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A B S T R A C T

The availability of railway networks is important for society and the economy. To keep
the infrastructure in good condition, regular maintenance is needed. Regular maintenance is
achieved by devising maintenance schedules that assign safe work zones to crews executing
preventive maintenance activities. This study aims to optimize the maintenance schedules for
both train operators and maintenance contractors, by considering (a) hindrance for parked
passenger trains and planned freight trains, and (b) the workload for track workers. Further,
maintenance operations are distinguished into different engineering fields (switches, straight
tracks, and overhead wiring) since this influences the amount of hindrance. The method
presented for designing maintenance schedules is a novel mixed-integer linear programming
(MILP) model that considers these aspects. In our Dutch case study, we assess our new
scheduling model and show that large improvements can be made in terms of mean workload
for work crews and total hindrance for train operators. We also assess the computational costs
when using exact (branch-and-bound) or metaheuristic solution methods for solving networks
with up to 25 work zones.

1. Introduction

Railway networks are of great importance for both society and the economy and it is expected that they will continue growing
significantly over the next decades (Bešinović et al., 2019). The railway network of The Netherlands is the busiest of Europe. More
than 3.3 million train trips were made on the Dutch railways in 2015, with, on average, 1.1 million travelers per day (ProRail,
2019). Investigating the modal split of travelers, only 2% of passenger-trips were made by train in 2014, but the train passengers
traveled a total distance of more than 16 billion kilometers on the railway network (CBS, 2016). More recent numbers show that
the usage of trains for transportation is steadily increasing over the past decade and is expected to do so in the future reaching 22
billion traveler-kilometers in 2023 (KiM, 2018).

With that many users, the railway infrastructure must be kept in reliable conditions to prevent major disruptions in the operation
of public and freight transportation services (Schasfoort et al., 2020). When the capacity of railway infrastructure is heavily used,
maintenance activities need to be performed in short and fragmented time slots or during nights (Odolinski and Boysen, 2019).
This makes it difficult to devise efficient maintenance schedules. For instance, railway tracks that are used very frequently are more
sensitive to delays (Lindfeldt, 2015) and it is important to carry out preventive maintenance in time (Odolinski and Boysen, 2019).
Consequently, to increase the possibilities to find suitable time slots for maintenance, maintenance windows can be determined
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Fig. 1. Reliability profile assets.

before devising the timetables of trains. Then, the maintenance windows can be provided as input to construct the train timetable
around them (Lidén and Joborn, 2016).

Due to serious accidents involving track workers, the Dutch Government decided to protect track workers by treating work crews
as trains in the scheduling process. That is, the work crews must occupy a track segment in time and space during the scheduling (den
Hertog et al., 2005). This means that the track on which workers are working is blocked for all other trains as if there is a train
present in that section. Ergo, to guarantee the safety of track workers, maintenance activities are only allowed during train-free
periods. To reduce traffic disturbances due to these train-free maintenance periods, maintenance is mostly planned at night. The
schedule with train-free periods for maintenance activities is called the maintenance schedule.

Nowadays, Dutch railway manager ProRail gives a maintenance schedule to its maintenance contractors in which every railway
section is planned train-free for maintenance at regular moments every week (or every two weeks). These periods are, however, not
always used by contractors; thus, traffic undergoes unnecessary disturbances. Furthermore, the increase in the amount of rolling stock
results in parking problems when yards are planned train-free. Trains that are parked for the night on such yards, sometimes need to
be parked elsewhere to allow workers to perform maintenance activities on that specific railway section. Additionally, contractors
are limited in the deployment of their work crews. These practical issues should be considered when creating maintenance schedules.
As discussed by Lidén (2015), managing train traffic and maintenance activities on railway infrastructure are two main problems
for railway managers. These two are, however, often treated separately in the current state of practice, even though the two issues
are strongly interconnected. To rectify this, this study adjusts an existing scheduling model to improve maintenance schedules
by providing a better balance between train traffic and maintenance management during nightly maintenance. This is achieved by
considering the workload of maintenance crews and the hindrance for train operators caused by maintenance operations performed
during train-free periods with respect to passenger trains. Maintenance activities are thereby distinguished in three different
engineering fields: maintenance on switches, straight tracks, and overhead wiring. Regarding train traffic, the focus lies on hindrance
to parked passenger trains and nightly freight lines.

Several different types of maintenance activities need to be performed on railways to keep them at required performance levels.
When assets are below the required performance levels, the chance that a failure occurs rises and this may cause major disruptions
in train services. van Noortwijk and Frangopol (2004) researched different models that are used to maintain infrastructure. The
model in Fig. 1 shows a maintenance scenario that is commonly applied to railway systems. As shown in this figure, preventive
maintenance activities are regularly performed to upgrade the reliability of the infrastructure with small steps before proceeding to
complete renewal (essential maintenance).

Preventive maintenance activities include visual inspections, replacing sleepers, re-railing, rail grinding, ballast cleaning, and
tamping (Higgins, 1998). The preventive maintenance activities can be divided into the three used engineering fields of switches,
straight tracks, and overhead wiring. Visual inspections can be applied to all fields, but activities like rail grinding, ballast cleaning,
and tamping can be applied only to straight tracks and switches. Straight track maintenance can also involve replacing sleepers and
re-railing. Switches, in particular, need to be lubricated. In terms of workload, these preventive maintenance works can be divided
into two categories (Budai et al., 2006). Firstly, routine maintenance activities such as inspections of rails, switches, and signaling
systems and small repairs (e.g. switch and track revision, and switch lubrication). Secondly, maintenance activities with larger works
carried out less frequently (once or twice every few years) such as ballast cleaning, tamping, and rail grinding. Besides preventive
maintenance works, there are unplanned corrective maintenance works (e.g. after incidents). The maintenance scheduling model
developed in this research is intended to be used for the first type of preventive maintenance activities.

The remainder of this study is structured as follows. The literature review and the contributions of this study are presented
in Section 2. Section 3 provides the problem description and presents the basis maintenance model. In Section 4, we present our
proposed mathematical model and a heuristic solution method. Section 5 describes our case study and discusses the results of the
application of our model. The conclusions of our study are provided in Section 6. Finally, Section 7 provides the discussion and
future directions.
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2. Literature review and contribution

2.1. Maintenance scheduling models

2.1.1. Optimizing maintenance scheduling
In this study, ‘‘maintenance scheduling" is used to refer to works that schedule the maintenance activities within a pre-determined

rain-free maintenance window. The start and end times of the pre-determined train-free maintenance window are fixed. Therefore,
aintenance activities can take place within a maintenance window as long as they do not start earlier than the start time of

he maintenance window and they do not end later than the end time of the maintenance window. Higgins (1998) developed an
ptimization model for the allocation of railway maintenance activities and crews that tried to minimize disruptions for scheduled
rains using a tabu search heuristic. By scheduling activities as early as possible, it minimized the time that a given railway section
s below a given performance threshold level. Some problem constraints were available budget, the priority of maintenance activity,
vailability of tracks, and minimum travel time between track sections. One assumption made by Higgins (1998) is that work crews
ay perform maintenance activities simultaneously with train services. This, however, is not allowed in many railway systems.

Cheung et al. (1999) developed a method to schedule enough preventive maintenance activities to avoid disruptions in the
ervice operation of the subway system of Hong Kong. They scheduled maintenance activities at pre-defined night hours when the
racks are not in use by the operator and followed certain rules and procedures, e.g., safety rules. Their method thus assumes that
ach day there are several hours during which there are no trains planned. In high-density railway networks this, however, is not
he case.

More recently, van Zante-de Fokkert et al. (2007) used a two-step solution method to devise a maintenance schedule in which
rack sections are blocked. First, they specified single-track grids (STGs), which are sets of working zones that can be blocked
imultaneously. Then, the STGs were assigned to nights to create the actual maintenance schedule with the use of a mixed-integer
roblem (MIP) formulation.

Heinicke et al. (2015) developed an approach to create a tamping maintenance schedule. Instead of prioritization rules, they
ntroduced penalty costs for maintenance tasks that need to be performed. The longer the performance level of a railway section is
elow the threshold level, the higher the penalty. The problem was formulated as a vehicle routing problem with customer costs
nd solved as a MILP problem.

To schedule track maintenance and create timetables simultaneously for large scale railway networks, Albrecht et al. (2013)
sed the meta-heuristic of Storer et al. (1992). They aimed at minimizing train delays and assessed their method on the North Coast
ine (Queensland, Australia). They, however, note that the timetables generated are to be used as a starting point for refinement
y train controllers.

Sun et al. (2017) addressed a switch maintenance scheduling problem considering the reliability of switches. The problem was
gain mathematically formulated as a MILP problem considering time windows for maintenance and the assignment and routing of
aintenance teams. The method was based on a multiple traveling salesman problem with time windows, but it had multiple time
indows available per switch of which only one could be selected, and each switch had a reliability constraint (a switch may not

ail). The method was assessed on a network of twenty switches in front of a station.
Durazo-Cardenas et al. (2018) presented a design strategy of an integrated system that automatically schedules maintenance

obs, combining asset condition monitoring, planning, and scheduling of maintenance jobs and costs. In their process, railway
nfrastructure experts were consulted for the validation of the different components of the strategy.

To deal with a new signaling system in Denmark, Pour et al. (2018a) developed a new approach for the maintenance scheduling
rocess. A decentralized structure was used where workers start from home locations instead of starting from a depot. Workers were
ssigned to sub-regions around their living place and allocation of tasks was based on two key considerations, namely a balanced
orkload among all workers and a minimized distance between tasks to ensure quick responses when unexpected failures occur.
hyper-heuristic framework was used to improve initial solutions. To assess the approach, twelve problem instances were created

n the peninsula of Jutland (Denmark). Pour et al. (2018b) developed a MIP model to schedule the preventive maintenance crews
or the new signaling system containing practical constraints, e.g., dependencies between crew schedules and crew competence
equirements. They used constraint programming (CP) to generate initial solutions that were used as input for the MIP solver. With
his hybrid approach, they generated good results for problem instances with an eight-week planning horizon.

Arenas et al. (2018) proposed a MILP formulation that adjusts a timetable to deal with the capacity taken by maintenance activ-
ties when such activities are unplanned due to incidents. They included maintenance trains and other constraints (e.g., temporary
peed limits) in the problem and assessed three algorithms (a constrained formulation, a two-phase algorithm where the output
f the constrained formulation was used as an initial solution for the original one, and a two-phase algorithm that used a greedy
euristic to find an initial solution) on a case study in the French railway network.

