Migdalas, and Peter Söderholm. The author of the thesis collaborated in the 
InfraSweden2030 research project working on the MP&S module. 

Bjarne Bergquist collected and cleaned up the history of maintenance interventions 
on TS 119 and the measured track geometry data to be used in the developed 
decision-making framework. Thesis author, Erik Vanhatalo and Bjarne Bergquist 
conducted an interview study to gather information on the MP&S process in practice. 

3.2.1 Data collection through an Interview study  

The objectives of the interview study were, firstly, to collect data through semi-
structured interviews with STA staff in northern Sweden and, secondly, to study 
internal company documents. The operational and structural characteristics of the 
MP&S railway in northern Sweden have been explored through the interview study. 
Six interviews have been conducted in the period from 2018 to 2019. The details of 
the interview study are shown in Table 1. 
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Table 1- Details of the interview meetings  

 Interview 
date 

Interview 
structure 

Interview 
time Interviewers Respondent Title 

1 18-01-2018 Semi-
structured 3 hours 

◦ Mahdieh Sedghi 
◦ Erik Vanhatalo 
◦ Bjarne Bergquist 

◦ Track engineer 
◦ Project manager 
◦ Project engineer 

2 03-04-2018 Semi-
structured 1:30 hours ◦ Mahdieh Sedghi 

◦ Project manager 
◦ Maintenance and 

operation 
manager 

3 22-02-2019 Semi-
structured 2 hours 

◦ Mahdieh Sedghi 
◦ Erik Vanhatalo 
◦ Bjarne Bergquist 

◦ Maintenance and 
operation 
manager 

◦ Project engineer 
◦ Project manager 

4 21-05-2019 Unstructured 1:30 hours 
◦ Mahdieh Sedghi 
◦ Erik Vanhatalo 
◦ Bjarne Bergquist 

◦ Track engineer 

5 20-09-2019 Semi-
structured 1:30 hours 

◦ Mahdieh Sedghi 
◦ Erik Vanhatalo 
◦ Bjarne Bergquist 

◦ Track engineer 

6 20-09-2019 Unstructured 1:30 hours 
◦ Mahdieh Sedghi 
◦ Erik Vanhatalo 
◦ Bjarne Bergquist 

◦ Track engineer 

 

3.2.2 Modelling a data-driven automated MP&S for PCBM 

In the second study, a data-driven stochastic framework was developed to support 
MP&S decision making. Over the past few years, data-driven approaches have been 
used to detect the faults and predict the future occurrence of rail failures. However, 
limited studies used integrated data-driven approaches to consider both defect 
prediction and MP&S optimisation. Gerum et al. (2019) used Random Forest and 
Neural Networks to predict defects based on inspection data. In the next phase, 
Gerum et al. (2019) used a Markov decision process. to schedule maintenance 
activities. Sharma et al. (2018) also integrated the prediction of track defects and the 
optimisation of maintenance planning. At the tactical level, the segments were 
selected based on the prediction of three data mining approaches. At the operational 
level, a Markov decision process was used to schedule critical maintenance 
interventions optimally.  
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In the second study of the thesis, a data-driven approach was used for both modules 
of first predicting the track geometry degradation, and second, automatic planning 
and optimising the schedule of tamping interventions. 

In the proposed data-driven framework, two modules were developed in R, R shiny, 
and Python. The framework used the predicted track condition in a multi-level 
decision-making model. The first module of the framework predicts the future state 
of the track. In the second module, the tamping interventions were planned at the 
tactical level based on the prediction of the degradation of the track geometry over a 
three-year planning period. At the next level, the operational schedule of tamping 
interventions for selected segments in the tactical plan was optimised. In addition, 
the nearby segments were grouped to consider the economic and structural 
dependence between segments of track. 

