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Abstract— In the railway technical centers, scheduling the 

maintenance activities is a very complex task, it consists in 

ordering, in the time, all the maintenance operations on the 

workstations, while respecting the number of resources, 

precedence constraints, and the workstations’ availabilities. 

Currently, this process is not completely automatic. For 

improving this situation, this paper presents a mathematical 

model for the maintenance activities scheduling in the case of 

railway remanufacturing systems. The studied problem is 

modeled as a flexible job-shop, with the possibility for a job to 

be executed several times on a stage. MILP formulation is 

implemented with the Makespan as an objective, representing 

the time for remanufacturing the train. The aim is to create a 

generic model for optimizing the planning of the maintenance 

activities and improving the performance of the railway 

technical centers. At last, numerical results are presented, 

discussing the impact of the instances size on the computing time 

to solve the described problem. 

Keywords—maintenance scheduling, flexible job-shop, 

railway system, Makespan, optimization. 

I. INTRODUCTION AND LITERATURE REVIEW 

To ensure the functioning of rolling stock, the railway 
companies have several maintenance technical centers. These 
technical centers are classified into two categories. The first 
one is the maintenance technical centers, in which is 
performed the maintenance of level 1 to 3. The second one is 
Industrial Technical Centers (ITC) in which is performed the 
heavy maintenance operations, modernization and 
remanufacturing the trains, these are the maintenance 
operations of level 4 and 5. In fact, most of the operations 
carried out at ITC are midlife operations on TGVs (High 
Speed Train). After 15 years of use, TGVs are sent to ITC to 
be completely dismantled to undergo a series of checks and 
repairs before being reassembled and modernized. These 
operations take about 4 months of working, they represent 
about 60000 hours of workload. 

The maintenance activities include preventive 
maintenance and renewal. The former includes activities that 
restore the train components to a better condition. The latter is 
the replacement of components when maintaining them is no 
longer practical and economical [1]. In the case of ITC, a train 
is composed by several wagons, each wagon represents a job 
and each job is made up of several operations. The operations 

represent the elementary work carried out on each 
workstation. For each operation, a duration representing its 
workload and a workstation in which it can be executed. Some 
workstations are occupied by several operators who can make 
the same job. From modeling point of view, this system can 
be considered as a flexible job-shop for the following reasons: 
A chain of operations must be executed on workstations in 
series. A train is composed by several wagons, each wagon 
represents a job. A job includes several operations, and each 
operation must be executed on a workstation representing the 
stage. Each job follows its own sequence on the stages. Some 
operations can simultaneously be executed on identical 
workstations when multiple operators are available. So, there 
are parallel resources in some stages. The schedule then 
determines the ordering of the wagon’s operations on the 
workstations for minimizing the time for remanufacturing the 
train, regarded as a makespan. 

In the railway system literature, several works modeled the 
planning of maintenance activities as a scheduling problem. 
For example, Peng et al., [2] proposed a heuristic method to 
the railroad track maintenance scheduling. The authors are 
interested in the minimization of the total travel costs of the 
maintenance teams as well as the impact of maintenance 
projects on railroad operation. Budai et al., [3] are interested 
in the long-term and medium-term planning for determining 
which preventive maintenance works will be performed on 
segments and its time periods. The aim is to minimize the 
track possession cost. The authors proposed three greedy 
heuristics for scheduling preventive railway maintenance 
activities. Consilvio et al., [4] presents a stochastic model for 
scheduling predictive and risk-based maintenance activities in 
rail sector, the authors considered the stochastic nature of 
railway defect occurrence. They developed a MILP 
formulation for modeling their problem, considering the 
completion time and the tardiness of the maintenance 
activities as an objective. Dao et al., [5] proposed a 
mathematical model for finding the best maintenance 
schedule for multiple components in a railway track for 
minimizing the total cost in the planning horizon. For other 
related papers dealing with railway maintenance activities 
scheduling, the reader may refer to [6], [7], [8], [9], [10]. 