Su et al. (2019) developed a method that integrated condition-based track maintenance planning and crew scheduling. A
hance-constrained model predictive control controller determined the long-term maintenance plan at a higher level and minimized
aintenance costs and condition deterioration while making sure that the infrastructure stayed above the maintenance threshold. At
lower level, the maintenance activities suggested by the higher-level controller were optimally scheduled and maintenance crews
ere optimally routed by a model that formulated the problem as a capacitated arc routing problem. Their approach was tested in
numerical case study on a part of the Dutch railway network.
3
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2.1.2. Optimizing maintenance windows
In this study, ‘‘maintenance window" is used to refer to works that consider also the sizing of train-free periods in the optimization

rocess. Maintenance windows are windows in time and space in which we can perform only maintenance activities and are
rain free. Lidén and Joborn (2017) addressed the capacity planning problem, integrating (a) train services planning, and also
b) maintenance windows scheduling. They developed a MILP model intending to find a long term tactical plan to optimally plan
rain-free periods for the needed maintenance activities. As an extension to this MILP, Lidén et al. (2018) included maintenance
esource constraints and costs to ensure that work crews could cover the scheduled maintenance windows. It included maximum
orking hours per day and minimum off-time between working days. Later, Lidén (2018) presented model reformulations on the
arlier developed MILP to improve the solving performance by using a tighter formulation for maintenance window start variables
nd aggregating coupling constraints. Assessing the reformulations on the same data as the original model showed that optimal
olutions are reached quicker.

Zhang et al. (2019a) developed an integrated model and algorithm which included train timetabling and track maintenance
ask scheduling on a microscopic level. Their MILP formulation used block sections as basic modeling units. By enforcing border
onstraints between sub-areas, global feasibility and optimality were guaranteed (Corman et al., 2012).

Meng et al. (2018) considered integrating maintenance scheduling and train timetabling. In their MILP model, their focus
ncluded speed limitations, e.g., on a double-track line due to maintenance activities on one of the tracks. Maintenance operations
ere modeled as virtual trains occupying sections, and the model aimed to minimize the total run time of all trains. Their method
as assessed with numerical experiments on a fictional network.

On a tactical level, D’Ariano et al. (2019) researched the integration of train scheduling and maintenance activities through
ptimization techniques. They modeled the problem using a MILP formulation that integrates traffic flow, track maintenance,
onstraints, and objectives stochastically. Their bi-objective optimization problem aimed to minimize deviations from the original
imetable and to maximize the number of aggregated maintenance works.

In China, high-speed railway infrastructure is maintained every night which influences night trains. Zhang et al. (2019b)
ormulated their maintenance problem as a MILP model, which integrated maintenance window selection and the timetable of
he night trains, minimizing the total travel time of night trains. In practice, three operation modes were used to deal with regular
aintenance tasks, which all come down to route selection between the high-speed railway and the normal-speed railway. Real
ata of the Beijing–Guangzhou (China) railway lines was used to assess the model with numerical experiments.

To address uncertainties in maintenance activities, Bababeik et al. (2019) provided a mathematical programming model
hat aimed at rearranging timetables of trains in a single track considering maintenance operations. By adding buffer times to
aintenance activities, delays in the initial maintenance plan which overlap the train scheduling were limited. Results of a small

ase study showed that the inclusion of buffer times decreases the propagation of delay through the timetable.
Su and de Schutter (2018) considered optimally scheduling track maintenance activities to find a time schedule and route

or a maintenance crew to minimize total setup costs and travel costs. The routing problem was formulated as a capacitated arc
outing problem with a fixed cost. Three main settings (homogeneous, heterogeneous, and flexible maintenance time windows) were
valuated. The flexible maintenance time windows showed the best results in a case study on a part of the Dutch railway network.

To establish quantitative measures for comparing conflicting capacity requests from track maintenance and train traffic, Lidén and
oborn (2016) developed a model to dimension and assess maintenance windows. It considered effects on both maintenance costs
nd expected traffic demand of the timetable. A case study on the Northern Main Line (Sweden), a single-track line, demonstrated
heir method.

.1.3. Summary
To summarize the reviewed maintenance planning models, Table 1 shows the focus of different studies together with their model

bjective. As previously stated, in the study topic, ‘‘maintenance scheduling" is used to refer to works that schedule the maintenance
ctivities within a pre-determined train-free maintenance window. In addition, ‘‘maintenance window" is used to refer to works that
onsider also the sizing of train-free periods in the optimization process. The category ‘‘maintenance per engineering field" indicates
hether studies distinguish different maintenance fields, such as switches, straight tracks, when planning the maintenance schedules.

.2. Research gap

Over the past years, many studies investigated aspects of railway maintenance planning, like combining the scheduling of
he timetable together with maintenance works to reduce delays, and advanced maintenance scheduling to improve maintenance
fficiency. All researches that aimed at minimizing traffic hindrance did this based on train travel times and delays. The issue of
indrance for parked trains is, however, not included in any of the past studies whilst this is a rising issue due to the increasing
mount of rolling stock that needs to be parked overnight.

Regarding maintenance scheduling, different limitations were included in the reviewed literature. van Zante-de Fokkert et al.
2007) considered that the capacity of work crews is limited at night and during weekends, Lidén et al. (2018) considered work
ime regulations, and Pour et al. (2018b) considered transportation time between task locations. Minimizing hindrance for train
perators and their parked trains is, however, not researched by the aforementioned studies.

The current methods used to create working zones for safe maintenance works are also limited. Most studies only considered
lock sections when creating work zones (Arenas et al., 2018; D’Ariano et al., 2019; Meng et al., 2018; Zhang et al., 2019a) and
4
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Table 1
Literature topics and model objectives.

Study topic Model objective

Author Train
timetable
scheduling

Maintenance
scheduling

Maintenance
windows

Maintenance
per
engineering
field

Hindrance on
Running trains

Maintenance
efficiency

Hindrance on
parked trains

Higgins (1998) ✗ ✗

Cheung et al. (1999) ✗ ✗

van Zante-de Fokkert
et al. (2007)

✗ ✗

Albrecht et al. (2013) ✗ ✗ ✗

Heinicke et al. (2015) ✗ ✗

Lidén and Joborn
(2016)

✗ ✗ ✗ ✗ ✗

Lidén and Joborn
(2017)

✗ ✗ ✗ ✗ ✗

Sun et al. (2017) ✗ ✗

Arenas et al. (2018) ✗ ✗ ✗

Durazo-Cardenas et al.
(2018)

✗ ✗

Lidén (2018) ✗ ✗ ✗ ✗ ✗

Lidén et al. (2018) ✗ ✗ ✗ ✗ ✗

Meng et al. (2018) ✗ ✗ ✗ ✗

Pour et al. (2018a) ✗ ✗

Pour et al. (2018b) ✗ ✗

Su and de Schutter
(2018)

✗ ✗ ✗

Bababeik et al. (2019) ✗ ✗ ✗ ✗ ✗

D’Ariano et al. (2019) ✗ ✗ ✗ ✗ ✗

Su et al. (2019) ✗ ✗

Zhang et al. (2019b) ✗ ✗ ✗

Zhang et al. (2019a) ✗ ✗ ✗ ✗ ✗

Our study ✗ ✗ (for freight) ✗ ✗ ✗

the layout of the overhead wiring, whilst this is an important factor to consider since the power of the overhead wiring should be
shut off when track workers are working on some element of the infrastructure. Especially on yards, this is a pressing issue. Due
to the necessity of switching off the power, parked trains need to be moved from the zone which is shut off, even if the particular
tracks they are standing on do not need to be maintained at that moment. The reason for this is that service operators want their
trains to have power at all times (e.g., also when parked) to preheat passenger carriages in winter, pre-cool them in summer, and
provide power for cleaning activities.

2.3. Contribution

Based on the reviewed literature, the closest prior art of our study is the work of van Zante-de Fokkert et al. (2007). Our study
xpands considerably the work of van Zante-de Fokkert et al. (2007) by considering hindrance for parked rolling stock, and by
ncluding more constraints that represent the limitations of maintenance crews more realistically. With our proposed model, the
mpact on parked rolling stock is considered in maintenance schedules and work crews can maintain the assets of the railway
ystem more efficiently. Our research also shows the benefits of distinguishing maintenance in the different engineering fields in
ailway maintenance (switches, straight tracks, and overhead wiring), since this is strongly related to the hindrance caused by
aintenance. The overall contribution lies in the development of a novel MILP model for the optimal design of the maintenance

chedules including hindrance for train operators and capacity constraints of maintenance crews in the design process. In more
etail, our specific contributions are:

• the consideration of hindrance to train operators that have parked trains in the maintained work zones during the maintenance
planning phase and the investigation of the trade-off between the workload of the maintenance crews and the caused hindrance
to the passenger and freight train operators;

• the consideration of different maintenance activities (switches, straight tracks, overhead wiring) in the maintenance planning;
• the development of a novel maintenance planning model that incorporates the aforementioned considerations, and the

formulation of that model as a mixed-integer linear program (MILP) that can be solved to global optimality;
• the inclusion of the total number of nights that are used for maintenance as an additional problem objective;
• the introduction of a heuristic solution method based on the combination of simulated annealing and dual simplex that results

in significantly lower computation costs.
5
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Fig. 2. Graph-based representation of a rail network.

Fig. 3. Illustration on the boundary location of two working zones in four different track layout situations.

3. Problem description

A typical railway network consists of yards and connecting tracks. Connecting tracks and intersections can be presented as
in Fig. 2. We only consider maintenance activities performed during train free maintenance windows for passenger trains. The
maintenance windows are fixed and are scheduled during the down time of passenger services (i.e., at night).

3.1. Work zones

To execute maintenance activities safely, so-called work zones are used (van Zante-de Fokkert et al., 2007). A work zone can be
made ‘safe’ by blocking a block section (section of railway tracks in-between signals) (Arenas et al., 2018). In the Netherlands, the
railway system is divided into work zones which can be blocked for trains when maintenance activities need to be performed. den
Hertog et al. (2005) handled the conflicting interests of the many parties involved in the railway system and divided the network
into working zones based on the layout of switches. den Hertog et al. (2005) placed boundaries in between switches as in Fig. 3.
When mirroring switches on the horizontal axis in situations 2, 3 and 4, one can always end up in situation 1.

3.2. Baseline model

The problem investigated in this research is the creation of a maintenance schedule for regular, preventive maintenance activities
that can be performed during specific train-free maintenance windows for passenger trains to prevent large traffic disruptions. Its
objective is to minimize (a) the workload for work crews and (b) the hindrance for:

• freight train operators that can operate even during the train-free periods for the passenger trains;
• passenger train operators that have parked trains at the locations of the maintenance activities during the train free period

and need to relocate them.

