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Abstract 

As the population density in urban areas increased, mobility and gas emissions have become a real 

concern. One way to address this problem is to invest in public transportation, like bus systems. In 

Lisbon, to improve the quality of the offer and make the bus service an increasingly reliable solution, the 

CARRIS bus company depends on the maintenance services provided by the maintenance department. 

Thus, the minimization of total preventive maintenance costs is one of the primary objectives of the 

CARRIS bus operating company. This dissertation presents an original mixed-integer linear 

programming model that is implemented in FICO Xpress software. The model was validated with a 

small-scale illustrative example. As a solution, this mathematical model provides optimal technical 

planning, which reduces the cost of preventive maintenance, increases the availability of buses for the 

service and additionally increases the productivity of the maintenance crew. The analysis shows that 

the optimization approach can save around 16% on preventive maintenance crew cost compared with 

the company plan. A sensitivity analysis was also performed, indicating that the constraints associated 

with the maintenance crew condition the constraints related to the maintenance yard.  Another sensitivity 

analysis related to the unavailability cost was also studied and discussed. The optimal technical planning 

allows the decision maker to be able to plan and schedule preventive maintenance activities more 

directly and efficiently, and thus, being able to anticipate and be prepared for possible contingencies. 

 

Keywords: Bus transit, Maintenance, Maintenance Planning, Maintenance Scheduling, Optimization; 

Mixed integer linear programming 
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Resumo 

À medida que a densidade populacional nas áreas urbanas aumentou, a mobilidade e as emissões de 

gases tornaram-se uma preocupação real. Uma maneira de resolver esse problema é investir no 

transporte público, como sistemas de autocarros. Em Lisboa, para melhorar a qualidade da oferta e 

tornar o serviço de autocarros uma solução cada vez mais fiável, a empresa de autocarros CARRIS 

depende dos serviços de manutenção prestados pelo departamento de manutenção. Assim, a 

minimização dos custos totais de manutenção preventiva é um dos principais objetivos da empresa de 

autocarros CARRIS. A dissertação apresenta um modelo original de programação linear inteira mista 

que é implementado no software FICO Xpress. O modelo foi validado com um exemplo ilustrativo de 

pequena escala. Como solução, este modelo matemático fornece um planejamento técnico otimizado, 

que reduz o custo da manutenção preventiva, aumenta a disponibilidade dos autocarros para o serviço 

e aumenta a produtividade da equipe de manutenção.  A análise demonstra que a otimização pode 

economizar cerca de 16% no custo da equipe de manutenção preventiva em comparação com o plano 

da empresa. Foi realizada uma análise de sensibilidade, que indica que as restrições associadas à 

equipa de manutenção condicionam as restrições relacionadas com o espaço de manutenção. Outra 

análise de sensibilidade relacionada com o custo de indisponibilidade também foi estudada e discutida. 

O planejamento técnico otimizado permite ao tomador de decisão planejar e programar as atividades 

de manutenção preventiva de forma mais direta e eficiente, podendo assim antecipar e estar preparado 

para possíveis contingências. 

 

Keywords: Autocarro, Manutenção, Planeamento de manutenção, Calendarização da manutenção, 

Otimização, Programação linear inteira mista 
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1. Introduction 

The first chapter introduces the context of the problem, the importance of buses and public 

transportation in diminishing the impacts caused by increased urbanization. Then, the objectives and 

methodology are presented and finally, the structure of the present dissertation is outlined. 

 

1.1. Context 

1.1.1. The future of public transport 

The Earth’s population is growing causing an increase in the number of urbanizations, and 

consequently, people concentration in urban areas. According to the European Commission (EC, 2016), 

"(...) 50% of the world’s population lives in cities, but they are responsible for three-quarters of the global 

energy consumption as well as approximately 80% of the global greenhouse gas emissions". The United 

Nations has suggested that the percentage of population could rise to 70% within four decades. This 

increase in population density in cities limits mobility, which is vital to the economy and society. Currently, 

the population responds to the necessity to move with the use of private cars which, in addition to urban 

congestion, causes the emission of gases and increases noise pollution. 

The solution to this problem is not to build another road, bridge or tunnel; this strategy will only generate 

more traffic to the big cities. In the White Paper on Transport (EC, 2011), it is mentioned that the choices 

made today will condition mobility in 2050. Therefore, the most obvious solution besides the use of 

bicycles or walking, would be the combination of electric and hydrogen energy within public 

transportation (Figure 1). This approach will lead to changes in environmental issues as well as in the 

social and the economic fields. 

  

Figure 1: A solution to the problem of urbanization growth 

Therefore, urbanization and increased private and public transport can be seen as an opportunity to 

shape the use of energy in mobility through innovative solutions, which combine technological 

opportunities with local, regional and national policies. Public transportation is necessary for the life and 

continuity of a city; increasing the use of public transportation increases the use of urban areas. The 

European Commission (EC, 2011) goes further and states that "the objective for the next decade is to 
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create a genuine single European transport area by eliminating all residual barriers between modes and 

national systems, easing the process of integration and facilitating the emergence of multinational and 

multimodal operators." 

Throughout this dissertation, the urban public transport studied is the bus, which plays a relevant role in 

urban mobility systems, without reducing the importance of other transports (train, tram, metro, ships, 

...) towards a more efficient and environmentally friendly mobility system in urban areas. 

 

1.1.2. Buses as a Solution 

According to Pojani and Stead (2015) (Pojani & Stead, 2015), in medium-sized cities when 

considering public transport investment, the improvement of the bus system should be one of the 

priorities. Despite the introduction of exclusive lanes for buses and the increasing awareness campaigns 

for the use of buses, the Bus Rapid Transit (BRT) system has been presented as a viable solution. The 

BRT is a bus-based transit system that offers a comfortable, fast and economical service with transport 

capacity similar to that of the metro. This system requires dedicated lanes, which are generally in the 

middle of the roadway, and which contain bus routes and stations. The BRT has lower infrastructure and 

implementation costs than the metro and tram, although with transport capacity and quality similar to 

that of the metro. Additionally, it is more reliable, practical and faster than standard bus services, 

avoiding delays by not getting stuck in traffic or not having to share the road with any other type of 

transportation. In medium-sized cities, an average of 13,000 passengers per hour use this service, and 

in the larger cities, the number can reach 45,000 (Pojani & Stead, 2015). The BRT has been applied in 

several cities throughout the world (Figure 2), with Bogota, Colombia, as one of the biggest successes, 

reducing an average of 250,000 tons of CO2 each year since 2000. 

  

Figure 2: Number of cities with BRT systems, by national and regional settings, 2013 (Cervero, 2013) 

Lisbon faces the same problems stated above: a decrease in air quality and an increase in the number 

of cars in circulation each day. There are about 370.000 cars per day in the center of Lisbon, which 

means that in every 3 cars in circulation in the city, 2 come from outside. CARRIS bus operating 



 
3 

 

company is responsible for the bus service in Lisbon, and about 60% of people use at least the bus 

service throughout the day to get in, out or move within the city.  

In order to improve the quality, reliability, safety and life of the vehicle, and make the bus service an 

increasingly better solution, CARRIS bus operating company depends on the service provided by the 

maintenance department. The bus maintenance can be divided into three sorts: i) daily inspection, ii) 

corrective maintenance and iii) preventive maintenance.  

Daily inspections are performed at the end of each daily run, by the driver or the operator responsible 

for parking the buses in the depot. The problems are recorded and, if necessary, the buses are 

immobilized for observation of the corrective maintenance team. Corrective maintenance (Figure 3.a)) 

occurs when the buses are unexpectedly damaged. These shutdowns are costly since the bus needs 

to be replaced to terminate the service and, in extreme cases, the corrective maintenance team must 

stop the activities to repair the vehicle. Preventive maintenance (Figure 3.b)) occurs with regular 

inspections for pre-specified mileage or time intervals. These inspections are scheduled as general 

interventions and some worn components can be replaced, even if they were not initially meant to. This 

dissertation will focus on this type of maintenance since a good programming schedule will save costs 

and influence the occurrence of the other two kinds of maintenance mentioned above. 

 

Figure 3:The facilities of maintenance of CARRIS in Musgueira for the two options: a) Corrective maintenance 

and b) Preventive maintenance 

 

1.2. Research Objectives and methodology 

The objective of this dissertation is to develop a decision model that is able to minimize the cost of 

maintenance by bus companies; specifically, the goal is to create a technical maintenance planning that 

minimizes the total cost of preventive maintenance. The developed maintenance scheduling model is 

then adapted to the CARRIS case study. 

The following secondary objectives should be investigated to answer the previous aim: 

a) Corrective maintenance b) Preventive maintenance 
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- Increase the availability of the buses; 

- Increase the percentage of occupation of the facility; 

- Sensitivity analysis of the cost of bus unavailability; 

- Identify the resource limit between the number of elements in a maintenance crew, and the 

size of the facility; 

- Evaluation of the optimality maintenance planning as a support to the decision maker. 

These will be the objectives investigated, and the results of this research work will be provided and 

analysed throughout the document. 

 

In order to achieve these goals, the following steps were pursued: 

- Literature review on bus maintenance planning and scheduling; 

- Development and validation of a decision model; 

- Data collection and model implementation in a mixed integer linear programming model; 

- Analysis of results and discussion; 

- Conclusions, limitations and future research; 

 

1.3. Document structure 

The present dissertation is structured in five chapters: 

1. Introduction - The first chapter introduces the context of the problem, the importance of buses 

and public transportation to mitigate the impacts caused by increased urbanization. The 

objectives and methodology are presented and finally, the dissertation structure is outlined. 

 

2. Related work – State of the art -  In chapter 2, a summary of the most relevant papers, which 

were studied during this dissertation, is presented. It introduces the bus scheduling maintenance 

area, but it also provides a brief review of some of the work carried out in the optimization of 

maintenance planning in transportation companies. Finally, a distinction between what has been 

done and what can be done in optimizing maintenance planning is summarized here. 