 Most of studied works consider the scheduling of routine 
or ordinary maintenance activities, such as regular inspections 



and minor repairs. However, only few papers are interested in 
scheduling major maintenance activities like renewal, 
modernization, or remanufacturing. For instance, Torba et al., 
[11] proposed a MILP formulation for scheduling 
maintenance operations of rolling stock to renovate the trains. 
The authors modeled their problem as a multi-skill resource-
constrained muti-project scheduling. To fill the void, in this 
paper, a MILP formulation for scheduling the maintenance 
activities of level 4 and 5 is implemented. The studied problem 
is very helpful for ITC decision makers. It allows to optimize 
the time of remanufacturing the train and reduce the related 
costs. In the classical job-shop, each job consists of a set of 
operations which need to be proceeded in a specific stage and 
only one operation in a job can be proceeded at a given time. 
Each job follows its own sequence on the stages. When there 
are multiple machines on the stage, we are talking about a 
flexible job-shop. In the studied problem, some jobs can be 
proceeded several times on a stage. For example, a wagon 
proceeds on the washing stage, then it proceeds on sanding, 
and it comes back to the washing again. Therefore, in our 
model, the jobs can proceed several times on a stage, but not 
successively. The novelty of this work is to model the 
maintenance activities scheduling of railway remanufacturing 
system (maintenance of level 4 and 5) as a flexible job-shop 
scheduling problem and to create a generic mathematical 
model using a MILP formulation. To the best of our 
knowledge, very few papers consider this kind of problem. 
The main contributions of the work are: 

• Modeling the maintenance activities of the railway 
remanufacturing systems as a flexible job-shop 
scheduling problem. 

• Implementing a MILP formulation for the described 
problem to optimize the time of remanufacturing the 
train. 

• Discussing the results in terms of the CPU time for 
testing the limitation of the MILP resolution in terms 
of number of jobs. 

The rest of the paper is organized as follows: In section 2, 
the problem is described. In section 3, the mathematical model 
is implemented. In section 4, the numerical results are 
discussed. Finally, we conclude and propose some 
perspectives in section 5. 

II. PROBLEM DESCRIPTION 

In the studied system, a train is composed by several 
wagons, each wagon represents a job, each job is made up of 
several operations. The operation represents the elementary 
work carried out on each workstation. For each operation, a 
duration representing its workload and a workstation in which 
it can be executed. Indeed, a workstation is a physical place 
where the operation can be performed. Some workstations are 
occupied by several operators who can make the same job. 
From modeling point of view, this system can be considered 
as a flexible job-shop. For the reasons mentioned in the 
introduction. 

In the flexible job-shop problem, we consider a set 
of N jobs, {1, 2, …, N} is available to be scheduled, at the 
beginning of the horizon, in a set of S stages, {1, 2, …, S}. 
Each job is composed by several operations, we denoted by 
Oij the ith operation of job j. Thus, for each operation Oij is 
given a processing time pij and a stage Stageij. When the 
operation Oij starts at time STij on a stage Stageij, it is 

processed to completion time CTij without preemption 
(i.e. CTij = STij + pij). All the job information (pij, Stagejij) is 
known in advance. The Makespan Cmax is the completion of 
all operations of the train, max (CTij).  

III. MATHEMATICAL MODEL 

In this section, a MILP is formulated. To build our 
mathematical model, we adapted the model presented in 
[12,13,14,15] in which they minimized the total weighted 
waiting time in scheduling problems, to consider now the 
flexible job-shop and the makespan as an objective. The 
assumptions, parameters, decision variables and constraints 
are given below 

Assumptions 

• The maintenance operators are always available to 
perform the tasks. 

• The technical center is continuously open. 

• The dismantling operations are done before. 

• The operations scheduling concerns the 
remanufacturing of one train. 