As a starting point for our proposed scheduling model, we use the model of van Zante-de Fokkert et al. (2007). van Zante-de
Fokkert et al. (2007) modeled the maintenance scheduling problem as a MIP, as done by others in the past (Heinicke et al., 2015;
Pour et al., 2018b; Zhang et al., 2019a). New parameters, variables and constraints are added to this baseline model to compose
6
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Table 2
Nomenclature.

Sets
𝐶 contractors.
𝑆 single-track grids (STGs).
𝑇 {left, right} are the track sides.
𝑁 nights.
𝑃 ⊂ 𝑆 × 𝑆 set of permitted STG combinations, i.e., (𝑠1 , 𝑠2) ∈ 𝑃 , 𝑠1 ≠ 𝑠2 when

STGs 𝑠1 and 𝑠2 can be combined during one night.

Parameters
𝛬 weight factor that indicates whether the workload is measured by

the number of switches (𝛬 = 1), by the number of kilometers
(𝛬 = 0), or by a weighted combination of the two (0 < 𝛬 < 1).

𝑅𝑠𝑛 binary parameter that indicates whether STG 𝑠 can be assigned to
night 𝑛 (𝑅𝑠𝑛 = 1), or not (𝑅𝑠𝑛 = 0), 𝑠 ∈ 𝑆, 𝑛 ∈ 𝑁 .

𝑄𝑠𝑡𝑐 number of switches to be maintained on track side 𝑡 of STG 𝑠 by
contractor 𝑐, 𝑠 ∈ 𝑆, 𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶.

𝑉𝑠𝑡𝑐 number of kilometers to be maintained on track side 𝑡 of STG 𝑠 by
contractor 𝑐, 𝑠 ∈ 𝑆, 𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶.

𝑄𝑚𝑎𝑥
𝑐 maximum number of switches that can be maintained per night by

contractor 𝑐, 𝑐 ∈ 𝐶.
𝑀 a large number.

Variables
𝑤𝑛 binary variable that indicates whether night 𝑛 is used in the

schedule (𝑤𝑛 = 1), or not (𝑤𝑛 = 0), 𝑛 ∈ 𝑁 .
𝑥𝑠𝑡𝑛 binary variable that indicates whether track side 𝑡 of STG 𝑠 is

assigned to night 𝑛 (𝑥𝑠𝑡𝑛 = 1), or not 𝑥𝑠𝑡𝑛 = 0, 𝑠 ∈ 𝑆, 𝑡 ∈ 𝑇 , 𝑛 ∈ 𝑁 .
𝑦𝑐 maximum number of switches to be maintained per night by

contractor 𝑐 over all nights, 𝑐 ∈ 𝐶.
𝑧𝑐 maximum number of kilometers to be maintained per night by

contractor 𝑐 over all nights, 𝑐 ∈ 𝐶.

our proposed maintenance scheduling model, which is explained in Section 4. In the remainder of this section, the model of van
Zante-de Fokkert et al. (2007) is presented using the nomenclature in Table 2.

Using the nomenclature in Table 2, the mathematical model of van Zante-de Fokkert et al. (2007) is formally written as:

(𝑃 ) ∶ Minimize
∑

𝑐∈𝐶
(𝛬𝑦𝑐 + (1 − 𝛬)𝑧𝑐 ) +𝑀

∑

𝑛∈𝑁
𝑤𝑛 (1)

s.t.:
∑

𝑛∈𝑁
𝑥𝑠𝑡𝑛 = 1 ∀𝑠 ∈ 𝑆, 𝑡 ∈ 𝑇 , (2)

∑

𝑡∈𝑇
𝑥𝑠𝑡𝑛 ≤ 𝑅𝑠𝑛 ∀𝑠 ∈ 𝑆, 𝑛 ∈ 𝑁, (3)

∑

𝑡∈𝑇
𝑥𝑠1𝑡𝑛 +

∑

𝑡∈𝑇
𝑥𝑠2𝑡𝑛 ≤ 1 ∀(𝑠1, 𝑠2) ∉ 𝑃 , 𝑛 ∈ 𝑁, (4)

∑

𝑠∈𝑆

∑

𝑡∈𝑇
𝑥𝑠𝑡𝑛𝑄𝑠𝑡𝑐 ≤ 𝑦𝑐 ∀𝑐 ∈ 𝐶, 𝑛 ∈ 𝑁, (5)

∑

𝑠∈𝑆

∑

𝑡∈𝑇
𝑥𝑠𝑡𝑛𝑉𝑠𝑡𝑐 ≤ 𝑧𝑐 ∀𝑐 ∈ 𝐶, 𝑛 ∈ 𝑁, (6)

𝑦𝑐 ≤ 𝑄max
𝑐 ∀𝑐 ∈ 𝐶, (7)

1
2|𝑆|

∑

𝑠∈𝑆

∑

𝑡∈𝑇
𝑥𝑠𝑡𝑛 ≤ 𝑤𝑛 ∀𝑛 ∈ 𝑁, (8)

𝑤𝑛 ∈ {0, 1} ∀𝑛 ∈ 𝑁, (9)

𝑥𝑠𝑡𝑛 ∈ {0, 1} ∀𝑠 ∈ 𝑆, 𝑡 ∈ 𝑇 , 𝑛 ∈ 𝑁. (10)

The objective function (1) consists of two parts and minimizes both the sum of the maximum scheduled workload of contractors
and the number of nights with planned maintenance. Constraints (2)–(3) ensure that both the left and right tracks of all STGs are
assigned to one allowed night and the assigned nights must be different. Constraint (4) ensures that only STGs that are combinable
are assigned to the same night. Constraints (5) and (6) determine respectively the maximum number of switches and the maximum
number of kilometers to be maintained per night by a contractor. Constraint (7) limits the number of switches that a contractor can
maintain in one night. Constraint (8) determines whether or not STGs are assigned on a particular night in the schedule. The binary
variable 𝑤𝑛 is forced to be one when at least one STG is assigned to night 𝑛. By dividing the left side of this equation by the total
number of STGs, this side is either one or zero. Constraints (9) and (10) ensure that the used nights and the decision variable for
7

the assignment are binary.
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4. Proposed mathematical model

The newly developed model formulation in this research is based on that of van Zante-de Fokkert et al. (2007) described in the
revious section. In this section, we describe our model that expands the work of van Zante-de Fokkert et al. (2007) by taking into
onsideration hindrance and capacity constraints.

.1. Sets

Like van Zante-de Fokkert et al. (2007), our problem consists of work zones (similar to STGs and track sides) in which
aintenance operations need to be performed by maintenance contractors during train free periods at night. To make the problem
ore specific, maintenance crews are introduced and also train operators, since the hindrance considered is caused to their trains.
he used sets are listed below.

𝑍work zones.
𝑁nights.
𝐶 maintenance crews.
𝑂 train operators.

4.2. Parameters

Different than the model of van Zante-de Fokkert et al. (2007), the problem now distinguishes maintenance activities on switches,
straight tracks, and overhead wiring. It is predefined how many maintenance operations need to be performed in the available nights.
Like in the model of van Zante-de Fokkert et al. (2007), for every zone it is known what infrastructure is present and the number
of operations a maintenance crew can perform in a night is limited. The parameters of our model are listed below.

𝑄𝑧 total number of switches present in work zone 𝑧, 𝑧 ∈ 𝑍.
𝑆𝑧 total length of straight tracks present in work zone 𝑧, 𝑧 ∈ 𝑍.
𝐵𝑧 total length of overhead wiring present in work zone 𝑧, 𝑧 ∈ 𝑍.
𝐷𝑄𝑧 total number of switch maintenance operations to be performed in work zone 𝑧, 𝑧 ∈ 𝑍.
𝐷𝑆𝑧 total length of straight track maintenance operations to be performed in work zone 𝑧, 𝑧 ∈ 𝑍.
𝐷𝐵𝑧 total length of overhead wiring maintenance operations to be performed in work zone 𝑧, 𝑧 ∈ 𝑍.
𝑄max
𝑐 maximum number of switches that can be maintained in a night by crew 𝑐, 𝑐 ∈ 𝐶.

𝑆max
𝑐 maximum length of straight tracks that can be maintained in a night by crew 𝑐, 𝑐 ∈ 𝐶.
𝐵max
𝑐 maximum length of overhead wiring that can be maintained in a night by crew 𝑐, 𝑐 ∈ 𝐶.

A work crew needs to be specialized in a specific engineering field to be able to maintain those parts of the infrastructure. Also, a
etwork can be split up into different regions. In such a case, not all zones are necessarily maintained by every crew. Therefore, for
very zone we need to indicate which crews can be scheduled to perform maintenance operations on its infrastructure. Furthermore,
ot all work zones are necessarily available every night and combining multiple work zones in one night may be prohibited for
ertain combinations. The latter can also be used to represent a limitation of work crews, namely that they can only work in
ultiple zones when these are, e.g., adjacent zones. This leads to the additional set of pre-determined parameter values:

𝐹 𝛾𝑧𝑐 binary parameter that indicates whether the switches in work zone 𝑧 can be maintained by crew 𝑐 (𝐹𝛾𝑧𝑐 = 1),
or not (𝐹𝛾𝑧𝑐 = 0), 𝑧 ∈ 𝑍, 𝑐 ∈ 𝐶.

𝐹 𝜇𝑧𝑐 binary parameter that indicates whether the straight tracks in work zone 𝑧 can be maintained by crew 𝑐
(𝐹𝜇𝑧𝑐 = 1), or not (𝐹𝜇𝑧𝑐 = 0), 𝑧 ∈ 𝑍, 𝑐 ∈ 𝐶.

𝐹 𝛿𝑧𝑐 binary parameter that indicates whether the overhead wiring in work zone 𝑧 can be maintained by crew 𝑐
(𝐹𝛿𝑧𝑐 = 1), or not (𝐹𝛿𝑧𝑐 = 0), 𝑧 ∈ 𝑍, 𝑐 ∈ 𝐶.

𝑅𝑧𝑛 binary parameter that indicates whether work zone 𝑧 can be assigned to night 𝑛 (𝑅𝑧𝑛 = 1), or not (𝑅𝑧𝑛 = 0),
𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 .

𝑃𝑛𝑖𝑗 binary parameter that indicates whether work zones 𝑖 and 𝑗 may be combined in night 𝑛 (𝑃𝑛𝑖𝑗 = 0), or not
(𝑃𝑛𝑖𝑗 = 1), when 𝑖 = 𝑗 (𝑃𝑛𝑖𝑗 = 0), 𝑛 ∈ 𝑁 , 𝑖 ∈ 𝑍, 𝑗 ∈ 𝑍.