Track geometry degradation prediction model 

Murat Kulahci and Bjarne Bergquist conducted the analysis in the first module as 
senior researchers of the InfraSweden2030 research project. The track geometry 
inspection data history was collected and cleaned up by Microsoft BI software. Murat 
Kulahci and Bjarne Bergquist tested different prediction models to evaluate the 
performance of each model based on Mean Square Error (RMSE), Mean Absolute 
Error (MAE), and Mean Percentage Error (MAPE). The tested predictive models 
were: (1) benchmark models such as random walk & averaging across all times after 
a tamping action, (2) simple models such as linear regression and cubic splines, (3) 
more advanced models such as Neural networks, ARIMA (autoregressive integrated 
moving average models), BATS (Exponential smoothing state space, combined with 
Box-Cox and ARMA-time series), ETS (state-space model allowing for trend and 
seasonality), and Markov chain modelling. 

Initial analysis indicated that a simple linear regression model based on log-
transformed data performed better according to RMSE, MAE, and MAPE.  
Therefore, a linear regression model was selected for a track geometry variable of 
interest degradation modelling. Based on the predicted degradation value, the 
probabilities of surpassing the maintenance limit at different planning horizons were 
predicted. The details of the prediction model are explained in more detail in section 
two of the second appended document.  

Multi-level planning and scheduling model 

In the second module, a decision rule model was applied to use the predicted 
probabilities of surpassing maintenance limit to plan maintenance intervention at a 
tactical level. An optimisation algorithm was developed to find the optimal tamping 
schedule by minimizing a cost function, including the cost of PCBM and CM. The 
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optimisation algorithm was used on the TS19 data. Due to the size of the decision 
variables in the case study, the optimal schedule was found using an exact 
optimisation algorithm. An algorithm was written in Python version 3.5 to generate 
all combinations of schedules in three years and find the optimal schedule with 
minimal cost. The algorithm was able to find the best solution in less than 5 minutes. 
The system used to solve the algorithm was a pc with an Intel (R) Processor, i7-
7500U Core (TM), 2.70GHz CPU, 4 Logical Processor(s). Furthermore, the effect of 
grouping close segments moving them between planning periods was also analysed 
by an algorithm developed in Python. The effect of moving segments between 
planning periods on PCBM cost, CM cost, and unused life costs was explored. The 
algorithm was a baseline for modelling the grouping and optimisation model in an 
integrated operations research model. Details of the optimisation and grouping 
algorithms are presented in paper 2 of the appended papers.  

3.3 Research quality  

Validity and reliability are two fundamental features of evaluating any conducted 
research (Mohajan, 2017). Reliability refers to the stability of research results and 
findings, while validity constitutes to the truthfulness of the findings (Altheide & 
Johnson, 1994). Reliability can be evaluated through the stability of the results and 
internal consistency (Mohajan, 2017). Validity includes two internal (credibility) and 
external (transferability) attributes of the research (Mohajan, 2017). 

The triangulation of the method was applied to improve the reliability and validity of 
the research methods of this thesis. In the method triangulation, three qualitative 
methods of literature review, interview study and case study were used. In addition, 
investigator triangulation was applied in the literature review and interview study to 
utilize multiple investigators in the analysis. 

In the first study, a systematic literature review was applied by the thesis author to 
enhance the reliability and validity of the literature review. The thesis author defined 
a research protocol and developed the taxonomy to classify the literature in a 
consistent way. Moreover, each author verified the validity of conclusions and 
classifications based on their area of expertise, which are operations research, 
stochastic modelling, and maintenance management.  

In the second study, a qualitative interview study and a quantitative research method 
were used to develop a data-driven framework for optimisation of MP&S. For the 
interview study, the thesis author (Mahdieh Sedghi) and one of her supervisors (Erik 
Vanhatalo) recorded all interviews. Mahdieh Sedghi and Erik Vanhatalo transcribed 
and summarised the content of each interview afterwards. The validity of the 
summarised data was verified in several meetings with STA experts and senior 
researchers involved in the InfraSweden2030 research project. The quantitative 
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method was used to develop a data-driven MP&S decision-making framework. The 
validity and reliability of the results were tested in both modules of the MP&S 
optimisation and prediction model by comparing the results with real data. 