Parameters 

N: number of jobs (wagons) 

S: number of stages (workstations) 

j: index of job, j=1, 2, ..., N  

k: index of position, k=1, 2, ..., K  

s: index of stage, s=1, 2, ..., S       

Ms: number of identical machines in the stage s. 

m: index of machine at stage s, m=1, 2, ..., Ms. 

nj: number of operations of job j. 

i: index of operation, i=1, 2, ..., nj    

Oij: ith operation of job j. 

pij: duration of the operation Oij. 

Stageij: stage the operation Oij. 

BigM: A big value. In our case, it is assumed that BigM= 

∑ ∑ 𝑝𝑖𝑗

𝑛𝑗

𝑖=1
𝑁
𝑗=1  

Ajs: number of times when job j must be executed in the 

stage s. 

K: max
𝑠 𝑖𝑛 1..𝑆

∑ 𝐴𝑗𝑠
𝑁
𝑗=1  

Decision variables 

STij= starting time of operation i of job j. 

CTij= completion time of operation i of job j. 

Sksm= starting time of position k in stage s at machine m. 

Cksm= completion time of position k in stage s at machine m. 

 

𝑋𝑖𝑗𝑘𝑠𝑚 {
1 𝑖𝑓 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑂𝑖𝑗 𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑 𝑖𝑛 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑘 𝑖𝑛 𝑠𝑡𝑎𝑔𝑒 𝑠 𝑜𝑛 𝑚𝑎𝑐ℎ𝑖𝑛𝑒 𝑚

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 
 

Objective 

The objective is to minimize the schedule completion 
time, the completion of all operations of the train. Hence, we 
reduce the costs related to the train delay. This date 
corresponds to the Makespan Cmax such as: 

𝐶𝑚𝑎𝑥 = 𝑚𝑎𝑥(𝐶𝑇𝑖𝑗) ∀𝑖 ∈ {1 … 𝑛𝑗}, ∀𝑗 ∈ {1 … 𝑁} 

 
So, the objective is min Cmax subject to the following 

constraints.  



Constraints 

𝐶𝑚𝑎𝑥 ≥ 𝐶𝑇𝑖𝑗 ,   ∀𝑖 ∈ {1 … 𝑛𝑗}, ∀𝑗 ∈ {1 … 𝑁} () 

∑ ∑ ∑ 𝑋𝑖𝑗𝑘𝑠𝑚
𝑀𝑠
𝑚=1

𝑆
𝑠=1

𝐾
𝑘=1 = 1,   ∀𝑗 ∈ {1 … 𝑁}, ∀𝑖 ∈ {1 … 𝑛𝑗} () 

∑ ∑ 𝑋𝑖𝑗𝑘𝑠𝑚
𝑀𝑠
𝑚=1

𝐾
𝑘=1 = 1, 𝑖𝑓 (𝑆𝑡𝑎𝑔𝑒𝑖𝑗 = 𝑠)  

∀𝑗 ∈ {1 … 𝑁}, ∀𝑖 ∈ {1 … 𝑛𝑗}, ∀𝑠 ∈ {1 … 𝑆} () 

∑ ∑ 𝑋𝑖𝑗𝑘𝑠𝑚

𝑛𝑗

𝑖=1
𝑁
𝑗=1 ≤ 1; ∀𝑘 ∈ {1 … 𝐾}  

∀𝑠 ∈ {1 … 𝑆}, ∀𝑚 ∈ {1 … 𝑀𝑠}  () 

∑ ∑ 𝑋𝑖𝑗𝑘+1𝑠𝑚

𝑛𝑗

𝑖=1
𝑁
𝑗=1 ≤ ∑ ∑ 𝑋𝑖𝑗𝑘𝑠𝑚

𝑛𝑗

𝑖=1
𝑁
𝑗=1   

∀𝑘 ∈ {1 … 𝐾 − 1}, ∀𝑠 ∈ {1 … 𝑆}, ∀𝑚 ∈ {1 … 𝑀𝑠} () 
𝑆𝑘+1𝑠𝑚 ≥ 𝐶𝑘𝑠𝑚, ∀𝑘 ∈ {1 … 𝐾 − 1}, 
 ∀𝑠 ∈ {1 … 𝑆}, ∀𝑚 ∈ {1 … 𝑀𝑠}  () 