New in this study is the amount of hindrance for train operators, that may differ per zone and per night depending on which
nfrastructure part is being maintained. The amount of hindrance for an operator can vary between maximum hindrance (=1) and
o hindrance (=0) when maintenance is being performed in a zone. In more detail, for a passenger train operator:

• maximum hindrance (hindrance=1) is the hindrance caused to the passenger train operator that has the maximum number
of possible trains parked in the working zone where we will implement maintenance activities and needs to transfer them to
other zones.

• no hindrance (hindrance=0) is the hindrance caused to the passenger train operator that has no parked trains in the working
8
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• any other hindrance (0<hindrance<1) is the hindrance derived as the number of trains parked in the work zone that is
maintained divided by the maximum number of possible trains parked by the passenger train operator. It follows that the
fewer trains parked to a work zone that is maintained, the less hindrance caused to the train operator.

In addition, for a freight train operator:

• maximum hindrance (hindrance=1) is the hindrance caused to the freight train operator when all its freight trains cannot
perform their trips because the work zone is blocked for maintenance.

• no hindrance (hindrance=0) is the hindrance caused to the freight train operator when all its freight trains can perform their
trips unaffected by the blocked work zone.

• any other hindrance (0<hindrance<1) is the hindrance derived as the number of freight trains that cannot perform their trips
because of the blocked work zone divided by the total number of freight trains that are planned to operate during that night.

We also add a parameter to limit the number of nights that can be used by the model. To determine the weight of the workload
for maintenance crews, the hindrance for train operators in the objective function and the number of nights used, there are weight
parameters included as presented below.

𝐻𝛾
𝑜𝑧𝑛 amount of hindrance for train operator 𝑜 when work zone 𝑧 is maintained on switches during night 𝑛, 𝑜 ∈ 𝑂,

𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 .
𝐻𝜇
𝑜𝑧𝑛 amount of hindrance for train operator 𝑜 when work zone 𝑧 is maintained on straight tracks during night 𝑛,

𝑜 ∈ 𝑂, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 .
𝐻𝛿
𝑜𝑧𝑛 amount of hindrance for train operator 𝑜 when work zone 𝑧 is maintained on overhead wiring during night 𝑛,

𝑜 ∈ 𝑂, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 .
𝑁max maximum number of nights that may be used for maintenance in the schedule.
𝛬𝛾 weight parameter for the workload of switches.
𝛬𝜇 weight parameter for the workload of straight tracks.
𝛬𝛿 weight parameter for the workload of overhead wiring.
𝛬𝜙 weight parameter for the hindrance for operators.
𝛬𝜓 weight parameter for the number of nights used.
𝑀 a large number.

4.3. Variables

Concerning the model variables, van Zante-de Fokkert et al. (2007) only used variables to indicate the usage of nights for
maintenance, the assignment of tracks to nights, and to keep track of the highest workloads for contractors. Now, various binary
variables are needed to indicate whether or not infrastructure in a work zone is maintained, whether crews are working on a type
of infrastructure part, and which contractor maintains which zone in which night.

𝑥𝑧𝑛 binary variable that indicates whether work zone 𝑧 is assigned to night 𝑛 for any maintenance (𝑥𝑧𝑛 = 1), or not
(𝑥𝑧𝑛 = 0), 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 .

𝑥𝛾𝑧𝑛 binary variable that indicates whether work zone 𝑧 is assigned to night 𝑛 for maintenance on switches (𝑥𝛾𝑧𝑛 = 1),
or not (𝑥𝛾𝑧𝑛 = 0), 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 .

𝑥𝜇𝑧𝑛 binary variable that indicates whether work zone 𝑧 is assigned to night 𝑛 for maintenance on straight tracks
(𝑥𝜇𝑧𝑛 = 1), or not (𝑥𝜇𝑧𝑛 = 0), 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 .

𝑥𝛿𝑧𝑛 binary variable that indicates whether work zone 𝑧 is assigned to night 𝑛 for maintenance on overhead wiring
(𝑥𝛿𝑧𝑛 = 1), or not (𝑥𝛿𝑧𝑛 = 0), 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 .

𝑤𝛾𝑐𝑛 binary variable that indicates whether crew 𝑐 maintains switches in night 𝑛 (𝑤𝛾𝑐𝑛 = 1), or not (𝑤𝛾𝑐𝑛 = 0), 𝑛 ∈ 𝑁 ,
𝑐 ∈ 𝐶.

𝑤𝜇𝑐𝑛 binary variable that indicates whether crew 𝑐 maintains straight tracks in night 𝑛 (𝑤𝜇𝑐𝑛 = 1), or not (𝑤𝜇𝑐𝑛 = 0),
𝑛 ∈ 𝑁 , 𝑐 ∈ 𝐶.

𝑤𝛿𝑐𝑛 binary variable that indicates whether crew 𝑐 maintains overhead wiring in night 𝑛 (𝑤𝛿𝑐𝑛 = 1), or not (𝑤𝛿𝑐𝑛 = 0),
𝑛 ∈ 𝑁 , 𝑐 ∈ 𝐶.

𝑣𝛾𝑐𝑧𝑛 binary variable that indicates whether crew 𝑐 maintains the switches of zone 𝑧 in night 𝑛 (𝑣𝛾𝑐𝑧𝑛 = 1), or not
(𝑣𝛾𝑐𝑧𝑛 = 0), 𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 .

𝑣𝜇𝑐𝑧𝑛 binary variable that indicates whether crew 𝑐 maintains the straight tracks of zone 𝑧 in night 𝑛 (𝑣𝜇𝑐𝑧𝑛 = 1), or not
(𝑣𝜇𝑐𝑧𝑛 = 0), 𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 .
9
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𝑣𝛿𝑐𝑧𝑛 binary variable that indicates whether crew 𝑐 maintains the overhead wiring of zone 𝑧 in night 𝑛 (𝑣𝛿𝑐𝑧𝑛 = 1), or
not (𝑣𝛿𝑐𝑧𝑛 = 0), 𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 .

𝑞𝑐𝑧𝑛 positive integer variable that indicates the number of switches maintained in zone 𝑧 in night 𝑛 by crew 𝑐,
𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 .

𝑠𝑐𝑧𝑛 positive real number variable that indicates the length of straight tracks maintained in zone 𝑧 in night 𝑛 by
crew 𝑐, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 .

𝑏𝑐𝑧𝑛 positive real number variable that indicates the length of overhead wiring maintained in zone 𝑧 in night 𝑛 by
crew 𝑐, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 .

𝑦𝑐 positive integer variable that indicates the largest number of switches to be maintained in one night by crew 𝑐
over all nights, 𝑐 ∈ 𝐶.

𝑢𝑐 positive real number variable that indicates the largest number of kilometers of straight tracks to be
maintained in one night by crew 𝑐 over all nights, 𝑐 ∈ 𝐶.

𝑑𝑐 positive real number variable that indicates the largest number of kilometers of overhead wiring to be
maintained in one night by crew 𝑐 over all nights, 𝑐 ∈ 𝐶.

ℎ𝑜𝑧𝑛 positive real number variable that indicates the largest hindrance for operator 𝑜 in night 𝑛 caused by
maintenance in zone 𝑧, 𝑜 ∈ 𝑂, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 .

𝑡𝑛 binary variable that indicates whether night 𝑛 is assigned for any maintenance (𝑡𝑛 = 1) or not (𝑡𝑛 = 0), 𝑛 ∈ 𝑁 .

4.4. Objective function

The objective function (11) of our model aims to minimize the workload for work crews and the hindrance for train operators
by minimizing the maximum workload of all crews combined, the sum of the hindrance for train operators across all zones and
nights and the total number of nights used for maintenance.

(𝑃 ) ∶ Minimize
∑

𝑐∈𝐶

(

𝛬𝛾
𝑦𝑐
𝑄max
𝑐

+ 𝛬𝜇
𝑢𝑐
𝑆max
𝑐

+ 𝛬𝛿
𝑑𝑐
𝐵max
𝑐

)

+ 𝛬𝜙
∑

𝑜∈𝑂

∑

𝑧∈𝑍

∑

𝑛∈𝑁
ℎ𝑜𝑧𝑛 + 𝛬𝜓

∑

𝑛∈𝑁
𝑡𝑛 (11)

To determine the maximum workload for crews working, e.g., on switches, the highest number of switches to be maintained in
ne night is divided by the maximum number of switches the crews can maintain in a night. This way, the maximum workload of
work crew is measured relative to its capacity to ensure equality among work crews working in different engineering fields or

aving different capacities. We note that in our current formulation there is no penalty for assigning a working crew to more nights.
f there is a fixed cost for every additional night that we assign a work crew, one should add another penalty term in the objective
unction that would read:

∑

𝑛∈𝑁

∑

𝑐∈𝐶

(

𝑤𝛾𝑐𝑛 +𝑤
𝜇
𝑐𝑛 +𝑤

𝛿
𝑐𝑛
)

Note that in that case the objective function maintains its linearity. Finally, the weight parameters can be used to determine the
balance between the workload of maintenance crews and the hindrance for train operators.

4.5. Constraints

The required maintenance operations should be performed within the available nights. Constraints (12) to (14) ensure this by
setting the sum of performed maintenance operations across all nights equal to the demand. Obviously, the amount of infrastructure
maintained in one night in a zone cannot be more than is present in that zone. This is ensured by constraints (15) to (17). Constraints
(18) to (20) ensure that the variables are restricted to their allowed values. Switches can only be entirely maintained in a night,
therefore 𝑞𝑐𝑧𝑛 may only take integer values.

∑

𝑐∈𝐶

∑

𝑛∈𝑁
(𝑞𝑐𝑧𝑛) = 𝐷𝑄𝑧 ∀𝑧 ∈ 𝑍 (12)

∑

𝑐∈𝐶

∑

𝑛∈𝑁
(𝑠𝑐𝑧𝑛) = 𝐷𝑆𝑧 ∀𝑧 ∈ 𝑍 (13)

∑

𝑐∈𝐶

∑

𝑛∈𝑁
(𝑏𝑐𝑧𝑛) = 𝐷𝐵𝑧 ∀𝑧 ∈ 𝑍 (14)

𝑞𝑐𝑧𝑛 ≤ 𝑄𝑧 ∀𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (15)

𝑠𝑐𝑧𝑛 ≤ 𝑆𝑧 ∀𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (16)

𝑏𝑐𝑧𝑛 ≤ 𝐵𝑧 ∀𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (17)

𝑞𝑐𝑧𝑛 ∈ Z+ ∀𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (18)

𝑠𝑐𝑧𝑛 ∈ R+ ∀𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (19)

𝑏𝑐𝑧𝑛 ∈ R+ ∀𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (20)
10
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When maintenance operations are performed in a zone during a night, the zone should be indicated as ‘used’. When no
aintenance operations are performed in a zone during a night, the zone should be indicated as ‘not used’. These statements can

e logically expressed by: 𝑥𝛾𝑧𝑛 = 0 ⇔ 𝑞𝑐𝑧𝑛 = 0 for switch maintenance, by: 𝑥𝜇𝑧𝑛 = 0 ⇔ 𝑠𝑐𝑧𝑛 = 0 for straight track maintenance, and by:
𝛿
𝑧𝑛 = 0 ⇔ 𝑏𝑐𝑧𝑛 = 0 for overhead wiring maintenance. Constraints (21) and (24) ensure this for switches, constraints (22) and (25)
nsure this for straight tracks, and constraints (23) and (26) ensure this for overhead wiring. Constraints (27) to (29) restrict the
ariables to be binary.