For prediction model, track geometry measurements up to 2016 constitute the 
training set for the calculated probabilities of exceeding the preventive maintenance 
limits for the planning periods (horizons) of 6, 18 and 30 months. Subsequently, the 
author of the thesis compared the suggested tamping based on the proposed 
framework with the real tamping data for three maintenance periods from 2017 to 
2019 (the validation set). The author of the thesis compared the total number of 
tamped segments in the periods from 2017 to 2019 with the number of segments 
tamped in the proposed framework. Furthermore, the author of the thesis calculated 
the number of segments that the proposed framework has missed to tamp as the 
prediction error. Finally, the maintenance costs for the proposed tactical plan and the 
real tamped segments were compared to improve the reliability and validity of the 
result. The following steps were taken by the author of the thesis and team members 
of the InfraSweden2030 research project to improve the reliability and validity of the 
data-driven framework.  

 

1. The author of the thesis, her supervisors (Bjarne Bergquist and Erik 
Vanhatalo) and another member of the InfraSweden2030 research project 
(Athanasios Migdalas) verified the correctness of the mathematical 
formulation of the cost models in biweekly meetings. 
 

2. The author of the thesis tested the robustness of the codes by verifying the 
output of each part separately. The author of the thesis checked each line of 
the code to see if it produced the desired result. 
 

3. The thesis author, her supervisors (Bjarne Bergquist and Erik Vanhatalo), 
other members of the InfraSweden2030 research project (Murat Kulahci and 
Athanasios Migdalas) and STA experts tested the validity of the three 
mentioned algorithms by comparing the results with real data from the case 
study. The result was represented in different figures to analyse the 
performance of the developed framework in comparison with the real data 
of the case study. Some examples of the graphs are presented in the case 
study section of the second appended paper.  

 

4. Thesis author, Murat Kulahci and Bjarne Bergquist presented the results of 
the data analysis and modelling to a larger group of STA staff at two 
seminars. Murat Kulahci and Bjarne Bergquist presented the result of 
degradation prediction modelling. The author of the thesis presented the 
result of the literature review study and the RMP&S decision-making 
model. During these seminars, the results have been discussed with experts 
from STA.  
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However, it should be noted that to fully verify the performance of the proposed 
data-driven framework and possible cost savings; the proposed framework 
should be applied in practice.  

  



23 

Chapter 4 
Result and discussions 
This chapter presents the results of conducted studies to find answers to research 
questions followed by general discussions. 

4.1 Summary of results in study 1 

The first study was a systematic review of the literature on RMP&S decision-making 
approaches. The results of the literature review study were (1) develop a taxonomy 
to classify research on the MP&S problem of railways, (2) classify the literature based 
on taxonomy and provide detailed information for each article, and (3) find research 
trends and gaps. The results of the literature study are presented in the first appended 
papers. The summary of the results is explained in the following.  

Discussion on developed Taxonomy 

Three main categories were used in the taxonomy: (1) railway system structural 
characteristics, (2) maintenance management decisions, and (3) optimisation 
frameworks. The taxonomy also provided an overview of costs that may need to be 
quantified in defining an optimisation objective. The available methods and models 
that have been used to solve these complex optimisation problems are also reviewed. 
A schematic illustration of the taxonomy developed is presented in Figure 5. 

Discussion on classifying the literature based on the taxonomy 

The taxonomy provided a structure for analysing the details of selected papers from 
the literature. The selected papers were the refined list of articles created in the second 
step of the literature review process. Details of the defined structural characteristics 
of the railway system, maintenance management decisions and optimisation 
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frameworks for each item were discussed based on the attribute and sub-attribute of 
the taxonomy. 

Figure 5- developed taxonomy for RMP&S decision-making problems 

Discussion on research trends and gaps 

Analysis of the data collected in the review study highlighted trends in RMP&S 
research. In recent years, the CBM policy in the railway track has attracted more 
attention from the researchers compared to predetermined maintenance. Analysis of 
the literature review data showed that 58 out of a total of 92 articles discussed CBM 
policy. Among the 58 papers, 31 papers (53%) studied non-predictive CBM, while 
27 papers (47%) considered predictive CBM. The research trend indicated the 
growing interest in developing more accurate prediction models and the use of 
technologies such as big data analytics, sensors, and an advanced monitoring system 
to improve PCBM performance.  