 

3. Methodology and Implementation - Chapter 3 explores the methodology and the associated 

implementation. Section 3.1 provides a presentation of FICO® Xpress optimization software, as 

well as a description of all the steps of an optimization process, from the real problem to the 

optimal feasible solution. Section 3.2 focuses on the detailed description of the proposed 

mathematical model. Afterwards, section 3.3 describes briefly how the implementation of the 

model in the Mosel language of the FICO® Xpress Optimization software was made. Finally, an 

illustrative example and its implementation are explained in detail in section 3.4, in order to 

better understand the mathematical model. 
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4. The Case study of CARRIS bus operating company - In Chapter 4, the model is applied to a 

case study of a bus operating company (CARRIS). Some details on this transport company are 

provided and a discussion on the specific inputs for the case study is added. 

 

5. Results and Discussion -  In chapter 5, the results of the CARRIS case study are examined. An 

analysis of the optimal gap over computation time can be found, and in the following section, a 

sensitivity analysis is performed on the value of the bus unavailability cost, as well as on the 

availability of the maintenance team and the maintenance yard. 

 

6. Conclusions and Future Research - this final chapter provides the conclusions of the research, 

identifies some limitations and points out further steps of improvements and enhancements to 

the research here conducted. 
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2. Related work – State of the art 

This chapter presents a summary of the most relevant papers that were studied during this 

dissertation. It introduces the bus scheduling maintenance area, but it also provides a brief review of 

some of the work carried out in the optimization of maintenance planning in transportation 

companies. Finally, a distinction between what has been done and what can be done in optimizing 

maintenance planning is summarized here. 

 

2.1. Bus maintenance planning and scheduling 

Haghani and Shafani (2002) focused on finding a way to respond to the problem of scheduling bus 

maintenance (Haghani & Shafahi, 2002). Based on bus operation schedules, maintenance and 

inspection needs, their goal is to design the daily supervision for buses that should be inspected, mostly 

during their idle time, to reduce the number of hours the vehicle is out of service, i.e. reduce 

unavailability. There is still the intention to get the most out of maintenance orders. In other words, the 

objective is to allocate the available maintenance time for all different maintenance activities and assign 

the different maintenance lines to these activities in order to minimize service interruption and maximize 

the utilization of maintenance resources. The optimization program suggests a solution to this problem, 

which returns the maintenance schedule for each bus that should be inspected, as well as the minimum 

number of maintenance lines that are used for each type of inspection, during the scheduled period. 

Haghani et al. (2003) studied the feasibility and cost of three scheduling models of bus transit vehicles 

(Haghani, et al., 2003). The first two models used a single depot and the others multiple depots. All 

models were analysed using two factors: i) deadhead speed and ii) the maximum allowed block time. 

Based on these two factors, the first objective was to minimize the number of vehicles (which means 

reducing the fixed investment costs in the fleet cost of capital), the second was to decrease the total 

deadhead time and cost of operations, and the third was to decrease the combination of two previous 

objectives. It was shown that multiple depots provide better solutions, and thus they should be the first 

choice for initial design. However, if the solution is not feasible due to problem size or due to 

computational load, a single depot might be a better alternative. In each of the models, a constraint is 

displayed relative to the time the vehicle can spend away from the depot. As the average speed of the 

vehicle to operate the trips is not the same, the fuel consumed cannot be used to limit the blocks of time. 

Thus, a combination of time and distance of travel, or just the distance that a vehicle may travel, were 

the two proposals suggested as future solutions for delimiting the blocks of time in scheduling problems. 

Zhou et al. (2004) proposed a multi-agent system model to solve a bus maintenance scheduling problem 

(Zhou, et al., 2004). The problem was divided into predictive and reactive scheduling. Therefore, a 

suitable schedule for a set of maintenance tasks can be generated within the feasible computation time 

(predictive scheduling), but it also has the ability to dynamically react to unforeseen events in real time 

(reactive scheduling), while still guaranteeing a certain level of optimization. The optimized schedule 



 

8 
 

was performed for all agents, with mutual collaboration between agents. This multi-agent system model 

is proposed to solve the bus maintenance scheduling problem heuristically and it is compared with the 

mixed integer programming results that used data from (Haghani & Shafahi, 2002). The solution of the 

two programs was evaluated regarding quality and computation time. In fact, this comparison provided 

relevant information for the construction of the constraints of the model proposed in the next chapter. 

Through a P-graph methodology, Adonyi et al. (2013) developed a solution for the bus maintenance 

planning problem in public transportation (Adonyi, et al., 2013). Their model is applied to a case study, 

for which the following data are provided: the probability of bus failure, the available and required number 

of buses, maintenance crew capacity and maintenance cost in different shifts. It is ensured that there 

are enough buses available for the scheduled service and that maintenance and repair tasks can be 

applied in the bus's downtime during its service day, and thus avoiding maintenance only at night (which 

entails higher cost per hour). The model also manages to reduce maintenance costs because buses will 

only be repaired if required. 

 Kamlu and Laxmi (2016) considered that the Vehicle Scheduling Maintenance (VSM) could be affected 

by these three aspects: different terrain, amount of mileage and variable load and associated 

uncertainties (Kamlu & Laxmi, 2016). The VSM is designed through a fuzzy model, and the three 

previous aspects are used as a basis. The fuzzy model needs the data provided by a Geographical 

Information System (GIS), which is generated in a real-time daily report. The data contains information 

on location, direction, distance, speed, among others. Then, all this information is analysed using the 

Monte Carlo Simulation (MCS) method (which is described by a probability density function using the 

monthly results of the average and the standard deviation of each of the three previously mentioned 

aspects (terrain, mileage, load)). The fuzzy model uses as input three factors to generate as output the 

maximum distance in kilometres for the next maintenance for each vehicle. Besides, it can divide the 

maintenance of the vehicle into four categories according to the severity or urgency of the maintenance. 

This division is based on a pre-defined table and the reading data provided by the three factors 

mentioned above. This model is applied to a case study on buses and is compared with results of three 

models: the Haghani and Shafahi model (Haghani & Shafahi, 2002), a neural network model and with 

the results before the intervention of this new model. In conclusion, the fuzzy model combines the 

uncertainties associated with each of the three factors to arrive at the best VSM and is also able to 

predict in advance which type of maintenance is required and thus allows for adaptation and better 

planning of tasks. Furthermore, it reduces the stock of spare parts planned for each maintenance, 

consequently leading to a reduction in overall cost. This approach provides an exciting way to deal with 

uncertainty associated with these three different aspects associated with vehicle maintenance. 

Through a real-life crew scheduling problem of public bus transportation, Öztop et al. (2017) studied the 

ideal number of crewmember drivers to perform a specific set of tasks with minimal cost (Öztop, et al., 

2017). The most relevant point of this paper is the presentation of two constraints: i) drivers cannot 

exceed the maximum limit of total work time and ii) different crew capacities for different types of vehicle. 

These two constraints are included in a Tactical Fixed Job Scheduling Problem (TFJSP) based on a 

binary programming model. 
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As it can be seen from the models described before, several models with different methodologies were 

presented in the past. In the present dissertation, the Mixed Integer Linear Programming (MILP) model 

was used, and thus another set of papers which present such approach is summarized later. It is also 

important to mention that scheduling problems are not restricted to buses. In fact, they can also be found 

in other types of transport, such as trains and aircrafts, as it is explored in the next section. 

 

2.2. Maintenance optimization in transports 

The scheduling of maintenance activities has been regarded as an opportunity for transportation 

companies to improve the operations planning process. The objectives are easy to understand, they 

can be a reduction of costs, increase of transport availability or others; but it is difficult to solve the 

problem because each problem has its restrictions and specific characteristics. A list of document 

summaries, in which maintenance optimization is discussed in the transportation context, is presented 

chronologically below. 

Sriram and Haghani (2003) studied how to minimize maintenance costs and how to minimize the cost 

associated with redistributing aircrafts to flights that were not originally intended (Sriram & Haghani, 

2003). A mathematical formulation is used to solve the aircraft maintenance scheduling problem, as well 

as a heuristic method since it can obtain feasible solutions in a reasonable computing time. The 

optimization program provides a schedule with the different flights and information on which aircraft is 

assigned. The main point is to analyze the possibility of performing maintenance during flight inactivity, 

usually between the end of the night and the beginning of the next morning, considering the different 

types of maintenance (type A and B), the heterogeneity of aircrafts in the fleet, the location of the 

maintenance base for different types of aircraft, amongst others. 

Bazargan (2015) presented a maintenance optimization at a flight training school (Bazargan, 2015). A 

mixed linear programming model was introduced to uncover a strategy that minimizes total maintenance 

cost during the planning period and increases aircraft availability. Then, the optimization solutions were 

compared with different performance evaluation planning criteria, such as: closest to maintenance; 

furthest to maintenance; random maintenance; cheapest next maintenance; equal utilization. The non-

optimized strategies mentioned above have, as the main advantage, their simplicity and ease of 

implementation, which are factors that are of interest to companies. Finally, a plan with a smaller number 

of maintenance activities was tested, which, despite having a higher associated cost, obtained better 

availability indicators, and thus becoming the chosen solution. 

Doganay and Bohlin (2010) suggested a solution based on a MILP to answer the problem of optimizing 

maintenance scheduling with spare parts (Doganay & Bohlin, 2010). The goal is to minimize the cost of 

train maintenance, shunting work, extra work and used life on the horizon. This solution is analysed and 

compared with the CBM (Condition Based Maintenance) solution in three different scenarios: block 

maintenance, optimized with and without spare parts. Based on the comparisons, the authors have 
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concluded that by including the costs of the spare parts they can significantly reduce total costs. They 

were also able to optimize the entire fleet of trains and at the same time preserve their constraints. 

Pour et al. (2017) proposed a hybrid framework that uses feasible solutions generated by Constraint 

Programming, and then uses a Mixed Integer Programming approach to optimize those solutions (Pour, 

et al., 2017). The chosen model is intended to solve the programming issue of the preventive signal 

maintenance team in the Danish railway system. The objective function guarantees: i) the minimization 

of the number of business days to complete the plan, ii) all tasks are completed within the planning 

horizon and iii) the minimization of the penalty associated with assigning workers a task on non-

consecutive days. It is important to highlight that in this type of problem there are several practical 

restrictions related to the type of tasks, the crew schedule, the daily management of tasks, crew 

competences, amongst others. 