∑

𝑐∈𝐶
(𝑞𝑐𝑧𝑛) ≤ 𝑥𝛾𝑧𝑛 ⋅𝑀 ∀𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (21)

∑

𝑐∈𝐶
(𝑠𝑐𝑧𝑛) ≤ 𝑥𝜇𝑧𝑛 ⋅𝑀 ∀𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (22)

∑

𝑐∈𝐶
(𝑏𝑐𝑧𝑛) ≤ 𝑥𝛿𝑧𝑛 ⋅𝑀 ∀𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (23)

𝑥𝛾𝑧𝑛 ≤
∑

𝑐∈𝐶
(𝑞𝑐𝑧𝑛) ∀𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (24)

𝑥𝜇𝑧𝑛 ≤
∑

𝑐∈𝐶
(𝑠𝑐𝑧𝑛) ⋅𝑀 ∀𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (25)

𝑥𝛿𝑧𝑛 ≤
∑

𝑐∈𝐶
(𝑏𝑐𝑧𝑛) ⋅𝑀 ∀𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (26)

𝑥𝛾𝑧𝑛 ∈ {0, 1} ∀𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (27)

𝑥𝜇𝑧𝑛 ∈ {0, 1} ∀𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (28)

𝑥𝛿𝑧𝑛 ∈ {0, 1} ∀𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (29)

where 𝑀 is a very large positive number. Work zones can only be used for maintenance activities in a night when they are
available for maintenance in that night. This can be logically expressed by: 𝑅𝑧𝑛 = 0 ⇒ 𝑥𝛾𝑧𝑛 = 0 for straight track maintenance,
by: 𝑅𝑧𝑛 = 0 ⇒ 𝑥𝜇𝑧𝑛 = 0 for switch maintenance, and by: 𝑅𝑧𝑛 = 0 ⇒ 𝑥𝛿𝑧𝑛 = 0 for overhead wiring maintenance. Constraints (30) to (32)
ensure this.

𝑥𝛾𝑧𝑛 ≤ 𝑅𝑧𝑛 ∀𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (30)

𝑥𝜇𝑧𝑛 ≤ 𝑅𝑧𝑛 ∀𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (31)

𝑥𝛿𝑧𝑛 ≤ 𝑅𝑧𝑛 ∀𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (32)

When a work zone is used for one or more types of maintenance in one night, variable 𝑥𝑧𝑛 should be set to 1. If a zone is not
used for any type of maintenance it should be set to 0. These statements can be logically expressed by: 𝑥𝛾𝑧𝑛 +𝑥

𝜇
𝑧𝑛 +𝑥𝛿𝑧𝑛 = 0 ⇔ 𝑥𝑧𝑛 = 0.

Constraints (33) and (34) ensure this.

𝑥𝛾𝑧𝑛 + 𝑥
𝜇
𝑧𝑛 + 𝑥

𝛿
𝑧𝑛 ≤ 𝑥𝑧𝑛 ⋅𝑀 ∀𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (33)

𝑥𝑧𝑛 ≤ 𝑥𝛾𝑧𝑛 + 𝑥
𝜇
𝑧𝑛 + 𝑥

𝛿
𝑧𝑛 ∀𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (34)

where 𝑀 is a very large positive number. In a work zone, a type of ‘infrastructure parts’ can only be maintained by one crew
per night. Constraints (35) to (37) ensure this by setting the individual sums of variables 𝑣𝛾𝑐𝑧𝑛, 𝑣

𝜇
𝑐𝑧𝑛, and 𝑣𝛿𝑐𝑧𝑛 over all contractors

respectively equal to variables 𝑥𝛾𝑧𝑛, 𝑥
𝜇
𝑧𝑛, and 𝑥𝛿𝑧𝑛 per zone and night. Crews that are not able to maintain a type of infrastructure

part in a work zone, cannot maintain it. This can be logically expressed by: 𝐹 𝛾𝑧𝑐 = 0 ⇒ 𝑣𝛾𝑐𝑧𝑛 = 0 for straight track maintenance, by:
𝐹 𝜇𝑧𝑐 = 0 ⇒ 𝑣𝜇𝑐𝑧𝑛 = 0 for switch maintenance, and by: 𝐹 𝛿𝑧𝑐 = 0 ⇒ 𝑣𝛿𝑐𝑧𝑛 = 0 for overhead wiring maintenance. Constraints (38) to (40)
ensure this. Constraints (41) to (43) restrict the variables to be binary.

∑

𝑐∈𝐶
(𝑣𝛾𝑐𝑧𝑛) = 𝑥𝛾𝑧𝑛 ∀𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (35)

∑

𝑐∈𝐶
(𝑣𝜇𝑐𝑧𝑛) = 𝑥𝜇𝑧𝑛 ∀𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (36)

∑

𝑐∈𝐶
(𝑣𝛿𝑐𝑧𝑛) = 𝑥𝛿𝑧𝑛 ∀𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (37)

𝑣𝛾𝑐𝑧𝑛 ≤ 𝐹 𝛾𝑧𝑐 ∀𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (38)

𝑣𝜇𝑐𝑧𝑛 ≤ 𝐹 𝜇𝑧𝑐 ∀𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (39)

𝑣𝛿𝑐𝑧𝑛 ≤ 𝐹 𝛿𝑧𝑐 ∀𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (40)

𝑣𝛾𝑐𝑧𝑛 ∈ {0, 1} ∀𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (41)

𝑣𝜇𝑐𝑧𝑛 ∈ {0, 1} ∀𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (42)

𝑣𝛿𝑐𝑧𝑛 ∈ {0, 1} ∀𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (43)
11
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When a maintenance crew performs any maintenance operations in a zone during a night, it should be indicated that the crew is
orking in that zone during that night. When a maintenance crew does not perform any maintenance operations in a zone during a
ight, it should be indicated that the crew is not working in that zone during that night. These statements can be logically expressed
y: 𝑣𝛾𝑐𝑧𝑛 = 0 ⇔ 𝑞𝑐𝑧𝑛 = 0 for switch maintenance, by: 𝑣𝜇𝑐𝑧𝑛 = 0 ⇔ 𝑠𝑐𝑧𝑛 = 0 for straight track maintenance, and by: 𝑣𝛿𝑐𝑧𝑛 = 0 ⇔ 𝑏𝑐𝑧𝑛 = 0 for

overhead wiring maintenance. Constraints (44) and (47) ensure this for switches, constraints (45) and (48) ensure this for straight
tracks, and constraints (46) and (49) ensure this for overhead wiring.

𝑞𝑐𝑧𝑛 ≤ 𝑣𝛾𝑐𝑧𝑛 ⋅𝑀 ∀𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (44)

𝑠𝑐𝑧𝑛 ≤ 𝑣𝜇𝑐𝑧𝑛 ⋅𝑀 ∀𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (45)

𝑏𝑐𝑧𝑛 ≤ 𝑣𝛿𝑐𝑧𝑛 ⋅𝑀 ∀𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (46)

𝑣𝛾𝑐𝑧𝑛 ≤ 𝑞𝑐𝑧𝑛 ∀𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (47)

𝑣𝜇𝑐𝑧𝑛 ≤ 𝑠𝑐𝑧𝑛 ⋅𝑀 ∀𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (48)

𝑣𝛿𝑐𝑧𝑛 ≤ 𝑏𝑐𝑧𝑛 ⋅𝑀 ∀𝑐 ∈ 𝐶, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁 (49)

where 𝑀 is a very large positive number. When a maintenance crew is not maintaining infrastructure in any zone during a night, that
night should not be indicated as a work night for that crew. This statements can logically be expressed by: ∑𝑧∈𝑍 (𝑣

𝛾
𝑐𝑧𝑛) = 0 ⇔ 𝑤𝛾𝑐𝑛 = 0

for switch maintenance, by: ∑𝑧∈𝑍 (𝑣
𝜇
𝑐𝑧𝑛) = 0 ⇔ 𝑤𝜇𝑐𝑛 = 0 for straight track maintenance, and by : ∑𝑧∈𝑍 (𝑣𝛿𝑐𝑧𝑛) = 0 ⇔ 𝑤𝛿𝑐𝑛 = 0 for

overhead wiring maintenance. Furthermore, when a maintenance crew is maintaining infrastructure in at least one zone during a
night, that night should be noted as a work night. This statement can logically be expressed by: ∑𝑧∈𝑍 (𝑣

𝛾
𝑐𝑧𝑛) > 0 ⇔ 𝑤𝛾𝑐𝑛 = 1 for

switch maintenance, by: ∑𝑧∈𝑍 (𝑣
𝜇
𝑐𝑧𝑛) > 0 ⇔ 𝑤𝜇𝑐𝑛 = 1 for straight track maintenance, and by: ∑𝑧∈𝑍 (𝑣𝛿𝑐𝑧𝑛) > 0 ⇔ 𝑤𝛿𝑐𝑛 = 1 for overhead

wiring maintenance. Constraints (50) to (55) ensure these logical expressions. Also, constraint (56) excludes the possibility of crews
working on more than one type of infrastructure part in one night. Constraints (57) to (59) restrict the variables to be binary.