RMP&S decision-
making taxonomy 
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Despite the growing research in RMP&S, a gap was perceived between the theory 
and the complexities of RMP&S in practice. For instance, the systemic perspective 
of RMP&S problems appears to be lacking in the literature. An emerging trend in the 
literature to fill the current gap was developing the multi-level decision-making 
model to integrate the different level of planning and scheduling decisions in one 
model. The main advantages of multi-level models are their ability to capture the 
interaction between different levels of the decision-making process that exist in 
practice.  

Furthermore, there was an increased interest in modelling the RMP&S problem using 
stochastic and data-driven approaches. The RMP&S faces various sources of 
uncertainty regarding the degradation behaviour of railway assets and the estimation 
of the model parameters. Stochastic models address the uncertainty of the modelling 
parameters using statistical methods. Additionally, data-driven approaches provide 
real-time solutions that can be used in automated planning and scheduling of 
maintenance activities. Many of the previous studies have focused on the 
development of mathematical decision-making frameworks, but even so, the use of 
modern approaches to data analysis has been explored in some articles. 

4.2 Summary of the results in study 2 

4.2.1 Results of the interview study  

The operational and structural characteristics of RMP&S problem were investigated 
through the interview study conducted with the Swedish Transportation 
Administration (STA). The result of this study was not published as an article but 
was used to develop the data-driven decision-making framework for RMP&S in 
paper 2.  

Multi-level  decision making in RMP&S 

As discussed in section 2.3.1, the results of the interview study also showed that 
RMP&S is a multi-level decision-making problem in Sweden. The current process of 
RMP&S is done interactively between STA and maintenance contractors. STA is 
responsible for the tactical planning of maintenance activities and scheduling of 
trains. STA develops a tactical plan for predetermined and condition-based 
maintenance (CBM) activities. Predictions of track condition are used in STA to plan 
short-term and long-term CBM interventions. 

Track condition predictions are calculated based on inspection data collected by 
measurement trains that monitor the structural and geometrical parameters of the 
track. A schematic illustration of the process at three levels of condition monitoring, 
planning and scheduling, and execution is presented in Figure 6.   
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Figure 6- Planning and scheduling process in STA 

Required resources for CBM 

The main maintenance activities on track superstructure classified in the interview 
study were tamping, tamping through a level crossing, rail replacement, and 
exchange of concrete and DEF sleepers. The material, workforce, machinery, and 
tools required for each activity in STA are presented in Table 2. The resources 
required to perform maintenance actions contain valuable information to define 
assumptions and practical limitations in the MP&S optimisation model. For example, 
the maintenance contractor working with STA pays a fixed cost for the use of the 
machinery and crew on board for a specified period (mainly a fixed cost per day). 

Tamping operation 

Tamping operations are the main maintenance operation to restore the quality of track 
geometry for STA. Two main forms of tamping are corrective tamping for isolated 
defects and preventive tamping to improve track geometry variables and prevent 
failures. STA experts indicated that tamping would also degrade the ballast of the 
superstructure, which means that the benefits of tamping - better track geometry that 
increases safety and passenger comfort - must outweigh the drawbacks of tamping. 
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Therefore, it may be necessary to find an optimal level of tamping that minimizes 
costs and maximizes road quality. 

Table 2- Major maintenance activities requirements 

Maintenance 
activities 

Required 
material Required workforce 

Required 
machinery Required tools 

Tamping 
Sometimes 
add additional 
ballast 

The crew on board of 
the tamping machine 

(3 or 4 people) 

Tamping 
machine 

Just tamping 
machine 

Tamping 
through level 
crossing 

Sometimes 
add additional 
ballast 

- The crew on board
of the tamping
machine (3 or 4
people)

- The maintenance
team for tractors.

Tamping 
machine 

Tamping machine 
and equipment for 
removing 
components 

Rail 
Replacement 

New rail, 
sometimes 
new 
fastenings, 
and insulators 

Around 15 people. 
- Welding and 

cutting rail. 
- Signalling and

electricity 
competence 

- Safety personal
- A quality assurance

personal or
supervisor

Machines to: 
- Unload the

rail.
- Remove

the rail.
- Install the

new rail.
- Tamping

machine.