 

2.3. Contributions of the references 

Having explored the most relevant contributions on bus maintenance planning and in other 

transportation modes in the previous two sections, this section summarizes the contribution of each 

reference. 

Therefore, Table 1 provides a summary of the papers discussed in the previous section. This table is 

fundamental to provide a relationship between what is already done and what can still be done or 

improved in the research topic of optimization of bus planning and maintenance scheduling. 
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Table 1: Summary of the analysis of the papers on the maintenance and scheduling of buses 

References General Topic Proposed technique  The contribution of the paper 

(Adonyi, et 
al., 2013) 

Optimal bus 
maintenance plan 

P-graph framework Minimization of costs in repairing schedules and 
maintenance tasks that allow only the 

necessary buses to be available in each period. 

(Bazargan, 
2015) 

Aircraft 
maintenance and 

availability  

Mixed integer linear 
programming 

The trade-off between maintenance cost and 
availability fleet. Comparison between 

optimization and non-optimization solution 

(Doganay & 
Bohlin, 
2010) 

Train maintenance 
plan optimization 
with spare parts 

Mixed integer linear 
programming 

The influence of spare parts on the 
maintenance total costs 

(Haghani & 
Shafahi, 

2002) 

Bus maintenance 
scheduling 

Mixed integer linear 
programming 

Minimize the number of hours buses are taken 
from their scheduled service for inspection and 
maximize utilization of maintenance facilities.  

(Haghani, et 
al., 2003) 

Single depot 
multiple depots 

Mixed integer linear 
programming 

The importance of the deadhead speed and the 
maximum allowed block time in the choice of 

single or multiple depots in the vehicle 
scheduling models. 

(Kamlu & 
Laxmi, 
2016) 

Vehicle 
scheduling 

maintenance 

Fuzzy model, GIS, 
MCS 

Analysis of the gap between maintenance 
provided a classification of the type of 

maintenance, which improves the operation and 
reduces the cost of the transport system. 

(Öztop, et 
al., 2017) 

Bus drivers crew 
scheduling 

Binary programming  Crew members with different skills that cover all 
tasks with the lowest possible cost. 

(Pour, et al., 
2017) 

Preventive 
maintenance crew 

scheduling  

A hybrid constraint 
programming/mixed 
integer programming  

Distribution, organization, and optimization of 
the crew in order to reduce operational costs of 

preventive maintenance 

(Sriram & 
Haghani, 

2003) 

Aircraft scheduling 
maintenance  

Mixed integer linear 
programming 

Maintenance costs and the penalization 
associated with redistributing aircraft to flights 

that were not originally intended 

(Zhou, et 
al., 2004) 

Bus maintenance 
and dynamic 

events 

Multi-agent system – 
linear programming 

Ability to generate scheduling of bus 
maintenance tasks within a reasonable time 
and yet respond dynamically to unexpected 

events. 

 

Although there are some studies on the problems encountered by bus companies, the number of 

references linked to the optimization of bus maintenance is low and a large portion of them are not 

recent. Surprisingly, no published research conducted on maintenance crew in bus companies was 

found, and thus, this research gap constitutes one of the aims of the present dissertation. By combining 

a recent study, linked to the optimization of bus maintenance, with the optimization of maintenance crew, 

a new model can emerge and contribute to the present research in the topic of bus maintenance 

planning and scheduling.  
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3. Methodology and Implementation  

Chapter 3 explores the methodology and the associated implementation. Section 3.1 provides a 

presentation of FICO® Xpress optimization software, as well as a description of all the steps of an 

optimization process, from the real problem to the optimal feasible solution. Section 3.2 focuses on the 

detailed description of the proposed mathematical model. Afterwards, section 3.3 describes briefly how 

the implementation of the model in the Mosel language of the FICO® Xpress Optimization software was 

made. Finally, an illustrative example and its implementation are explained in detail in section 3.4, in 

order to better understand the mathematical model. 

 

3.1. Optimization process and mathematical model 

Optimization means improvement and is present everywhere from personal choices to company 

choices. It is a tool increasingly used as an aid in decision making by the operations department. Stewart 

(2015) expressed optimization as “(…) find the maximum (or minimum) value of some quantity Q under 

a certain set of given conditions” (Stewart, 2015), which makes it linked to words such as maximizing or 

minimizing an objective function. Minimizing costs, maximizing resources, increasing fleet and crew 

availability are just a few examples of business goals to save on costs. In the case of transportation 

companies, maintenance incorporates a significant part of the expenses, and optimization can help to 

achieve better results. In the present research, FICO Xpress software was chosen as an optimization 

solver within a vast range of options such as CPLex or Gurobi, which are the suggestions for academic 

research in (Fourer, et al., 2003). 

“Solving large complex optimization problems can be the difference between success and failure in 

today's marketplace. FICO® Xpress Optimization allows businesses to solve their toughest problems, 

faster. FICO’s deep portfolio of optimization options enables users to easily build, deploy and use 

optimization solutions that meet their needs.” (source FICO® Xpress website) 

FICO Xpress is adopted by people who want to build and solve mathematical programming problems, 

such as researchers, analysts, industrialists or logisticians. FICO Xpress currently has available the 

following modules: mmxprs that gives access to Xpress-Optimizer for Solving Linear, Mixed-Integer and 

Quadratic Programming problems; the mmxslp for defining and solving problems with non-linear 

constraints via Sequential Linear Programming; the mmsp for formulating and solving Stochastic 

Programming problems; and the kalis for Constraint Programming. 

As will be shown further on, the objective function has a linear expression, and the constraints are also 

linear equations or inequations, a linear programming model is the obvious choice. Moreover, as the 

decision variables must be integers (because the variables represent entities, people, things or 

requirements that cannot be divided), an integer formulation is needed. Unsurprisingly, the optimization 

approach Mixed Integer Linear Programming (MILP) was the chosen one, for being the most appropriate 

within the available ones, however, this decision has consequences. The main obstacle in the 
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programming of integers is the computing time and memory usage of the computer, which makes the 

complexity of the problem to be solved higher. 

After choosing the appropriate optimization approach for the problem, the MILP model will be called by 

the Mosel system. Mosel is a language of the FICO Xpress that can program a complex solution 

algorithm by combining the programming language and modelling so that there is no separation between 

a modelling statement (variable or decision constraint) and programmed instructions (commands that 

allow the optimization of the objective function) that solve the problem.  

Figure 4 shows the entire optimization process, from the first contact with the "Real-world problem" to 

its possible optimal solution. The first step is to contact (interview) with the people who deal with the 

actual problem and try to extract as much information as possible, then model the data in mathematical 

terms. All the information gathered will help to define the real objective, and to identify the decision 

variables, the objective function, the constraints and the fundamental data (parameters with fixed values 

in the problem) for the model's operation. Only with this information, the mathematical model can be 

built, as can be seen in Figure 4, in point 2, and in more detail in section 3.2 (Mixed integer linear 

programming model). 

 

Figure 4:Modelling/Optimization Process 

It is not always easy, and straightforward, to define the points mentioned above. For example, according 

to Fourer et al (2003) the constraints restrict the solutions of the model, and thus have an essential role 

in the limiting the problem, due to the need to have a balance between the number of constraints and 

the number/quality of solutions (Fourer, et al., 2003). If many constraints are considered, desirable 

solutions are discarded, or in a worse scenario, there may not even exist feasible solutions, however, if 

few restrictions are considered, there is a risk that many less optimal solutions are the ones actually 

able to solve the problem. The authors also argue that when several solutions satisfy the constraints, 

an evaluation criterion is needed, which allows one to decide whether one solution is better than another. 

This criterion is called an objective function, a mathematical expression that incorporates decision 
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variables that the Xpress algorithm seeks to optimize, in order to decide which solution allows to 

maximize or minimize the objective.  

Advancing in the scheme of Figure 4 point 3 is discussed in section 3.3 (Model implementation), and it 

is where the solution found is evaluated. However, as already mentioned, the model may find no solution 

(i.e. no feasible solution), or it may find a solution that does not meet expectations, and then the model 

must be updated. If the solution obtained makes sense for the decision variables, and it respects all 

constraints, the model will then be validated in point 4, through an illustrative example that is described 

in section 3.4 (Parameters of an illustrated example I). As a result of validation, two scenarios can be 

expected: the first one in which the validation does not correspond to the objectives or the decision 

maker’s expectations; the second scenario in which the validation reaches the intended results, which 

will then be analysed and interpreted. Finally, point 5 corresponds to Chapter 4 (The Case study of 

CARRIS bus operating company), where the model will be applied to the real case and the solutions will 

be presented, analysed and compared for the initial “Real-world problem” in point 1. 

 

3.2. A mixed integer linear programming model 

For public transport companies, maintenance costs are a constant concern due to the weight they 

have on their global accounts. According to Purdy and Wiegmann (1987), for fleets larger than one 

hundred units, the maintenance costs represent 30% of total operating costs and have increased 33% 

faster than the vehicle operating costs and four times faster than general administrative costs in the 

same period (Purdy & Wiegmann, 1987). The increase in total maintenance costs can be seen from two 

different perspectives. On one hand, it can be said that there is a more significant interest/demand for 

planned maintenance which entails different associated costs, such as the search for new ways to 

prevent or anticipate failures (predictive maintenance), or through maintenance scheduling based on 

time or mileage intervals. On the other hand, it can be said that maintenance costs have increased due 

to factors such as the vehicle life, reliability, and safety, which are parameters that vary the costs 

associated with corrective maintenance, in both perspectives the total maintenance costs has increased. 

The mathematical model that is presented below is then validated and applied to a real case study, and 

attempts to satisfy and find a way to reduce the cost and time associated with preventive maintenance 

by optimizing the availability of bus maintenance, resources, crew and facilities. The model was created 

entirely from scratch, both the objective function and the constraints were formulated from the decision 

maker's preferences, as well as the conditions found at the bus transport operating company CARRIS 

and its facilities. However, it would be unfair not to mention the influence that the model published by 

Haghani and Shafani (2002) had in the development of the present model. Its constraints served as a 

basis for creating new constraints and allowed a better understanding of the transit bus maintenance 

study area. Moreover, it was also proposed in this paper as future work, the possibility of studying the 

assignment of maintenance crew in order to improve the availability, efficiency, and decrease the costs 

of the maintenance system, and in fact, answering this aim became one of the objectives of the present 

model. It is easy to justify this interest, mainly due to the fact that it has much potential in many different 
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areas, from the maintenance in the industry to the maintenance in facilities of different types of public 

transportation. To achieve this goal, the more recent model proposed by Pour et al. (2017) contributed 

as a starting point to adapt their constraints and objective function related to crew maintenance, to the 

bus maintenance planning and scheduling problem. 