∑

𝑧∈𝑍
(𝑣𝛾𝑐𝑧𝑛) ≤ 𝑤𝛾𝑐𝑛 ⋅𝑀 ∀𝑐 ∈ 𝐶, 𝑛 ∈ 𝑁 (50)

∑

𝑧∈𝑍
(𝑣𝜇𝑐𝑧𝑛) ≤ 𝑤𝜇𝑐𝑛 ⋅𝑀 ∀𝑐 ∈ 𝐶, 𝑛 ∈ 𝑁 (51)

∑

𝑧∈𝑍
(𝑣𝛿𝑐𝑧𝑛) ≤ 𝑤𝛿𝑐𝑛 ⋅𝑀 ∀𝑐 ∈ 𝐶, 𝑛 ∈ 𝑁 (52)

𝑤𝛾𝑐𝑛 ≤
∑

𝑧∈𝑍
(𝑣𝛾𝑐𝑧𝑛) ∀𝑐 ∈ 𝐶, 𝑛 ∈ 𝑁 (53)

𝑤𝜇𝑐𝑛 ≤
∑

𝑧∈𝑍
(𝑣𝜇𝑐𝑧𝑛) ∀𝑐 ∈ 𝐶, 𝑛 ∈ 𝑁 (54)

𝑤𝛿𝑐𝑛 ≤
∑

𝑧∈𝑍
(𝑣𝛿𝑐𝑧𝑛) ∀𝑐 ∈ 𝐶, 𝑛 ∈ 𝑁 (55)

𝑤𝛾𝑐𝑛 +𝑤
𝜇
𝑐𝑛 +𝑤

𝛿
𝑐𝑛 ≤ 1 ∀𝑐 ∈ 𝐶, 𝑛 ∈ 𝑁 (56)

𝑤𝛾𝑐𝑛 ∈ {0, 1} ∀𝑐 ∈ 𝐶, 𝑛 ∈ 𝑁 (57)

𝑤𝜇𝑐𝑛 ∈ {0, 1} ∀𝑐 ∈ 𝐶, 𝑛 ∈ 𝑁 (58)

𝑤𝛿𝑐𝑛 ∈ {0, 1} ∀𝑐 ∈ 𝐶, 𝑛 ∈ 𝑁 (59)

It is possible that some combinations of work zones are not allowed in the same night. Since 𝑃𝑛𝑖𝑗 = 1 when a combination is not
allowed, constraint (60) ensures that in this case only one of the two zones can be used for maintenance that night. Note that it is
possible to combine three or more zones when all individual combinations are allowed.

𝑃𝑛𝑖𝑗 (𝑥𝑖𝑛 + 𝑥𝑗𝑛) ≤ 1 ∀𝑛 ∈ 𝑁, 𝑖 ∈ 𝑍, 𝑗 ∈ 𝑍 (60)

In order to determine the highest workload in a night for a crew, constraints (61) to (63) sum all maintenance operations
performed in a night per crew. Constraints (64) to (66) ensure that the variables are restricted to their allowed values, the same as
𝑞𝑐𝑧𝑛, 𝑠𝑐𝑧𝑛, and 𝑏𝑐𝑧𝑛.

∑

𝑧∈𝑍
(𝑞𝑐𝑧𝑛) ≤ 𝑦𝑐 ∀𝑐 ∈ 𝐶, 𝑛 ∈ 𝑁 (61)

∑

𝑧∈𝑍
(𝑠𝑐𝑧𝑛) ≤ 𝑢𝑐 ∀𝑐 ∈ 𝐶, 𝑛 ∈ 𝑁 (62)

∑

𝑧∈𝑍
(𝑏𝑐𝑧𝑛) ≤ 𝑑𝑐 ∀𝑐 ∈ 𝐶, 𝑛 ∈ 𝑁 (63)

𝑦𝑐 ∈ Z+ ∀𝑐 ∈ 𝐶 (64)

𝑢𝑐 ∈ R+ ∀𝑐 ∈ 𝐶 (65)
+

12
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To prevent that a work crew has to perform more maintenance operations in a night than possible, 𝑦𝑐 , 𝑢𝑐 , and 𝑑𝑐 are restricted
to the given maximum workload per crew by constraints (67) to (69).

𝑦𝑐 ≤ 𝑄max
𝑐 ∀𝑐 ∈ 𝐶 (67)

𝑢𝑐 ≤ 𝑆max
𝑐 ∀𝑐 ∈ 𝐶 (68)

𝑑𝑐 ≤ 𝐵max
𝑐 ∀𝑐 ∈ 𝐶 (69)

To avoid addition of hindrance when multiple infrastructure parts are maintained in a zone at the same night, only the highest
hindrance should be considered. Constraints (70) to (72) ensure this and constraint (73) restricts the variable to its allowed values.

𝑥𝛾𝑧𝑛 ⋅𝐻
𝛾
𝑜𝑧𝑛 ≤ ℎ𝑜𝑧𝑛 ∀𝑜 ∈ 𝑂, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁, (70)

𝑥𝜇𝑧𝑛 ⋅𝐻
𝜇
𝑜𝑧𝑛 ≤ ℎ𝑜𝑧𝑛 ∀𝑜 ∈ 𝑂, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁, (71)

𝑥𝛿𝑧𝑛 ⋅𝐻
𝛿
𝑜𝑧𝑛 ≤ ℎ𝑜𝑧𝑛 ∀𝑜 ∈ 𝑂, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁, (72)

ℎ𝑜𝑧𝑛 ∈ R+ ∀𝑜 ∈ 𝑂, 𝑧 ∈ 𝑍, 𝑛 ∈ 𝑁, (73)

To avoid that all available nights will be scheduled, the number of nights with scheduled maintenance needs to be limited. For
this, it is needed to keep track of the usage of nights. This means that if any maintenance is scheduled to a zone in a night, that
night should be noted as being used. This statement can be logically expressed by: ∑𝑧∈𝑍 (𝑥𝑧𝑛) ≥ 1 ⇒ 𝑡𝑛 = 1. Constraints (74) and
(75) ensure this. The final constraint, constraint (76) ensures that the total number of nights used in the schedule does not exceed
the maximum.

∑

𝑧∈𝑍
(𝑥𝑧𝑛) ≤ 𝑡𝑛 ⋅𝑀 ∀𝑛 ∈ 𝑁 (74)

𝑡𝑛 ≤
∑

𝑧∈𝑍
(𝑥𝑧𝑛) ∀𝑛 ∈ 𝑁 (75)

∑

𝑛∈𝑁
(𝑡𝑛) ≤ 𝑁max (76)

4.6. Mathematical program

Our proposed mathematical model that considers the hindrance and the capacity constraints can be succinctly written as:

Minimize
∑

𝑐∈𝐶

(

𝛬𝛾
𝑦𝑐
𝑄max
𝑐

+ 𝛬𝜇
𝑢𝑐
𝑆max
𝑐

+ 𝛬𝛿
𝑑𝑐
𝐵max
𝑐

)

+ 𝛬𝜙
∑

𝑜∈𝑂

∑

𝑧∈𝑍

∑

𝑛∈𝑁
ℎ𝑜𝑧𝑛 + 𝛬𝜓

∑

𝑛∈𝑁
𝑡𝑛 (77)

s.t. Eqs. (11)–(76). (78)

The aforementioned problem is a mixed-integer linear program (MILP) because its objective function is linear and its constraints
re linear (in)equalities. Thus, it can be solved to global optimality by employing an optimization solver for MILP (e.g., see Castillo
t al. (2005) for a detailed list of solvers).

.7. Solution method: combining simulated annealing with dual simplex

Our mathematical program expressed in Eqs. (77)–(78) is a MILP that can be solved to global optimality by employing branch-
nd-bound and simplex. Branch-and-bound is a divide and conquer approach that breaks the problem into subproblems (sequence
f LPs) that are easier to solve by employing simplex or any other algorithm for linear programming. This exact solution approach is
sed by commercial solvers to solve MILPs to global optimality. Using this approach to solve our MILP in Eqs. (77)–(78), however,
esults in high computational costs. Namely, planning the yearly maintenance activities in realistic networks with 25 work zones
ith branch-and-bound and simplex requires 8 h, as presented later on in Table 4.

To reduce this computation burden, we propose the combination of metaheuristics with exact solution methods that solve relaxed
ubproblems. In this study, we propose the use of simulated annealing for relaxing the integrality of the integer decision variables
y fixing their values and we solve the resulting linear programming subproblems with the use of dual simplex. We note here that
ual simplex is an extension of the well-known Dantzig’s simplex algorithm (Dantzig, 1983) that performs the simplex method in
he dual linear problem (see (Koberstein and Suhl, 2007)).

With the use of simulated annealing, we try to find improved solutions after performing a number of iterations during which
he dual simplex algorithm solves a continuous linear program which is a relaxation of our original MILP. Simulated annealing is
nspired from annealing in metallurgy, a technique involving heating and controlled cooling of a material to increase the size of its
rystals and reduce their defects (Bertsimas et al., 1993). The objective of this metaheuristic is not always to find improved solutions,
ut also explore the solution space. This allows for exploration (diversification) beyond the neighborhood of an incumbent solution.
his exploration will eventually bring the system from an arbitrary initial state to a state with reduced energy (in our case, reduced
bjective function score). Considering our MILP, we first separate the integer decision variables from the continuous ones. Then,
e start from an initial solution guess 𝜁 𝑡, where 𝜁 contains the selected values of all integer decision variables of our optimization
13

roblem and 𝑡 is the iteration number (initially, 𝑡 ← 1). The main hyperparameter of the simulated annealing algorithm is the
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temperature, 𝑇 𝑡, which starts from an initial high value, i.e., 𝑇 𝑡 → +∞ for 𝑡 = 1, and it is decreased at each step such that 𝑇 𝑡 → 0
after many iterations.

At each iteration 𝑡, the probability of replacing the incumbent solution 𝜁 𝑡 by a neighbor solution 𝜁 is:

Prob(𝜁, 𝜁 𝑡, 𝑇 𝑡) ∶=
⎧

⎪

⎨

⎪

⎩

1 , if 𝑓 (𝜁 ) ≤ 𝑓 (𝜁 𝑡) and 𝜁 is a feasible solution
exp

[

𝑓 (𝜁 𝑡)−𝑓 (𝜁 )
𝑇 𝑡

]

, if 𝑓 (𝜁 ) > 𝑓 (𝜁 𝑡) and 𝜁 is a feasible solution

0 , if 𝜁 is infeasible

(79)

Note that the objective function values 𝑓 (𝜁 ) and 𝑓 (𝜁 𝑡) are determined by solving the linear program that emerges from the
relaxation of the MILP in Eqs. (77)–(78) after setting the values of the integer decision variables equal to 𝜁 and 𝜁 𝑡, respectively. It
is also important to note that we can determine whether solutions 𝜁 and 𝜁 𝑡 are feasible only after solving the respective LPs. The LP
subproblems are solved by the dual simplex algorithm. An LP subproblem that receives fixed values for all the integer variables can
be solved in less than 1 s in realistic scenarios with 25 work zones, such as the one described in our case study. Exploiting the fact
that the continuous relaxation of our MILP can be solved very fast, we can easily determine whether a neighbor solution related
to the values of the integer decision variables, 𝜁 , is a feasible solution and whether it has better performance than the incumbent
solution 𝜁 𝑡. Let  be the search space that contains all possible values of the integer decision variables. To search for a neighbor
solution, 𝜁 , we follow the approach of Bertsimas et al. (1993). Namely, we introduce set 𝜁 𝑡 ⊂  − {𝜁 𝑡} as the set of neighbors of
solution 𝜁 𝑡. Given solution 𝜁 𝑡, we introduce a collection of positive coefficients 𝑞𝜁 𝑡 ,𝑗 , such that ∑𝑗∈𝜁𝑡

𝑞𝜁 𝑡 ,𝑗 = 1 where 𝑗 ∈ 𝜁 𝑡 if, and
only if, 𝜁 𝑡 ∈ 𝑗 . The selected neighbor 𝑗 = 𝜁 of 𝜁 𝑡 is selected from set 𝜁 𝑡 at random, with a probability 𝑞𝜁 𝑡 ,𝑗 . In our implementation,
the 𝑞𝜁 𝑡 ,𝑗 coefficient values of any two points (𝑗, 𝑗′) in 𝜁 𝑡 are equal; thus, we do not prioritize nearby solutions.