𝐶𝑘𝑠𝑚 = 𝑆𝑘𝑠𝑚 + ∑ ∑ 𝑋𝑖𝑗𝑘𝑠𝑚

𝑛𝑗

𝑖=1
𝑁
𝑗=1 ∗ 𝑝𝑖𝑗   

∀𝑘 ∈ {1 … 𝐾}, ∀𝑠 ∈ {1 … 𝑆}, ∀𝑚 ∈ {1 … 𝑀𝑠} () 

𝐶𝑇𝑖𝑗 = 𝑆𝑇𝑖𝑗 + 𝑝𝑖𝑗 ,   ∀𝑗 ∈ {1 … 𝑁}, ∀𝑖 ∈ {1 … 𝑛𝑗} () 

𝐶𝑇𝑖𝑗 ≥ 𝐶𝑘𝑠𝑚 − 𝐵𝑖𝑔𝑀(1 − 𝑋𝑖𝑗𝑘𝑠𝑚),  

∀𝑗 ∈ {1 … 𝑁}, ∀𝑖 ∈ {1 … 𝑛𝑗}, ∀𝑘 ∈ {1 … 𝐾}, ∀𝑠 ∈
{1 … 𝑆}, ∀𝑚 ∈ {1 … 𝑀𝑠}  () 

𝐶𝑇𝑖𝑗 ≤ 𝐶𝑘𝑠𝑚 + 𝐵𝑖𝑔𝑀(1 − 𝑋𝑖𝑗𝑘𝑠𝑚),  

∀𝑗 ∈ {1 … 𝑁}, ∀𝑖 ∈ {1 … 𝑛𝑗}, ∀𝑘 ∈ {1 … 𝐾}, ∀𝑠 ∈
{1 … 𝑆}, ∀𝑚 ∈ {1 … 𝑀𝑠}  () 

𝐶𝑇𝑖𝑗 ≤ 𝑆𝑇𝑖′𝑗  𝑖𝑓 (𝑖 < 𝑖′) ∀𝑗 ∈ {1 … 𝑁}, ∀𝑖, 𝑖′ ∈ {1 … 𝑛𝑗} () 

𝑋𝑖𝑗𝑘𝑠𝑚 ∈ {0,1},   

∀𝑗 ∈ {1 … 𝑁}, ∀𝑖 ∈ {1 … 𝑛𝑗}, ∀𝑘 ∈ {1 … 𝐾}, ∀𝑠 ∈
{1 … 𝑆}, ∀𝑚 ∈ {1 … 𝑀𝑠}  () 

𝐶𝑇𝑖𝑗 , 𝑆𝑇𝑖𝑗 , 𝐶𝑘𝑠𝑚, 𝑆𝑘𝑠𝑚 ≥ 0  

∀𝑗 ∈ {1 … 𝑁}, ∀𝑖 ∈ {1 … 𝑛𝑗}, ∀𝑘 ∈ {1 … 𝐾}, ∀𝑠 ∈
{1 … 𝑆}, ∀𝑚 ∈ {1 … 𝑀𝑠}  () 