The optimization model adopted four types of decision variables to optimize the costs of preventive 

maintenance and also the availability of the bus to the scheduled service on feasible and safety 

conditions. The first one indicates if, during a precise time, a particular bus carried out its maintenance 

task by a specific worker. The second variable indicates if for a given time a specific bus is under 

maintenance. The third variable indicates whether a given worker is assigned during a specific day. 

Finally, the last decision variable indicates if for a given day, a specific bus is under maintenance. 

In the next subsections, more components and certain notation are introduced to formulate the 

mathematical optimization model, such as indexes, sets, parameters, constants, decision variables and 

the objective function.  

 

3.2.1. Indexes 

b 

c 

d  

m 

t 

v 

w 

bus unit 

competence unit 

day unit 

maintenance type 

time unit 

vehicle type unit 

worker element 

 

3.2.2. Sets 

B 

C 

D  

M 

T 

V 

W 

set of bus units b 

set of competence units c 

set of day unit d 

set of maintenance types m 

set of time units t 

set of vehicle types units v 

set of workers elements w 
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3.2.3. Parameters 

     bus_typeb 

     CCw 

     c_type𝑐 

     cDw 

     Gbmvc  

ma_type𝑚 

      NWtc    

Sb    

      TMb 

VVb  

      v_typev 

      w_typew 

array of strings of bus type name per bus unit b 

competence of worker w 

array of strings of competence type name per competence unit c 

daily cost of worker type w 

amount of work that bus b needs to perform maintenance type m, in vehicle type 

unit v, by worker with skill c 

array of strings of maintenance name type per maintenance unit m 

number of workers of competence c 

scheduled time for bus b where maintenance activity cannot be started 

scheduled time for bus b where maintenance activity can be performed 

type of vehicle by bus b 

array of strings of vehicle type name per vehicle unit v 

array of strings of worker job name per worker element w 

     ta1b , ta2b , tb1b , tb2b , tc1b , tc2b , td1b , td2b , te1b , te2b , tf1b , tf2b     possible start and end times 

of maintenance activity for each bus unit b 

  

3.2.4. Constants  

     cU 

     ND 

     NML 

     NT 

     NW 

     SL 

bus’ unavailability costs 

total number of days 

number of maintenance lines 

total number of time units 

number of workers 

number of special lines exclusive to vehicle type “Articulated”  

     Note: The SL number is determined by a matrix compatibility between the maintenance lines and the 

type of vehicle 
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3.2.5. Decisions Variables 

xbmtw =  {
   1  if the maintenance type m is performed on bus unit b at time t, by the worker  w               

  
0   otherwise                                                                                                                                                  

    

ywd      =  {
  1   if worker w is assigned at day d                                                                             

  
0   otherwise                                                                                                                     

  

zbt        =  {
  1   if  bus unit b in under maintenance at time unit t                                           

  
  0   otherwise                                                                                                                     

  

zbd      =  {
  1   if  bus b in under maintenance at day d                                                                             

  
  0   otherwise                                                                                                                                     

  

 

3.2.6. Objective function and constraints 

     Minimize:      ∑ ∑  𝑐𝐷𝑤 ∗ 𝑦𝑤𝑑  𝑑𝜖𝐷𝑤𝜖𝑊  +    ∑  ∑   𝑐𝑈𝑑𝜖𝐷𝑏𝜖𝐵 ∗  𝑧𝑏𝑑              (1) 

     Subject to: 

      𝑧𝑏𝑡 = 0,       ∀ 𝑏 ∈  𝐵, 𝑡 ∈  𝑆𝑏             (2) 

  𝑥𝑏𝑚𝑡𝑤 = 0,      ∀ 𝑏 ∈  𝐵, 𝑚 ∈  𝑀, 𝑡 ∈  𝑆𝑏 , 𝑤 ∈  𝑊         (3) 

  ∑ ∑ 𝑥𝑏𝑚𝑡𝑤𝑚∈𝑀  𝑏∈𝐵   ≤ 1,      ∀ 𝑡 ∈  𝑇, 𝑤 ∈  𝑊              (4) 

𝐿 ∗ [1 + (𝑥𝑏𝑚𝑡𝑤 −  𝑥𝑏𝑚(𝑡−1)𝑤) ]  ≥  ∑ 𝑥𝑏𝑚𝑡0𝑤𝑡0 ∈ 𝑇𝑀𝑏∶(𝑡0>𝑡)  , ∀ 𝑏 ∈ 𝐵, 𝑚 ∈  𝑀, 𝑡 ∈

 {1, … , 𝑇 − 1}, 𝑤 ∈  𝑊                (5) 

∑ ∑ ∑ xb1mtw w∈W∶(CCw=c) m∈Mb1 ∈B  ≤  NWtc ,    ∀ b ∈  B, c ∈  C, t ∈  TMb      (6) 

∑ ∑ ∑ 𝑥𝑏1𝑚𝑡𝑤𝑤∈𝑊 𝑚∈𝑀𝑏1 ∈𝐵  ≤  𝑁𝑊 ,    ∀ 𝑏 ∈  𝐵, 𝑡 ∈  𝑇𝑀𝑏            (7) 

∑ ∑ 𝑥𝑏𝑚𝑡𝑤𝑤∈𝑊∶(CCw=c) 𝑡 ∈ 𝑇𝑀𝑏
 ≥  Gbmvc  ,    ∀ 𝑏 ∈  𝐵, 𝑐 ∈  𝐶, 𝑚 ∈  𝑀, 𝑣 ∈   𝑉                   (8) 

1 − ( ∑  𝑥𝑏𝑚𝑡𝑤  ) 𝑤 ∈𝑊∶(CCw=3) +   ∑ 𝑥𝑏𝑚𝑡𝑤𝑤∈𝑊∶(CCw ≠ 3)   ≤  𝐿 ∗ (1 − ∑ 𝑥𝑏𝑚𝑡𝑤𝑤∈𝑊∶(CCw=3)  ),

∀ 𝑏 ∈  𝐵, 𝑡 ∈  𝑇𝑀𝑏 , { 𝑚 ∈   𝑀 ∶  𝑚 = 3 }                                 (9.1) 

1 − ( ∑  𝑥𝑏𝑚𝑡𝑤  ) 𝑤 ∈𝑊∶(CCw=3) +   ∑ 𝑥𝑏𝑚𝑡𝑤𝑤∈𝑊∶(CCw ≠ 3)   ≤  𝐿 ∗ (1 − ∑ 𝑥𝑏𝑚𝑡𝑤𝑤∈𝑊∶(CCw=3)  ),

∀ 𝑏 ∈  𝐵, 𝑡 ∈  𝑇𝑀𝑏 , { 𝑚 ∈   𝑀 ∶  𝑚 = 4 }                                 (9.2) 

∑ 𝑥𝑏𝑚𝑡𝑤𝑚 ∈𝑀  ≤  𝑧𝑏𝑡  ,    ∀ 𝑏 ∈  𝐵, 𝑡 ∈  𝑇𝑀𝑏 , 𝑤 ∈   𝑊       (10) 

∑  𝑧𝑏1𝑡𝑏1 ∈𝐵  ≤  𝑁𝑀𝐿 ,    ∀ 𝑏 ∈  𝐵, 𝑡 ∈  𝑇𝑀𝑏       (11) 

∑ ∑ 𝑥𝑏1𝑚𝑡𝑤𝑚∈𝑀∶(VVb1=2) 𝑏1 ∈𝐵  ≤  𝑆𝐿  ,    ∀ 𝑏 ∈  𝐵, 𝑡 ∈  𝑇𝑀𝑏 , 𝑤 ∈   𝑊              (12.1) 
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∑ ∑ 𝑥𝑏1𝑚𝑡𝑤𝑚∈𝑀∶(VVb1≠ 2) 𝑏1 ∈𝐵  ≤  𝑁𝑀𝐿 − 𝑆𝐿  ,    ∀ 𝑏 ∈  𝐵, 𝑡 ∈  𝑇𝑀𝑏 , 𝑤 ∈   𝑊              (12.2) 

𝑥𝑏𝑚𝑡𝑤  ≤  𝑦𝑤(𝑑=1) , ∀ 𝑏 ∈ 𝐵, 𝑚 ∈  𝑀, 𝑤 ∈   𝑊, { 𝑡 ∈   𝑇𝑀𝑏  ∶   𝑡 ≤  24 }                    (13.1) 

𝑥𝑏𝑚𝑡𝑤  ≤  𝑦𝑤(𝑑=2) , ∀ 𝑏 ∈ 𝐵, 𝑚 ∈  𝑀, 𝑤 ∈   𝑊, { 𝑡 ∈  𝑇𝑀𝑏  ∶     25 ≤  𝑡 ≤ 48 }           (13.2) 

𝑥𝑏𝑚𝑡𝑤  ≤  𝑦𝑤(𝑑=3) , ∀ 𝑏 ∈ 𝐵, 𝑚 ∈  𝑀, 𝑤 ∈   𝑊, { 𝑡 ∈  𝑇𝑀𝑏  ∶     49 ≤  𝑡 ≤ 72 }           (13.3) 

𝑥𝑏𝑚𝑡𝑤  ≤  𝑦𝑤(𝑑=4) , ∀ 𝑏 ∈ 𝐵, 𝑚 ∈  𝑀, 𝑤 ∈   𝑊, { 𝑡 ∈  𝑇𝑀𝑏  ∶     73 ≤  𝑡 ≤ 96 }           (13.4) 

𝑥𝑏𝑚𝑡𝑤  ≤  𝑦𝑤(𝑑=5) , ∀ 𝑏 ∈ 𝐵, 𝑚 ∈  𝑀, 𝑤 ∈   𝑊, { 𝑡 ∈  𝑇𝑀𝑏  ∶     97 ≤  𝑡 ≤ 120 }         (13.5) 