- Grinder.
- A machine to

put the fasteners
in place.

- A tool to heat
the rail if the
ambient
temperature is
too low.

- Tools for
welding, cutting.

Concrete and 
DEF sleepers 
exchange 

Sleepers, 
fastening, and 
insulators 

Depending on the 
number of machines, 
one driver per 
machine is needed 
(between three to five 
machines).  
 At least 2 for 
fastening.  

- Tractors
with small
wheels so
they can
run on the
rail.

- Tamping
machine.

Tractors are 
equipped with tools 
to replace the 
sleepers.  

Additionally, tamping machine usage and maintenance equipment are primarily 
calculated hourly in the literature. However, STA contractors rent the tamping 
machine for a fixed price per day. Therefore, to estimate the cost of tamping, the total 
number of tamping days in each planning period needs to be calculated.  



28 
 

Multi-component characteristics of RMP&S 

As discussed in section 2.2.4, the multi-component feature of railways allows 
multiple maintenance activities to be grouped into one maintenance time window to 
save maintenance cost. Therefore, during the interview, the thesis author investigated 
the possibility of grouping different maintenance activities with STA experts. The 
result of the possible grouping of maintenance activities is shown in Table 3. 

Table 3-Possibility of grouping maintenance activities in the same maintenance time window 
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Tamping   0 0 0 0 1 

Tamping level crossing 0   1 0 1 0 

Rail Replacement 0 1   1 1 0 

Rail Grinding 0 0 1   0 0 

Concrete sleepers exchange 0 1 1 0   0 

Exchange of DEF sleeper 1 1 0 0 0   

 

4.2.2 Results of developing a data-driven automated MP&S for PCBM 

The outcome of the interview study and the literature review indicated the need to 
develop data-driven decision-making frameworks to help the maintenance planner 
use the limited available maintenance time in the most efficient and effective way. In 
the second paper, a multi-level MP&S decision-making framework for a CBM policy 
was developed to respond to the needs mentioned above. The proposed framework 
integrates the track geometry predictions to MP&S decision-making model. The 
performance of the proposed maintenance planning and scheduling framework was 
assessed using the historical road geometry data collected in the case study mentioned 
in 3.1.2. The structural and operational characteristics that were considered in paper 
two are summarised in Table 4 based on the taxonomy proposed in the first paper. 
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Table 4- Taxonomy of the RMP&S decision-making model presented in paper 2 

Categories Attributes The defined attributes in paper 2 

Railway system 
structural 
characteristics 

Infrastructure configuration Layout: Single-track 
Level: Section  

Component level 
Multi-component: Track 
segments 

Maintenance 
management 
decisions  

Maintenance policy 
Predictive condition-based 
maintenance (PCBM) 

Degree of maintenance Imperfect 

Decision-making level 
Multi-level: Tactical and 
operational 

Decision areas in 
maintenance planning Track quality prediction and 

Decision areas in 
maintenance scheduling Grouping policy 

Optimisation 
framework 

Optimisation objectives 

- Travel cost,
- Equipment rental cost,
- Failure cost,
- Unused life cost

Solution approach 

- A stochastic model for track
geometry degradation
prediction,

- A decision rules algorithms
for tactical planning and
operational scheduling
optimisation

The result of the second papers can be discussed in three areas of tactical planning 
(algorithm 1), operational scheduling optimisation (algorithm 2), and the grouping 
of nearby segments (algorithm 3). The tactical planning algorithm resulted in a 36% 
cost saving comparing to the actual tamping performed. Algorithm 1 resulted in an 
increase in the PCBM cost by 6%, but the results also indicated that early 
maintenance would reduce total costs by reducing corrective maintenance costs by 
more than the increase in PCBM cost. 

The performance of optimising operational scheduling (Algorithm 2) and grouping 
of nearby segments (Algorithm 3) was compared with the tactical plan. The reason 
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for choosing the tactical plan over the actual tamped segment data was to observe the 
effect of optimisation and grouping on the primary plan in the proposed framework. 
The results of cost savings due to optimisation and grouping algorithms are presented 
in Table 5. 