Constraints’ description 

Equation (1) means that the Makespan value must be 
greater than or equal to all completion time of positions. 
Equation (2) consists of having one operation per position. 
Equation (3) consists of assigning each operation to a stage. 
Equation (4) consists of having only one or no operation per 
position in a machine in a stage. Equation (5) ensures that if 
position k is not occupied by a job, position k+1 will not be 
occupied either. Equation (6) consists in making, for all 
machines, the starting time of the (k+1)th  position greater than 
or equal to the previous position completion time. Equation 
(7) specifies that, for all machines, the completion time of the 
kth position is equal to the starting time of the kth position plus 
the assigned job processing time. Equation (8) specifies that, 
the completion time of Oij is equal to the starting time of Oij 
plus its processing time. Equation (9) and (10) defines, for all 
machines and all stages, the completion time of operation Oij, 
which is greater than or equal to the completion time of the 
assigned position, where bigM must be sufficiently large. 
Equation (11) making the starting time of operation Oi’j 
greater than the completion time of operation Oij if i’ is after 
i. Equation (12) defines the domain of the variable Xijksm. 
Equation (13) is no negativity constraint. 

In this formulation, the blocking constraints between 
successive stages are not considered. The blocking constraints 
can eventually be added in the equation (6), modeling the case 
where the buffer space capacity between the machines is 
limited.   

IV. EXPERIMENTAL RESULTS 

The proposed MILP model has been written on FICO 
Xpress IVE and the simulations have been performed on a 
Core i7 2.70GHz laptop. In this section, we present the 

numerical results obtained through the model application on a 
flexible job-shop. The considered processing times vary 
following a normal distribution with an average of 30 hours 
and a standard deviation of 50 hours, pij ~N (30, (50)²). For 
testing the limitations of the model, we varied the number of 
jobs N, with different values (3, 5; 10), Sg = (5;10;15). At each 
stage is executed one operation by one machine. On the 
presented results, we tested on 10 different instances the 
computing time (CPU). Then, we calculated the minimum, 
maximum, average, and standard deviation of CPU in second. 
The obtained results are presented in Table 1. 

TABLE I.  CPU VALUES 

Sg N Min CPU Max CPU Avg CPU Std dev CPU 

5 

3 0.125 0.157 0.141 0.02 

5 7.815 8.96 8.38 0.8 

10 950 3200 1123.2 1203 

10 

3 0.602 0.741 0.6715 0.09 

5 29.281 33.11 31.19 2.7 

10 > 12h > 12h > 12h > 12h 

15 

3 2.09 2.29 2.19 0.14 

5 > 12h > 12h > 12h > 12h 

10 > 12h > 12h > 12h > 12h 

 

The Average CPU increases to much with N and Sg. Thus, 
the average CPU depends on both, the number of jobs 
(wagons) and the number of stages (workstations). If these 
ones become large, the average and the standard deviation of 
CPU increase. This matter makes it difficult to estimate the 
necessary computing time that the MILP needs for solving the 
problem. Based on Table 1, the proposed MILP model is 
effective in solving the problems made up of 5 jobs in 10 
stages, or 3 jobs in 15 stages. It is averagely equivalent to 50 
operations in total. We have also performed the problems for 
5 jobs in 15 stages (75 operations). The program ran for 12 
hours. Then, we have interrupted the simulation. 

V. CONCLUSIONS AND PERSPECTIVES 

This paper proposed a MILP formulation for scheduling 
the maintenance activities of level 4 and 5. The problem is 
inspired from the railway remanufacturing systems, in which 
the system is modeled as a flexible job-shop scheduling, with 
the possibility for a job to be executed several times on a stage. 
The Makespan is considered as an objective, representing the 
time for remanufacturing the train. The aim of the study is to 
create a generic model for optimizing the planning of the 
maintenance activities and improving the performance of the 
technical centers. Numerical results show that the MILP 
model is effective in solving the problems made up of 50 
operations. To solve large real industrial instances, one of the 
main short-term prospects is to design efficient heuristics and 
metaheuristics to browse even more jobs in a reasonable time, 
as well as a comparison of the proposed MILP and the future 
heuristics with other existing resolution methods. We will also 
consider some future aspects that are beyond the scheduling 
of operations, such as: 

 



• The precedence constraints and the starting conditions 
between the phases. 

• The dismantling assembly operations.  

• The workshop opening hours. 
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