𝑧𝑏𝑡  ≤  𝑧𝑑𝑏(𝑑=1) , ∀ 𝑏 ∈ 𝐵, { 𝑡 ∈  𝑇𝑀𝑏   ∶    𝑡 ≤  24 }                                    (14.1) 

𝑧𝑏𝑡  ≤  𝑧𝑑𝑏(𝑑=2) , ∀ 𝑏 ∈ 𝐵, { 𝑡 ∈  𝑇𝑀𝑏  ∶     25 ≤  𝑡 ≤ 48 }                                 (14.2) 

𝑧𝑏𝑡  ≤  𝑧𝑑𝑏(𝑑=3) , ∀ 𝑏 ∈ 𝐵, { 𝑡 ∈  𝑇𝑀𝑏  ∶     49 ≤  𝑡 ≤ 72 }                               (14.3) 

𝑧𝑏𝑡  ≤  𝑧𝑑𝑏(𝑑=4) , ∀ 𝑏 ∈ 𝐵, { 𝑡 ∈  𝑇𝑀𝑏  ∶     73 ≤  𝑡 ≤ 96 }                  (14.4) 

𝑧𝑏𝑡  ≤  𝑧𝑑𝑏(𝑑=5) , ∀ 𝑏 ∈ 𝐵, { 𝑡 ∈  𝑇𝑀𝑏  ∶     97 ≤  𝑡 ≤ 120 }                (14.5) 

𝑥𝑏𝑚𝑡𝑤  =  0, 1        ∀ 𝑏 ∈  𝐵, 𝑚 ∈  𝑀, 𝑡 ∈  𝑇, 𝑤 ∈  𝑊                              (15) 

𝑦𝑤𝑑      =  0, 1        ∀ 𝑤 ∈  𝑊, 𝑑 ∈  𝐷                                 (16) 

𝑧𝑑𝑏𝑑       =  0, 1        ∀ 𝑏 ∈  𝐵, 𝑑 ∈  𝐷                                 (17) 

𝑧𝑏𝑡        =  0, 1        ∀ 𝑏 ∈  𝐵, 𝑡 ∈  𝑇                                 (18) 

     Where 𝐿  is a large number and, 

     𝑆𝑏 = {[𝑡𝑎1𝑏 , 𝑡𝑎2𝑏] ∪ [𝑡𝑏1𝑏 , 𝑡𝑏2𝑏] ∪ [𝑡𝑐1𝑏 , 𝑡𝑐2𝑏] ∪ [𝑡𝑑1𝑏 , 𝑡𝑑2𝑏] ∪ [𝑡𝑒1𝑏 , 𝑡𝑒2𝑏] ∪

       [𝑡𝑓1𝑏 , 𝑡𝑓2𝑏]} ,               ∀ 𝑏 ∈  𝐵               (19) 

     𝑇𝑀𝑏 = 𝑇  \  𝑆𝑏  ,     ∀ 𝑏 ∈  𝐵, 𝑇 ∈ {1, … , 𝑁𝑇}           (20) 

 

The objective function (1) is primarily composed of two components which are: i) crew maintenance cost 

- denoted E and ii) buses’ unavailability costs - denoted U. The combination of these two components 

(E + U) will create an objective function that will minimize the total cost of preventive maintenance. As 

these two components are related to daily costs, minimizing the days to perform maintenance activities 

will be the most crucial factor in objective function optimization. The objective function has only one 

criterion, i.e. the cost, and since both terms are expressed in the same unit (daily unit costs), it allows 

planning managers to reflect on the importance and priority of each term in the objective function and 

company expectations. The two components are explained in detail: 

i) E =  ∑ ∑  𝑐𝐷𝑤 ∗ 𝑦𝑤𝑑  𝑑𝜖𝐷𝑤𝜖𝑊         (21) 
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Each 𝑐𝐷𝑤 is an input data of the problem, which corresponds to the daily cost of each 

worker w. However, this value can change accordingly to the type of function involved 

and the years of experience of the worker. Thus, crew maintenance costs E (Equation 

21) can be expressed as the sum of all the preventive maintenance costs performed by 

every worker/employee at every day period until the end of the activities. As mentioned 

before, 𝑦𝑤𝑑  is a binary decision variable that indicates whether the worker, w, is 

assigned on day d (it is equal to one), or not (it is equal to zero). 

 

ii) U =  ∑  ∑   𝑐𝑈𝑑𝜖𝐷𝑏𝜖𝐵 ∗  𝑧𝑏𝑑              (22) 

 

The 𝑐𝑈 is the cost associated with non-availability of buses and is also an input data 

provided by the decision maker, but unlike 𝑐𝐷𝑤, it is assumed to be a constant value for 

all buses. Assuming a 𝑐𝑈 constant is just one way of simplifying the problem as the 

importance of each bus changes with its type, capacity, and demand for route 

satisfaction. There are also other factors that influence the value of 𝑐𝑈, such as the loss 

of revenues, impacts on passenger’s perceived satisfaction and reliability, the 

opportunity costs and regulatory penalties. In fact, these parameters make the term U 

(Equation 22) challenging to quantify and with a weight in the objective function higher 

than the term E, and thus giving preference to "making vehicles available in viable and 

safety conditions for the operations!" (as stated by the maintenance director of 

CARRIS). In conclusion, the U component is expressed as the sum of the unavailability 

costs per bus unit, for each day that they are out of their regular service. As mentioned 

before, 𝑧𝑏𝑑 is a binary decision variable that indicates whether the bus, b, is assigned 

on day d (it is equal to one), or not (it is equal to zero). 

 

In order to facilitate understanding of the constraints, it was decided to divide them into four groups. The 

first group is related to management, the second is directly related to the crew, and their skills, the third 

is related with the maintenance yard and finally, the last group contains the general constraints. The 

division is intended to facilitate understanding since many of the constraints could be in two or even 

three groups. The mathematical constraints are explained below in words, and are also explained, but 

with icons (Figures 5-16).  
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Figure 5: Icons of diagrams on constraints.  

 

a) Constraints related to the management 

Constraint (2) ensures that no bus is under maintenance during the regular service/operation time 

(Figure 6). 

Constraint (3) indicates that no maintenance activity m, no bus b, and no worker w can be scheduled 

during the regular service/operation time, i.e. there is no maintenance at any time of regular 

service/operation (Figure 6). 

 

Figure 6: Constraint (2) and (3) diagram 

 

Constraint (4) states that all workers at any given time can only perform a task at a time (Figure 7). 

 

Figure 7: Constraint (4) diagram 

 

b) Crew and competences constraints  

Constraint (5) ensures that when a bus is under maintenance the same worker performs his/her task in 

consecutive time units, i.e. maintenance tasks cannot be split (Figure 8). 
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Figure 8: Constraint (5) diagram 

 

Constraint (6) indicates that, for all maintenance times, the number of assigned workers with a specific 

skill (𝐶𝐶𝑤 = 𝑐) must be lower or equal than the number of workers with that skill (𝑁𝑊𝑡𝑐) (Figure 9). 

 

Figure 9: Constraint (6) diagram 

 

Constraint (7) bounds the number of workers assigned in order to stay lower or equal to the crew limit 

number capacity (𝑁𝑊) (Figure 10). 

 

Figure 10: Constraint (8) diagram 

 

Constraint (8) guarantees, for any bus b and maintenance m, that the total maintenance time for a type 

of worker is at least equal to the amount of scheduled maintenance work (𝐺𝑏𝑚𝑣𝑤) for this type of worker 

(Figure 11). 

 

Figure 11: Constraint (8) diagram 

 

Constraint (9.1 and 9.2) are identical and specific. These restrictions mean that when a bus is carrying 

out maintenance of type three (9.1) or type four (9.2), workers of type three must labour alone until they 

finish, in other words, they must work without the presence of any other type of worker (Figure 12). 
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Figure 12: Constraint (9.1) and (9.2) diagram 

 

c) Constraints related to the maintenance yard 

Constraint (10) states that if any maintenance assignment is made, the bus must remain in the 

maintenance depot for the time t needed to complete the task (Figure 13). 

 

Figure 13: Constraint (10) diagram 

 

Constraint (11) imposes that, for all maintenance times, the number of buses in the depot is lower or 

equal to the number of maintenance lines (𝑁𝑀𝐿) (Figure 14). 

 

Figure 14:Constraint (11) diagram 

 

Constraint (12.1) ensure that the number of maintenance assigned to bus of type two (𝑉𝑉𝑏 = 2) cannot 

exceed the number of available maintenance lines (𝑆𝐿) capable of receiving that type of vehicle. For 

instance, if 𝑆𝐿 = 1, it means that there is only one line that can be used by the bus of that type, i.e. there 

can only be one bus of type two in maintenance at a time (Figure 15). 

 

Figure 15: Constraint (12.1) diagram 
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Constraint (12.2) limits for all the buses that are not of type two (VVb ≠  2), the number of available lines 

for maintenance activities as 𝑁𝑀𝐿 − 𝑆𝐿, i.e. the difference between the total number of maintenance 

lines and the number of available maintenance lines capable of receiving buses of type two (Figure 16). 

 

Figure 16: Constraint (12.2) diagram 

 

d) General constraints 

Constraint (13) states the relation between  𝑥𝑏𝑚𝑡𝑤 and 𝑦𝑤𝑑  decision variables, as there is a conversion 

from hours to days that must be made, with the purpose of determining the schedules of the workers 

per day, which are needed in the objective function, namely in component E.  

Constraint (14) states the relation between 𝑧𝑏𝑡 and 𝑧𝑑𝑏𝑑 decision variables, as there is a conversion 

from hours to days that must be made, with the purpose of determining the schedules of buses per day, 

which are needed in the objective function, namely in component U. 

Constraint (15) states that 𝑥𝑏𝑚𝑡𝑤 is a binary variable for all bus units, maintenance activities, time units 

and workers. 

Constraint (16) states that 𝑦𝑤𝑑 is a binary variable for all workers and days units. 

Constraint (17) states that 𝑧𝑏𝑑 is a binary variable for all bus and days units. 