Notably, a feasible neighbor solution 𝜁 might replace the incumbent solution 𝜁 𝑡 even if it has an inferior performance, i.e., 𝑓 (𝜁 ) >
𝑓 (𝜁 𝑡), based on probability exp

[

𝑓 (𝜁 𝑡)−𝑓 (𝜁 )
𝑇 𝑡

]

. During the first iterations, 𝑇 𝑡 receives a very large positive value. Consequently,
𝑓 (𝜁 𝑡)−𝑓 (𝜁 )

𝑇 𝑡 → 0, and exp
[

𝑓 (𝜁 𝑡)−𝑓 (𝜁 )
𝑇 𝑡

]

→ 1. That is, we are allowed to aggressively explore other feasible solutions at the first iterations
of the simulated annealing algorithm. However, 𝑇 𝑡 reduces its value from iteration to iteration and, eventually, 𝑇 𝑡 → 0 after many
iterations. At that point, 𝑓 (𝜁 𝑡)−𝑓 (𝜁 )

𝑇 𝑡 → −∞ because 𝑓 (𝜁 𝑡) < 𝑓 (𝜁 ). This results in exp
[

𝑓 (𝜁 𝑡)−𝑓 (𝜁 )
𝑇 𝑡

]

→ 0 indicating that, as the number of
terations progresses, we tend to reject a feasible neighbor solution if it does not offer a performance improvement.

For applying the aforementioned solution method, we would need to find an initial feasible solution 𝜁 𝑡=1 for the MILP in Eqs. (77)–
78) in order to proceed with the next iterations. This solution should be feasible, but not optimal. That is, there is no need to spend
omputation time solving the MILP in Eqs. (77)–(78) to global optimality. Instead, we use the feasibility pump heuristic for mixed-
nteger problems proposed by Bertacco et al. (2007). This feasibility pump heuristic is quite effective in finding feasible solutions
nd it uses the polyhedron associated with the linear program relaxation of the mixed-integer linear program. In practice, it solves
linear relaxation of the MILP and it rounds the solution values of the relaxed variables to their nearest integer values.

The solution method is described in Algorithm 1.

Find a feasible solution of the MILP in Eqs. (77)–(78) using the feasible pump heuristic (Bertacco et al., 2007);
Set 𝑡 ← 1;
Set 𝑇 𝑡 to a very large positive number;
Set 𝜁 𝑡 equal to the values of the integer decision variables of the feasible solution;
repeat

Choose neighbor solution 𝜁 from the neighbor set 𝜁 𝑡 according to Bertsimas et al. (1993);
Solve the linear relaxation of the MILP in Eqs. (77)–(78) with dual simplex using the 𝜁 values;
if The linear relaxation of the MILP has a feasible solution then

if 𝑓 (𝜁 ) ≤ 𝑓 (𝜁 𝑡) then
𝜁 𝑡 ← 𝜁

end
if 𝑓 (𝜁 ) > 𝑓 (𝜁 𝑡) then

With probability exp
[

𝑓 (𝜁 𝑡)−𝑓 (𝜁 )
𝑇 𝑡

]

, set 𝜁 𝑡 ← 𝜁

end
Set 𝑡← 𝑡 + 1;
Update 𝑇 𝑡 with the linear cooling function 𝑇 𝑡 = max{0, 𝑇 𝑡−1 − 𝛽}, where 𝛽 > 0;

end
until a maximum number of iterations is reached;

Algorithm 1: Simulated Annealing with dual simplex

Note that the value of 𝑇 𝑡 is updated from iteration to iteration using a linear cooling function, such that 𝑇 𝑡 = max{0, 𝑇 𝑡−1 − 𝛽},
where 𝛽 is a positive parameter indicating a constant reduction of the value 𝑇 𝑡 until reaching the lower bound of 𝑇 𝑡 = 0. Other
unctions, such as 𝑇 𝑡 = 𝛽

log 𝑡 , can be used as well, but the principle 0 ≤ 𝑇 𝑡 ≤ 𝑇 𝑡−1 should be followed to keep intensifying our search.
Note also that 𝑇 𝑡 is updated every time we find a feasible neighbor solution. If a neighbor solution 𝜁 is found to be infeasible, we
discard it and select another one from the neighbor set  .
14
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Fig. 4. Examples of zone boundaries.

Table 3
Case study input values.

Set Value
Work zones, 𝑍 25
Nights, 𝑁 364
Maintenance crews, 𝐶 3
Train operators, 𝑂 3

5. Case study

Our model is assessed by performing numerical experiments on a part of the Dutch network. Our case study discusses the creation
of work zones in an area, the model input parameters, the results of comparisons, and a sensitivity analysis.

5.1. Work zones

Yards are divided into work zones using the method of den Hertog et al. (2005) and by analyzing the layouts of the overhead
wiring system. Fig. 4 shows how part of a yard can be divided into zones. Boundaries are based on a combination of the method
of den Hertog et al. (2005) and the layout of overhead wiring. Since most hindrance for operators is caused by shutting off the
power of overhead wiring, boundaries of work zones should always match the boundaries between catenary groups.

5.2. Model input

Our study area includes multiple main yards with connecting track sections. A total of 200 km of tracks and 225 switches are
divided into different zones. The cardinalities of the sets of the model are: 25 work zones, 364 nights (52 weeks), 3 work crews (one
for each engineering field), and 3 train operators (operators for main lines, operators for regional lines, and operators for freight
lines), see Table 3. The tracks and overhead wiring need to be maintained three times and every switch between 1 and 4 times
(depending on the importance of the individual switch) over the planning horizon. Each of the three work crews is specialized in
one maintenance engineering field. Besides Saturday nights, all nights of the week are available for maintenance in every zone. To
ensure that crews do not have to travel long distances between zones in a night, only adjacent zones are allowed to be combined.
The hindrance for train operators when maintenance operations are performed in a zone is determined according to Section 4.2 and
takes values within the range [0,1].

The maximum number of nights that may be used for maintenance is 260 nights, an average of five nights per week. The weight
parameters of the share of the workloads in the objective function are initially kept at the default values of 1, but the weight
parameter for the share of hindrance is set at 0.04 and that of the number of nights used at 0.005 after extensive pre-testing to
ensure a better balance between the workloads, the hindrance and the number of nights used in the outcome of the objective
function. Later, in Section 5.6, we perform a sensitivity analysis by investigating the performance of our model when varying the
values of the weight parameters.
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Table 4
Computational results from test instances with different work zones, 𝑍, and planning nights, 𝑁 .

Test Problem size Computation time (h)

Instance Work zones Planning nights Exact (B&B and simplex) Heuristic (Alg. 1)

1 1 7 0.000 0.000
2 2 7 0.000 0.000
3 2 14 0.000 0.000
4 5 14 0.001 0.000
5 10 21 0.007 0.004
6 10 28 1.011 0.010
7 25 364 8.005 2.012

5.3. Computational performance

To test the computational performance of our MILP model, our model is solved for different test instances with varying set sizes.
ur MILP is solved:

(1) with an exact solution method that combines branch-and-bound and simplex. For this, our MILP in Eqs. (77)–(78) is
programmed in AIMMS (2019) and it is solved using CPLEX 12.9.

(2) heuristically by applying our solution method presented in Algorithm 1. Note that the feasible pump heuristic that provides
the initial solution guess of our simulated annealing search is implemented in CPLEX 12.9 using the feasibility pump switch
option. The simulated annealing algorithm is implemented according to Algorithm 1 where the LP subproblems are solved
using dual simplex.

The computational tests are performed in an Intel® Core™i3-8145U dual core processor with 4 GB RAM. In Table 4, the results
of the computational test are presented. In this table we report the computational costs for realistic cases with up to 3 maintenance
crews and 3 train operators that are implemented in our case study. Test instance 7 is the scenario of our case study that covers 25
work zones and 364 nights.

In Table 4 we investigate how the computational costs change with the number of work zones and planning nights since the
former indicates the scalability of our model with respect to the increase of the size of the network and the latter with respect to the
increase of the planning period. To compute the globally optimal maintenance activities with branch-and-bound (B&B) and simplex
for 1 year in a realistic network with 25 work zones that cover a large area of 200 km track connecting 3 distant cities we need 8 h.
Applying the simulated annealing-based heuristic presented in Algorithm 1 reduces this computation time to 2 h without resulting
in an optimality gap (we let Algorithm 1 run until its solution matches the solution of the exact solution method). Algorithm 1
is implemented with the use of linear cooling where 𝛽 = 1. When planning shorter time periods, the computational costs reduce
significantly (we can compute globally optimal solutions for 1-month planning horizons within 1 h).

5.4. Model comparison

To fairly compare different maintenance schedules, performance indicators are needed. We thus introduce three key performance
indicators (KPIs) before the comparisons between different models and the current maintenance schedule.

For maintenance contractors, it is desirable that the maintenance operations are spread-out over the whole schedule; therefore,
the first KPI is the total mean workload for maintenance crews. This value is determined by adding up the average workloads per
infrastructure part.

Total Mean Workload for crews:
Mean Workload Switches +
Mean Workload Straight Tracks +
Mean Workload Overhead Wiring

(80)

For operators, the total amount of times they are hindered is important; therefore, the second KPI is the total hindrance for train
operators.

Total Hindrance for operators:
∑

𝑜∈𝑂

∑

𝑧∈𝑍

∑

𝑛∈𝑁
(ℎ𝑜𝑧𝑛) (81)

For the railway manager it is interesting to know how often work takes place during nights; therefore, the third KPI is the total
umber of nights used in the schedule. The determination of the KPIs is given in the following.

Total Nights Used:
∑

(𝑡𝑛) (82)
16
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Fig. 5. Performance of the current schedule, baseline model, and our proposed model.