Table 5- Total estimated maintenance costs for three algorithms in the proposed framework 

Planning periods 

Costs (in Euro) Cost reduction percentage 
compared to Algorithm 1* 

Algorithm 1 
(Tactical 

plan) 

Algorithm 2 
(Cost 

optimisation) 

Algorithm 3 
(Grouping) Algorithm 2 Algorithm 3 

Estimated total 
maintenance cost 130 000 113 900 126 000 13% 3% 

Estimated PCBM 
cost 130 000 113 900 114 250 13% 12% 

Estimated CM cost 0 0 11 700 0% -9% 

Cost optimisation resulted in a 13% cost reduction over the three planning periods in 
the small case study mentioned in 3.2 section. The grouping policy resulted in only a 
3% decrease in total maintenance costs because moving segments to later planning 
periods can increase the estimated CM costs. If only the cost of preventive 
maintenance were considered, as in previous studies in the literature, the grouping 
policy would result in a 12% cost reduction. Model cost estimates may depend on the 
case study, but the estimated cost reduction potential could be generalized. 

In addition to the potential cost savings, the decision-making framework visualizes 
the planning and scheduling of maintenance interventions. For example, Figure 7 
presents the allocated tamping days and the tamping sequence in the cost optimisation 
and grouping policy algorithm. The visualization capabilities of the decision-making 
framework can be useful for professionals to see the output of the programming 
model better. 
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Figure 7- Tamping schedules based on Algorithm 2 (cost optimisation) and 3 (grouping) for 

three maintenance periods from 2017–2019. 
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Chapter 5 
Contributions and Future research 

5.1 Theoretical contributions and practical implications of paper 1 

The first research question concerned the proposed decision-making models in the 
literature to increase the efficiency and effectiveness of condition-based MP&S 
process. A systematic literature review that focused on decision support models for 
RMP&S was conducted to answer RQ 1. Previously, the decision-making process in 
RMP&S had not been thoroughly discussed. The main theoretical contribution of the 
literature review article was to develop a taxonomy for RMP&S decision-making 
models. Differences in planning and scheduling problems in railway maintenance 
were distinguished in the taxonomy. The differences in the planning and scheduling 
process have been clearly established in the production and maintenance 
management literature (Pinedo, 2005; Palmer, 2006). However, in railway 
maintenance, a consistent definition of the differences between scheduling and 
planning has not been previously discussed. Therefore, in many articles, the terms of 
planning and scheduling have been used inconsistently. 

 The proposed taxonomy discussed the structural characteristics of the railway track 
that can affect decision-making models. The output of the discussed structural 
features can offer an overview of the railway track structure and associated modelling 
complexities for researchers and practitioners. For example, defining the railway 
track infrastructure level at the network level can make MP&S models more realistic 
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and complete, but increase the computational complexities of the solution. In 
addition, it can be valuable for researchers and practitioners to have a common 
understanding of the structural features that can be considered in MP&S decision-
making models. 

Furthermore, the attributes of maintenance management decisions in railway 
infrastructure and RMP&S decision-making areas were discussed. The maintenance 
management section presents an overview of important aspects of the decision-
making process in RMP&S problems. Finally, the optimisation frameworks for 
modelling the RMP&S problems and the proposed solution approaches were 
summarised. Additionally, the effect of optimisation frameworks on MP&S 
efficiency was discussed. The result of the literature review can present an overview 
of the approaches proposed in the literature to increase the efficiency and 
effectiveness of the MP&S problem. Additionally, the discussed research trends in 
the literature review paper can help researchers and practitioners to have a clear 
understanding of the state of the art of RMP&S problems and future research 
directions. 

5.2 Theoretical contributions and practical implications of paper 2 

The aim of the second research question was developing a practical data-driven 
decision-making framework to effectively use track condition prediction and 
efficiently plan and schedule maintenance operation. In the second paper, a multi-
level MP&S decision-making framework for a CBM policy was developed in this 
research to respond to the second research question.  