Constraint (18) states that 𝑧𝑏𝑡 is a binary variable for all bus and time units. 

 

3.3. Model implementation  

The parameters, constraints, objective function, decision variables have already been introduced, 

and in this section they are framed in the structure of the optimization model. The mathematical model 

program implementation in FICO® Xpress Optimization is written in the Mosel language and can be 

divided into five stages: i) the sample declarations section, ii) the initialization from data files, iii) the 

objective function expression, iv) the choice of the constraints and v) the creation of files with the output 

values. 

The first step of the model, the declarations section is where the sets, parameters, constants, decision 

variables are defined and specified as a set, an array of integer, an array of real, an array of strings or 

even in an array of var. 
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Then, initialization occurs, which corresponds to the phase where data files are imported from the case 

study information. These data files are converted from excel files and are read directly into the program, 

thus allowing changes in inputs in a more straightforward way. This way of reading the inputs improves 

the organization of the programming of the mathematical model since it is not necessary to load them 

directly with the parameters. There are three data files: service_window.dat, data_carris.dat, and 

information_crew.dat. The service_window.dat file indicates the data regarding the time intervals in 

which preventive maintenance for bus unit b cannot occur, with this information the 𝑇𝑀𝑏 (the time for 

bus b where maintenance activity can be performed) can be calculated using the equations 19 and 20. 

The data_carris.dat file contains all information related to the 𝐺𝑏𝑚𝑣𝑐 parameter (amount of work that bus 

b needs to perform maintenance m, in vehicle type unit v, by worker with skill c), the size of that file 

differs with the number of bus scheduled to preventive maintenance, type of vehicle and type of worker 

in the team. Finally, the information_crew.dat file contains all the information about the maintenance 

team and bus type, since 𝐶𝐶𝑤 (competence of worker w), 𝑐𝐷𝑤 (daily cost of worker type w), 𝑁𝑊𝑡𝑐 

(number of workers of competence c), 𝑉𝑉𝑏 (type of vehicle by bus b), it also contains four other 

parameters, array of string, which are introduced in order to facilitate the output understanding 

(𝑏𝑢𝑠_𝑡𝑦𝑝𝑒𝑏,  𝑐_𝑡𝑦𝑝𝑒𝑐, 𝑚𝑎_𝑡𝑦𝑝𝑒𝑚 and 𝑤𝑜𝑟𝑘𝑒𝑟𝑤). For every bus b, bus_typeb is the name of the bus unit b; 

for every competence c, 𝑐_𝑡𝑦𝑝𝑒𝑐 is the name of the competency unit c; for every maintenance activity 

m, 𝑚𝑎_𝑡𝑦𝑝𝑒𝑚 is the name of maintenance activity m; for every vehicle v, 𝑣_𝑡𝑦𝑝𝑒𝑣 is the name of vehicle 

unit v, while for every worker w, 𝑤_𝑡𝑦𝑝𝑒𝑤 is the name of the worker job per element w. 

Finally, the last step of the FICO Xpress program is the output steps, which arise after the constraints 

and objective function, already mentioned in section 3.2.6 (Objective function and constraints). When 

the optimization calculation ends, four files are created that allow a more user-friendly reading than 

merely displaying the binary values of the decision variables. Additionally, they make it easier to 

understand if the constraints have been observed. If 𝑥𝑏𝑚𝑡𝑤 is equal to 1, then a sentence for all bus units 

b and 𝑏𝑢𝑠_𝑡𝑦𝑝𝑒𝑏 is written in the results_bus_inspection.dat file stating that “The maintenance 𝑚𝑎_𝑡𝑦𝑝𝑒𝑚  

has to be performed at t hours by the 𝑤𝑜𝑟𝑘𝑒𝑟𝑤.“. Otherwise, i.e. if 𝑥𝑏𝑚𝑡𝑤 is equal to 0, nothing is written 

in the output file. While the first output provides information about the worker, the type of maintenance 

and the hour unit to perform it for each bus. The second output has the objective of providing the hour 

unit schedule for the workers, then for the same decision variable and the same previous binary 

principle, the sentence for all 𝑤𝑜𝑟𝑘𝑒𝑟𝑤 is written in the results_worker.dat file stating that “𝑤𝑜𝑟𝑘𝑒𝑟𝑤 is 

allocated at time t to the 𝑏𝑢𝑠_𝑡𝑦𝑝𝑒𝑏.“. The last two output files are about the scheduling of buses and 

workers per day, results_bus_assigned_day.dat and results_worker_day.dat, respectively. If  𝑧𝑏𝑑 is 

equal to 1, for all unit days it is written in the results_bus_assigned_day.dat file stating that “bus b is 

allocated”, and if 𝑦𝑤𝑑  is equal to 1, it is written in the results_worker_day.dat file stating that “ 𝑤𝑜𝑟𝑘𝑒𝑟𝑤 

is assigned”, otherwise, for both cases if the variable decision is equal to 0, nothing is written. To know 

which of the minimum costs associated with minimizing the objective function of preventive 

maintenance, the following sentence is written as a display, "The minimum cost is: ** monetary units." 

In order to avoid any confusion with the conclusions, to understand the relationships between workers, 

and to know the effective allocation of resources, a Gantt Chart was also created, which provide a visual 

support of the outputs. 
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The outputs stated in the last paragraph will be the primary tool in the analysis of the possible solution 

of the model, i.e. the point 3 in Figure 4 from section 3.1. Through the results, it is possible to see, if the 

constraints respect the conditions of the case study, as well as if the value of the solution from optimal 

optimization makes sense, and whether or not the decision maker or manager found what they were 

looking for. If the answer to any of these questions is no, it will be necessary to modify the model; 

otherwise, if all the answers are affirmative, the model can be tested in an illustrative example (which is 

explored in the next section). 

 

3.4. An illustrative example  

With the intention of validating the model, an illustrative example was elaborated, which is an 

example of a real problem, but on a much smaller scale/size. This small-sized problem is solved and 

analysed, which can lead to the validation or not of the mathematical model. This is an iterative process, 

and in this section, the last illustrative example also serves to potentiate the understanding of the model.  

In this example, 5 buses are scheduled to go to preventive maintenance. For each bus, one of the 3 

types of maintenance was previously assigned. The amount of work to be performed per type of 

maintenance varies according to the vehicle and worker type. The maintenance is entrusted to 5 workers 

distributed by 4 kinds of competences. Each maintenance will be performed on one of the 4 maintenance 

lines. However, the bus allocation per line varies with the type of vehicle. 

The goal is to find the best planning and possible schedule, so that the cost is the lowest for the 

realization of this project in a theoretical plan of 3 days. 

 

3.4.1. Parameters  

The following tables contain all the data information that will be required for the mathematical model 

created to represent this illustrative example. 

In Table 2, the constants of the mathematical model are introduced. First, the bus unavailability cost 

(cU) is equal to 100 monetary units, then the total number of working hours (NT) are equal to 72 hours 

and correspond to a number of business days (ND) equal to 3. The total number of workers (NW) 

available to the service in the maintenance yard is 5 and the facilities have 4 maintenance lines (NML) 

with conditions to receive bus maintenance. Finally, the number of special lines (SL), where the bus of 

vehicle type b can undergo maintenance is equal to 1, as it will be explained later in Table 6. 
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Table 2: Constants used in the mathematical model for the illustrative example 

Constants Description Units Values 

cU  Bus unavailability costs Monetary units 100 

NT Total number of hours Working hours 72 

ND Number of days Working days 3 

NW Number of workers - 5 

NML Number of maintenance lines - 4 

SL Number of special lines  - 1 

 

Table 3 indicates the time periods in which preventive maintenance cannot be performed for each bus 

unit b, as they are assigned to transport service/operation during that time. The union of the four 

operation shifts results in set 𝑆𝑏, and thus 𝑇𝑀𝑏 (scheduled time for bus b where maintenance activity 

can be performed) is determined by the subtraction of 𝑆𝑏 to the set of T = {1 ... 72} hours. For example, 

the value of Sb for bus 1 is equal to all hours between “ta1 to ta2” plus “tb1 to tb2”, “tc1 to tc2” and “td1 

to td2”. The subtraction of the four shifts of non-preventive maintenance to the set T will result in a shift 

of eight hours per each day d. It will be in these 3 shifts of 8 hours each, that preventive maintenance 

might occur. 

 

Table 3: Information on operation shifts for each bus for the 3-day planning period. 

 
𝐒𝐛      

 
 
Bus unit (b) 

1st operation 
shift without P. 
Maintenance 

2nd operation 
shift without P. 
Maintenance 

3rd operation 
shift without P. 
Maintenance 

4th operation 
shift without P. 
Maintenance 

ta1b ta2b tb1b tb2b tc1b tc2b td1b  td2b 

1 1 9 18 33 42 57 66 72 

2 1 9 18 33 42 57 66 72 

3 1 9 18 33 42 57 66 72 

4 1 9 18 33 42 57 66 72 

5 1 9 18 33 42 57 66 72 

 

In Table 4, information on preventive maintenance crew can be found. For example, the first line gives 

information about worker 1: first, the name of the worker’s job (Mechanic 1); then, the worker 1 

competence index (𝐶𝐶𝑤 = 1), which corresponds to a mechanic; and finally, the last column gives the 

daily cost of worker 1 (20 monetary units).      

 

Table 4: Information on preventive maintenance crew 

w 𝐰_𝐭𝐲𝐩𝐞𝐰 𝐂𝐂𝐰 𝐜𝐃𝐰 

1 Mechanic_1 1 20 

2 Mechanic_2 1 20 

3 Lubricator 2 30 

4 Electrician 3 30 

5   Bodywork Mechanic  4 20 
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Table 5 shows the amount of work (in hours) per bus. In the first line, for example, information on the 

bus unit 1 is provided: first, the maintenance type name (II); then, the vehicle type name (A); the next 

columns provide the competence type name and respective amount of work. For instance, for bus unit 

1, maintenance type II and vehicle type A, a total amount of work of 4 hours needs to be performed by 

a mechanic. 