Using the aforementioned KPIs, we perform comparisons of the following maintenance schedules:

(a) the current maintenance schedule used by the operator;
(b) the baseline maintenance schedule based on the adjusted model of van Zante-de Fokkert et al. (2007) expressed in Eqs. (83)–

(84);
(c) the proposed maintenance schedule based on our model expressed in Eqs. (77)–(78).

Baseline Model: Min
∑

𝑐∈𝐶
(𝛬𝛾𝑦𝑐 + 𝛬𝜇𝑢𝑐 + 𝛬𝛿𝑑𝑐 ) +𝑀

∑

𝑛∈𝑁
(𝑡𝑛) (83)

s.t. Eqs. (11)–(67) & Eqs. (70)–(75). (84)

To compute the maintenance schedules of the baseline and the proposed models, the respective mathematical programs were
implemented and solved in AIMMS (2019) using CPLEX 12.9.

It is important to note that the baseline model contains only a constraint that limits the maximum workload of switch
maintenance, and not a constraint for straight track and overhead wiring maintenance (therefore, constraints (68) and (69) are
removed). In addition, the baseline model does not include an upper limit on the number of nights used (therefore, constraint (76)
is also removed). Next to this, the objective function of the baseline model in Eqs. (83)–(84) differs from our proposed model since
it aims to minimize the workload and used nights without considering hindrance.

After implementing the three maintenance schedules, the values of the KPIs when implementing the current, the baseline, and
the proposed maintenance schedules are presented in Fig. 5. As can be seen, the total mean workload for work crews and the
total hindrance for operators are both lower in the proposed schedule compared with the baseline model. Total hindrance is also
lower compared with the current schedule. However, the total number of nights used is higher. It is also important to note that
the total mean workload of the baseline model is higher than three since work crew capacities on straight track and overhead
wiring maintenance are not considered in that model. The incorporation of hindrance in our proposed model – which is one of the
contributions of our work – had an important role in the performance of our model allowing it to improve the total hindrance by
more than 67% compared to the baseline and the current schedules.

5.5. Performance evaluation when considering different versions of our objective function

To investigate the effect on the performance of maintenance schedules when optimizing only for either the maintenance
ontractor or the train operators, we perform sub-optimizations by omitting parts of the objective function of our proposed model.
o optimize only for the maintenance contractor, we minimize only the workload and the hindrance is omitted from the objective
unction. To optimize only for the train operators, only the hindrance is minimized and the workload is omitted from the objective
unction. Furthermore, it is interesting to find the minimum of the total nights that have to be used to fulfill the demanded
aintenance. Therefore, we have the following four models:

Proposed Model: Min
∑

𝑐∈𝐶
(𝛬𝛾

𝑦𝑐
𝑄max
𝑐

+ 𝛬𝜇
𝑢𝑐
𝑆max
𝑐

+ 𝛬𝛿
𝑑𝑐
𝐵max
𝑐

) + 𝛬𝜙
∑

𝑜∈𝑂

∑

𝑧∈𝑍

∑

𝑛∈𝑁
(ℎ𝑜𝑧𝑛) + 𝛬𝜓

∑

𝑛∈𝑁
𝑡𝑛 (85)

s.t. Eqs. (11)–(76). (86)
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Fig. 6. Performance of our proposed model when altering its objective function to consider only the crew workload, the hindrance or the number of nights.

Proposed Model considering only the Workload: (87)

Min
∑

𝑐∈𝐶
(𝛬𝛾

𝑦𝑐
𝑄max
𝑐

+ 𝛬𝜇
𝑢𝑐
𝑆max
𝑐

+ 𝛬𝛿
𝑑𝑐
𝐵max
𝑐

) (88)

s.t. Eqs. (11)–(76). (89)

Proposed Model considering only the Hindrance: (90)

Min 𝛬𝜙
∑

𝑜∈𝑂

∑

𝑧∈𝑍

∑

𝑛∈𝑁
(ℎ𝑜𝑧𝑛) (91)

s.t. Eqs. (11)–(76). (92)

Proposed Modelconsidering only the Nights: (93)

Min 𝛬𝜓
∑

𝑛∈𝑁
𝑡𝑛 (94)

s.t. Eqs. (11)–(76). (95)

Fig. 6 presents the values of the KPIs when excluding different aspects from the objective function of our proposed model. When
ptimizing the problem for work crews only, the total mean workload is lower, but the total hindrance for operators increases
rastically and the total number of nights used receives its maximum allowed value. When optimizing the problem for operators
nly, the total mean workload increases while the total hindrance decreases slightly and the total number of nights used receives
ts maximum allowed value. When optimizing the problem only on the number of nights used, both the total mean workload and
he total hindrance increase substantially. These results provide an indication on the minimum values of the total mean workload,
otal hindrance and total nights used. With this in mind, our proposed model seems to be a good compromise with a total mean
orkload of 37% above the minimum, a total hindrance of 3% above the minimum and a total number of nights used of 43% above

he minimum. Especially when analyzing the performance of the current schedule and baseline model in Fig. 5, one can observe
hat our proposed model shows a large improvement on the first two KPIs, with a hindrance value close to its potential minimum.

.6. Sensitivity analysis

Since our proposed model makes use of weight parameters 𝛬𝛾 , 𝛬𝜇 , 𝛬𝛿 , 𝛬𝜙, 𝛬𝜓 in its objective function, we hereby analyze the
ensitivity of the performance of our model to parameter changes. For this, one weight parameter is varied at a time while keeping
he others constant. The upper and lower bound to these variations are respectively ten times larger and ten times smaller than
he standard value, with in total eight different weight parameter values. In Figs. 7 to 11, the relative changes in the KPIs are
epicted in relation to the variations of the weight parameters. Varying the weight parameter for switches, 𝛬𝛾 , does not affect the
PIs considerably. The same holds for varying the weight parameter for straight tracks, 𝛬𝜇 . For the weight parameters for overhead

wiring, 𝛬𝛿 , hindrance, 𝛬𝜙, and nights, 𝛬𝜓 , there are more clear trends. When the weight parameter 𝛬𝛿 increases its value, the total
hindrance and total nights used increase while the total mean workload decreases slightly. When 𝛬𝜙 changes, total hindrance will
increase drastically at the lower bound of the variation, but changes significantly towards the upper bound of 𝛬𝜙. Changes in the
weight parameter for the total nights used, 𝛬𝜓 , have almost no influence on total hindrance. Increasing 𝛬𝜓 leads to a decrease in
total nights and an increase in total workload. This behavior could have been expected, since these two KPIs are inversely correlated.
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Fig. 7. Performance sensitivity of KPIs to the weight parameters for switches, 𝛬𝛾 .

Fig. 8. Performance sensitivity of KPIs to the weight parameters for straight tracks, 𝛬𝜇 .

Fig. 9. Performance sensitivity of KPIs to the weight parameters for overhead wiring, 𝛬𝛿 .

Fig. 10. Performance sensitivity of KPIs to the weight parameters for hindrance, 𝛬𝜙.
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Fig. 11. Performance sensitivity of KPIs to the weight parameters for used nights, 𝛬𝜓 .

Fig. 12. Performance trade-offs between the total workload, the total hindrance, and the total nights used.

In addition to the sensitivity analysis with respect to the weight parameter values, we also investigate the trade-off between the
three KPIs by computing different solutions using different weight parameter values. The results of this analysis are summarized in
Fig. 12. From Fig. 12 it is clear that we can reduce significantly our total hindrance by increasing the total workload to above 2.0,
where the maximum possible workload in all three engineering fields is equal to 3. After that point, the total hindrance reduction
considering both the passenger and freight trains is marginal. Total hindrance can also be reduced when the total nights used is kept
around 200. The trade-off between total nights and total workload seems almost linear. Maintenance planners can select a trade-off
based on their preferences, although a reasonable choice that generates the maximum total hindrance benefits with respect to the
required workload is a choice that results in around 200 nights being used.

6. Conclusion

This study proposed a novel mixed-integer linear program for maintenance scheduling that considers the trade-off between train
traffic and maintenance management. This was done by including (a) hindrance for train operators, (b) the practical limitations of
maintenance contractors, and (c) a distinction among maintenance engineering fields (namely, straight tracks, switches and overhead
wiring) in a new maintenance scheduling model.

The results of our case study show that when optimizing only the maintenance schedule for train traffic, the hindrance for train
operators is brought to a minimum. The workload of maintenance crews is not considered in that case and thereby crews have to
work at their maximum capacities regularly to perform all required maintenance operations within the schedule. When optimizing
only the maintenance schedule for maintenance contractors, the workload for maintenance contractors is brought to a minimum.
Thereby, the required maintenance operations are spread out more evenly using all available nights. Through this, maintenance
crews are never required to work at their limits. The latter is at the expense of a drastic increase in hindrance for train operators.

By comparing our proposed model against the baseline model based on the work of van Zante-de Fokkert et al. (2007) and the
current maintenance schedule in our case study we showed that our proposed model spreads-out the maintenance activities across
more nights lowering considerably both the workload of maintenance contractors and the total hindrance of train operators. This
improvement is achieved by including the capacities of work crews in our proposed model’s formulation and by distinguishing the
maintenance activities among engineering fields since most hindrance for parked trains is caused by maintenance on the overhead
wiring system. To prevent using all available nights, our proposed model also considers the total number of nights used resulting
in favorable solutions with the use of, approximately, 200 nights.
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7. Discussion of future directions

After conducting interviews with experts regarding the practicality of our model’s solutions, it became evident that scheduling
rain-free periods and working crew rosters with some degree of regularity (e.g., with a repetition across different days of the week)
s important to maintenance scheduling. To address this, in future research one can expand our proposed model by considering
he repetition of the maintenance activities as an additional problem incentive resulting in a reformulated objective function. In
ddition, in the Dutch context there was no need to balance the workload of a crew across different nights. This can be, however,
n interesting addition and it can be incorporated in our model by introducing an additional objective function term that penalizes
he workload variations of a crew across nights.

Future research regarding maintenance scheduling that includes hindrance can further improve the detail of modeling the
indrance to train operators. Hindrance for parked passenger trains is not only caused because of the need to relocate parked
rains, but it might also be a result of maintenance operations on overhead wiring. For instance, shutting off power in one work
one may lead to a power shut off in another nearby zone. Therefore, grouping the overhead wiring maintenance operations for
earby zones can reduce further the hindrance to the parked trains that might not be relocated to other work zones.

Finally, due to the spreading of maintenance activities over the whole planning horizon, it may be occur that certain activities
re scheduled later in time than desired. This could lead to an increasing risk of failure of assets. Future research can expand the
roposed model by ordering the demanded maintenance activities based on maintenance priorities. For this, one should consider
he increased possibility of unmaintained infrastructure failures over time. A penalty could be given when the failure risk of assets
xceeds a certain threshold to incorporate this consideration in the model objectives.
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