The decision-making framework may need to capture the operational and structural 
characteristics of MP&S that practitioners face in practice. The operational and 
structural attributes of MP&S were addressed in the second paper in the forms of 
considering multi-levels of decision making, realistically formulating costs, and 
considering the multi-component characteristics of railway track. Moreover, the data-
driven framework proposed in the second paper was different from the previous 
papers in first proposing an automated practical approach without making the 
solution complicated for the practitioner.  

A multi-level (tactical-operational) framework proposed in the second paper 
acknowledged the STA’s maintenance planning decision-making procedure. The 
interaction between the STA and maintenance contractors were considered in a multi-
level framework. The proposed framework can be applied as a decision support tool 
for the railway administration and maintenance contractors. Most of the previous 
studies have primarily attempted to solve the planning and scheduling of maintenance 
intervention problems separately at tactical and operational levels. However, in some 
cases, tactical planning must be modified owing to operational limitations, such as 
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available maintenance windows or operational preferences, to reduce operational 
disruptions and costs. Hence, an integrated two-level framework could account for 
the interaction between the tactical and operational levels of the maintenance 
planning decision-making process. The main differences between the proposed 
framework in paper two and previous researches with multi-level perspective, Su et 
al. (2019) and Su et al. (2017) were in using a data-driven approach and having 
different maintenance cost function. 

In major maintenance projects such as tamping, the maintenance cost depends 
significantly on the rental or usage cost of the maintenance equipment. Compared 
with real-world cases, simplistic models may invoke extremely large errors for the 
results to be useful. In paper 2, the cost function was the sum of the transportation 
costs, rental costs for tamping machine and maintenance crew and penalty costs for 
late maintenance stem from CM. The transportation cost considered the 
transportation time based on the tamping machine speed, which was different from 
the cost function previously discussed in the literature. The rental cost was the daily 
rental cost of equipment and personnel multiplied by the number of tamping days 
required. In the literature, the use of the tamping machine and maintenance crews 
were mostly calculated per hour. However, in the second paper, the rental cost of the 
tamping machine was a fixed cost per day.  

Owing to the equipment’s high preparation, setup, and rental costs in maintenance 
activities such as tamping, segment grouping may increase the maintenance costs and 
time management efficiency. The multi-component characteristic of railway track 
was considered in second paper by grouping close segments. In the second paper, the 
economic dependence and outcomes of grouping nearby segments were considered. 
Earlier studies showed that the grouping policy could result in increased efficiency 
and reduction in maintenance cost. In analysing the effect of grouping policy on 
maintenance cost, most of the previous studies only consider the preventive 
maintenance cost in their cost estimation. However, paper 2 include the risk of CM 
cost in our model to increase the accuracy of the cost estimation.  

5.3 Future research 

A possible extension of the proposed approach is the use of multiple measured track 
geometry variables (multiple aspects of the track condition) to select the track 
segments for maintenance. Using one track geometry variables as the only track 
quality indicator may lead to a poor prediction of future condition (Sadeghi et al., 
2018). Therefore, having multiple measured track geometry variables in the 
prediction may increase the effectiveness of CBM.   
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Furthermore, the grouping and cost optimisation algorithms can be integrated to 
obtain the ‘optimal schedule’, considering both the preventive maintenance and 
practical operational benefits from grouping. In the second paper, the scheduling 
optimisation and grouping algorithms were treated separately to have the possibility 
of comparing the effect of each policy individually. However, integrating both 
policies in one model may result in finding better solutions for operational 
scheduling.  

For future research, the effect of tactical planning and operational scheduling 
variables on the total maintenance operation cost can be analysed. The analysis can 
provide a deeper understanding of each variable effect on the total cost and the 
correlation between variable. Moreover, the possession cost can be added to the 
previously developed maintenance cost in paper 2. The possession cost is needed to 
have a more accurate cost function presenting both objectives of increasing track 
availability and performing maintenance.  

Another future research direction could be to consider the history of maintenance 
data more extensively in the data-driven framework. In paper 2, the history of 
maintenance actions on the track was considered in the prediction model, but the data 
can be used more effectively even in the planning process. 
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