 

Table 5: The amount of work hours required for different types of maintenance, vehicle and competence 

Bus unit  

(b)  

𝐦𝐚_𝐭𝐲𝐩𝐞𝐦 

(m) 

𝐯_𝐭𝐲𝐩𝐞𝐯 

(v) 

𝐜_𝐭𝐲𝐩𝐞𝒄  
(c) 

Amount of work 
hours   G(b,m,v,c) 

 

1 

 

II 

 

A 

Mechanic 4 

Lubricator 1 

Electrician 1 

Bodywork Mechanic  2 

 

2 

 

III 

 

B 

Mechanic 10 

Lubricator 4 

Electrician 2 

Bodywork Mechanic  2 

 

3 

 

I 

 

A 

Mechanic 4 

Lubricator 1 

Electrician 1 

Bodywork Mechanic  2 

 

4 

 

 

II 

 

B 

Mechanic 4 

Lubricator 1 

Electrician 1 

Bodywork Mechanic  2 

 

5 

 

I 

 

C 

Mechanic 2 

Lubricator 1 

Electrician 1 

Bodywork Mechanic  2 

 

Table 6 displays which maintenance line can be used per vehicle type. In the first line, the following 

indications can be seen, the maintenance line 1 is suitable for vehicle type A; the maintenance line 1 

cannot be assigned to the vehicle type B and finally the maintenance line 1 is suitable for the type of 

vehicle C. In this table the number of total maintenance lines (NML) and the number of special lines (SL) 

which is the number of maintenance lines unique to the vehicle type B. The data in this table are 

classified as indirect input because only the NML and SL values are required, the compatibility matrix 

can be omitted. 
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Table 6: Maintenance line-vehicle type compatibility table (indirect input) 

Vehicle type (v) 

  

Maintenance lines (ml) 

 

A 

 

B 

 

C 

1 1 0 1 

2 0 1 0 

3 1 0 1 

4 1 0 1 

NML = 4  SL= 1  

 

Table 7 in this context, can be regarded as a summary of the compatibility between the indices units 

and their parameters names, and it is divided by indices, b, c, m, and v. Starting with index b, when this 

is equal to 1, according to the information given, corresponds to the type of bus A, and to the vehicle 

type index 𝑽𝑽𝒃 = 1. Then for index c equals 1, it corresponds to the type of competence mechanical and  

𝑁𝑊𝑡𝑐 (number of workers of competence c) equal to 2. Concerning to the index m, when it is equal to 

1, the maintenance name is I. Finally, when an index v (vehicle type) is 1 the name of the vehicle type 

is A.  

 

Table 7: Compatibility between indices units and their parameters names (extra information for a better 
understanding of the programming of the mathematical model and its outputs) 

b 1 2 3 4 5 

𝐛𝐮𝐬_𝐭𝐲𝐩𝐞𝐛 A B A B C 

𝐕𝐕𝐛 1 2 1 2 1 

c 1 2 3 4  

𝐜_𝐭𝐲𝐩𝐞𝐜 Mechanic Lubricator Electrician Bodywork Mechanic   

𝐍𝐖𝐭𝐜 2 1 1 1  

m 1 2 3   

𝐦_𝐭𝐲𝐩𝐞𝐦 I II III   

v 1 2 3   

𝐯_𝐭𝐲𝐩𝐞𝐯 A B C   

 

3.4.2. Results of Optimization 

When the program finds the best solution, it displays the minimum cost for the 3-day preventive 

maintenance of the illustrative example (Figure 17), as well as the four output information files in Figure 

19 to Figure 21. Then, all information provided from the output files was organized to build Table 8. 
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Figure 17:Total cost of preventive maintenance in the illustrative example (output) 

 
 

 

 

 

 

 

 

 

 

 
Figure 18 shows the information from bus 1 of the output file, where the workers divide the entire amount 

of work over the hours. Then, in Figure 19, the bus assigned per day is displayed. This conversion from 

hours to days is essential to the decision marker, because he/she can know the day that the buses are 

parked idle in the garage, and also the number of hours of these days that the buses are really under 

maintenance. This knowledge increases the availability of buses to meet emergency service schedules, 

since the bus only needs to be stopped during the hours it is being maintained, rather than the whole 

day shown in Figure 19.  

Similar to the previous figures, a relation between the number of hours can also be found here. In Figure 

21, the team manager knows which workers are allocated per day, while Figure 20 identifies the location 

of each element throughout the day, as well as the number of hours that they work. For example, in 

Figure 20 the Electrician works 4 hours on day 2 and 4 hours on day 3. knowing that each day has 8 

hours of work, the Electrician has an availability of 50%. This availability of hours can serve as a safety 

margin, or even can be used to do advance or emergency work. However, can also be seen as an 

inefficient parameter. All this figure data information will be available and with a better organization in 

Table 8.  

 Figure 18: Bus 1 inspection results (output) Figure 19: Bus assigned per 
day (output) 

Figure 20: scheduling of workers results (output) Figure 21: Scheduling of workers 
per day (output 
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Table 8: The crew schedule for each bus, according to the optimal solution.   

Day 1 2 3 

Hours 10 11 12 13 14 15 16 17 34 35 36 37 38 39 40 41 58 59 60 61 62 63 64 65 

Bus 1; M - II; V - A                         

Mechanic_1                         

Mechanic_2                 x x x x     

Lubricator                       x  

Electrician                       x  

Bodywork Mechanic                      x x   

Bus 2; M – III; V - B                         

Mechanic_1            x x x x x         

Mechanic_2            x x x x x         

Lubricator             x x x x         

Electrician          x x              

Bodywork Mechanic             x x x x         

Bus 3; M – I; V - A                         

Mechanic_1         x                

Mechanic_2         x x x              

Lubricator           x              

Electrician              x           

Bodywork Mechanic           x x             

Bus 4; M – II; V - B                         

Mechanic_1                         

Mechanic_2                     x x x X 

Lubricator                    x     

Electrician                      x   

Bodywork Mechanic                       x X 

Bus 5; M – I; V - C                         

Mechanic_1          x x              

Mechanic_2                         

Lubricator          x               

Electrician               x          

Bodywork Mechanic         x x               
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Table 8 allows visual analysis of the optimal solution, which makes it easier to validate the constraints. 

The organization of the table makes it possible to understand the distribution of the workers by bus. 

It is interesting the absence of bus activities and consequently of workers and maintenance in one of 

the 3 days of planning (i.e. the first day). Through this table arrangement, it is visible the concern in 

minimizing the number of working days that consequently leads to the minimization of the objective 

function, which is equivalent to say minimization of the preventive maintenance costs. 

Several facts can be highlighted. First, it can be seen that the maximum number of buses in maintenance 

during the day is 3, which is lower than the number of maintenance lines (4). The two buses type B (2 

and 4) do not perform maintenance at the same time because there is only one line compatible with 

type B. Bus 3 is under maintenance to do 4 hours of mechanical work, 1 hour of lubrication work, 1 hour 

of electrician work and finally 4 hours of bodywork, which is the amount of work per type of competence 

that Table 5 presents for this bus. 

This table has the advantage of having a relationship between days and hours. With this information, 

one can see the balance between the 8 hours per day paid to the preventive maintenance crew, and the 

number of hours of productive work for each member. Thus, the decision maker can have an idea of 

both the waste of working hours (hours of inactivity of the workers) and the margin of time for possible 

contingencies (additional work or re-schedule) in maintenance activities. 

Table 8 also shows that when a worker starts his job, he/she does it in consecutive time units (continuous 

time), i.e. when he/she changes between buses, he/she does not return to the previous time, even if the 

amount of work is not satisfied. For example, worker 1 starts the second day on bus 3, stays two hours 

on bus 5 and ends the day on bus 2. Unsurprisingly, it is also possible to validate the restriction that 

indicates that all workers during the time of operation can only perform a task at a time. The two 

observations made in this paragraph are also represented in Figure 22. Figure 22 is a display of the 

illustrative example called Gantt Chart that allows understanding the schedule of buses per worker.  

Figure 22: Gantt chart -  For all workers, the buses scheduled 
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The vertical axis represented the 5 different workers, while the horizontal axis represents the working 

hours. Each colour represents one of the 5 buses. The arrows symbolize the number of hours each 

worker spends on the bus; the arrow increases according to the number of hours that the worker needs 

to perform the activity. For example, worker 1 on bus 3 remains only 1 hour, so the arrow is a dot, but 

on bus 2 the task takes 4 hours, which corresponds to a long arrow. 

 
Figure 23.a) shows information about the statistics of the illustrative example solution that has been 

presented. It can be observed that the computation time was 11.1 seconds, the size of the column is 

5790, the Gap is 1.39%, the best bound is 710 and the best solution 720. 

The computation time varies with the size of the columns (variables), in which the calculation is 

explained in Table 9. As already mentioned, the computation time increases when it is using integer 

variables, and the best way to get an idea of how the size of the problem (which consequently increase 

the number of columns) influence the computational resources is to create another version of the 

illustrative example. This new version (Figure 23.b)) has updated the number of days, changed from 3 

to 2. The reduction of a planning day that unsurprisingly corresponds to the decrease in the number of 

hours causes the column size of variables to decrease in size from 750 to 500. Consequently, the 

computation time drops from 11.1 seconds to 1.4 seconds. In summary, for both cases the optimal 

solution is reached, but for a different computational time. 

 

Table 9: Calculus of the size columns(variables) 

 

Set Size 

b={1,...,5} 5 

m={1,…,3} 3 

t={1,…,72} 72 

w={1,…,5}   5 

d={1,…,3} 3 

Decision 
variables 

Size 

𝒙𝒃𝒎𝒕𝒘 5*3*72*5 = 5400 

𝒚𝒘𝒅      5*3 = 15 

𝒛𝒃𝒕 5*72 = 360 

𝒛𝒅𝒃𝒅 5*3 = 15 

size of the columns 

5400+15+360+15 = 
5790 

 

a) illustrative example for 3 days b) illustrative example for 2 days 

Figure 23: illustrative example stats 
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As expected, the optimality Gap remains constant in both examples, as well as the optimal solution, 

since in this case the number of days and hours was only increasing the computing time and not 

conditioning the objective function. The Gap is calculated from the Equation 23, that is presented in 

percentages. The Gap is the difference between the best solution and the best bound. The best solution 

is the minimum cost value, and the best bound is based on the objective function value of the linear 

programming relaxation of the mixed integer programming solver. The linear programming relaxation 

results from the substitution of the constraint that each variable must be 0 or 1 by a constraint that each 

variable belongs to the interval [0,1], this substitution may be the reason why the Gap presented is not 

zero for the optimal solution, as it should be. 

 

𝐺𝑎𝑝 =   
𝑏𝑒𝑠𝑡 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 − 𝑏𝑒𝑠𝑡 𝑏𝑜𝑢𝑛𝑑

𝑏𝑒𝑠𝑡 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
   ×   100%                    (23) 
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4. The Case study of CARRIS bus operating 

company 

In Chapter 4, the model is applied to case study of a bus operating company (CARRIS). Some details 

on this transport company are provided and a discussion on the specific inputs for the case study is 

added. 

 

4.1. CARRIS bus operating company 

The mission of CARRIS is to provide surface urban public transport service for passengers, playing 

a structural role in the mobility system of the city of Lisbon. The company performs about 29 million 

kilometres annually, distributed in 84 bus and light rail routes, currently carrying more than 10 million 

passengers per month. CARRIS consciously takes on its responsibility as an economic and social agent 

working in the field of urban mobility, contributing to the development and sustainability of Lisbon and 

its metropolitan area. To this end, adjusting its activity to the needs of the market, optimizing the use of 

resources to increase the efficiency of the company and the permanent improvement of the quality of 

the service it provides.  

As mentioned previously, CARRIS incorporates a fleet of buses and light rail/trams, but in this case 

study, only data related to the bus fleet will be relevant. Next, the data on the buses (collected from its 

website) will be presented, which will contribute to understand and contextualize the scenario of this 

study. The bus network consists of 72 regular routes, of which 53 are urban and 19 are suburban, 

besides these, there are still 3 under joint exploration regimes between CARRIS-CARRIStur. The 

network extends 669 km, with 67.8 km (10.1%) in corridors reserved exclusively to public transport (BUS 

lanes). The public service bus fleet consists of 619 vehicles which, at the end of 2014, were distributed 

according to the typologies presented in Table 10: 

 
Table 10: Number of bus in the CARRIS fleet 

Type of Bus Units Capacity Other information 

“Standard” 476 73-78 seats 58 are natural gas buses 

“Mini” 33 27 seats - 

“Medium” 20 58 seats - 

“Articulated” 90 141-155 seats - 

 

During the year 2014, CARRIS carried 155.3 million passengers in its bus fleet, corresponding to 491 

million passengers per kilometre, with an occupation of 18.1%. All the data presented in this section 

demonstrate the size and importance of this company for the mobility of Lisbon. 
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Throughout this work, three meetings were scheduled with the CARRIS staff. The first was held at the 

Miraflores facility with the maintenance director and the depot director, the second and third at the 

facilities of Musgueira with the maintenance director, where information was collected, and in addition 

to CARRIS, another company was presented, CARRISBus. 

CARRISBus is a company from the CARRIS group founded in 2005 and introduces itself as a company 

that provides maintenance services for fleets of buses and trams, giving privilege to the quality and the 

effectiveness of their duty. In addition to the maintenance and repair actions (preventive, predictive, 

curative and corrective), it prepares the vehicles for approval in the mandatory periodic inspections, as 

well as the repair of damages due to accidents in Figure 24. It is also CARRISBus’ responsibility, the 

activities in the field of general reconditioning of bodies and vehicles (execution of the highest levels of 

maintenance) in Figure 25, the breakdown and towing of buses in Figure 26 and electric assistance in 

Figure 27.  

 

 

 

 

 

 

 

 

 

 

 

 

 

CARRISBus incorporates all the technical know-how and workshop inherited from CARRIS, which 

makes it a company with substantial experience in the sector, credible and highly competitive in the 

activities it performs.  

During the first meeting, the six CARRIS maintenance workshops were presented, which are located on 

the outskirts of Lisbon, in the areas of Cabo Ruivo, Musgueira, Pontinha, Miraflores (two facilities) and 

Santo Amaro. It was explained that the facilities surround the centre of Lisbon and are located in 

strategic places to facilitate the entry and exit of buses and passengers in the centre of Lisbon, as well 

as to guarantee access to the most significant number of people, as it can be seen in the map in (Figure 

Figure 24: Maintenance and repair actions 
(source Carris website) 

Figure 25: General reconditioning of bodies and 
vehicles (source Carris website) 

Figure 26:The breakdown and towing of buses 
(source CARRIS website) 

Figure 27:Electric assistants (source CARRIS 
website) 
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28). It was suggested that the case study was performed in only one station, having been selected the 

maintenance yard of Musgueira based on two points. 

 

Figure 28: Location of CARRIS facilities (source CARRIS website). Subtitle: star (Cabo Ruivo), cross (Musgueira), 
diamond (Pontinha), circle (Miraflores), triangle (Santo Amaro) 

 

The first point was related to the exclusivity of access to maintenance facilities, which is not the case at 

the stations of Miraflores and Pontinha, due to the fact that Hydraplan (MAN Concessionaire) ensures 

the maintenance of 148 standard buses MAN 18.310 HOCL, which could be a constraint to information 

access. The second point is based on the variety and size of the bus fleet, which in the case of Cabo 

Ruivo is lower than that of Musgueira. The station of Santo Amaro was excluded from the beginning 

because it only serviced the light rail trams.  

After the selection of the Musgueira’s facility, two meetings were held with maintenance director. At the 

first meeting, the maintenance yard was presented as well as its operation throughout the day. The 

second meeting served to clarify the doubts that arose after analysing the data and parameters made 

available by CARRIS. The information gathered at the two meetings was organized and is presented in 

the next section. 
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4.2. Specific input parameters for MILP formulation in 

the maintenance yard of Musgueira  

The facility of Musgueira (in Figure 29) is responsible for 183 buses (Equation 24), of which 153 are 

standard size (four different types), and 30 are articulated. Out of 183 buses, 150 are assigned to 

scheduled route service on a daily basis. The remaining 33 buses are parked idle (immobilized) in the 

depot. The number of immobilized vehicles (Equation 25) is equal to the sum of the vehicles in 

preventive maintenance, the vehicles in corrective maintenance and the vehicles in stock. In Figure 29, 

the plane view of the maintenance yard of Musgueira is shown. Through this plant, it is possible to 

identify the place where the preventive maintenance is carried out, number 1, then the place where the 

corrective maintenance is carried out, number 2, and finally with number 3, the parking space in bus 

depots. 

𝑇𝑜𝑡𝑎𝑙 𝐹𝑙𝑒𝑒𝑡 = 𝐴𝑠𝑠𝑖𝑔𝑛𝑒𝑑 𝑏𝑢𝑠 + 𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑖𝑧𝑒𝑑                            (24) 

        𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑖𝑧𝑒𝑑 = (𝑃𝑟𝑒𝑣𝑒𝑛𝑡𝑖𝑣𝑒 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 + 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑣𝑒 𝑚𝑎𝑛𝑖𝑡𝑒𝑛𝑎𝑛𝑐𝑒 + 𝑉𝑒ℎ𝑖𝑐𝑙𝑒 𝑖𝑛 𝑠𝑡𝑜𝑐𝑘)       (25) 

  
Figure 29:Plane view of Musgueira maintenance yard 

 

The number of immobilized vehicles is continually changing, for this reason, this value is updated twice 

a day. A bus may run out of service due to a mechanical anomaly or an unexpected breakdown. 

Depending on the type of failure, and need for the bus to cover services, it can be repaired on that day 

and return to service. However, if the type of failure takes long to be solved, the bus has to be replaced 

by one that is immobilized as a spare part. 

All buses that will spend the night at the depot of Musgueira take the following steps at the end of the 

day. In the first place the buses are supplied and washed, then the kilometers of the vehicle are 

registered, the cooling liquid and motor oil are checked. Finally, the drivers leave the sheet of faults of 

the buses with defects or possible malfunctions that they have detected during service, to be analysed 

by the night’s corrective maintenance team. 

1 2 

3 
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Regarding corrective maintenance, there are two daily shifts, while for preventive maintenance there is 

only one. At the end of the night shift, it is decided which buses are assigned to the next day's routes, 

and which buses are stuck for corrective maintenance. Bus allocation is intended to meet demand, so 

there is a higher supply of buses at the beginning and end of the day, as it is shown in Figure 30. Figure 

30 presents a graph which estimates the number of buses that must be in service throughout the day. 

 

Figure 30: Estimation of the number of buses belonging to Musgueira during the day 

 

As already mentioned, in this case study only the department of preventive maintenance will be 

analysed; To do so, it is necessary to collect data. In the past, the interval between preventive 

maintenance was measured in fixed time, as can be seen in the problems presented in (Haghani & 

Shafahi, 2002). However, this approach has been reformulated, and today preventive maintenance is 

performed in mileage intervals. 

In CARRIS, the data on the kilometres of the buses are organized in a SAP system, and this system is 

updated every day with the kilometres at the end of the day of bus service. Through the daily update of 

kilometres, the SAP system can predict a week before, which buses must be retained in the following 

week to undergo preventive maintenance. The data arrives at the manager with a tolerance of 4%, i.e. 

after the SAP system signals the bus, it can still travel about 2500 kilometres before being immobilized. 

This gap allows preventing unforeseen circumstances, for example, if there are not 150 buses available 

for the service routes, a bus that is fixed for preventive maintenance can be used as a substitute to do 

the service, as long as it does not exceed the 2500 kilometres threshold. 

Table 11 presents the data that the SAP system provided for the case study, thus revealing the buses 

that over the next week will reach the limit of kilometres and will need to undergo the preventive 

maintenance actions. In addition to the name, it is presented what type of maintenance the bus will 

perform. The main goal is planning maintenance of the 13 buses listed below, including all the safety 

measures and checks, for a five-day planning horizon, by reducing the maintenance costs, the number 

of times that buses need to be out of the service, and the number of unproductive hours of workers. 
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Table 11: The buses that will perform preventive maintenance 

b Bus name Bus Type Bus model  Maintenance Type 

1 4238 Mercedes Benz OC 500 Standard R5 C2 

2 1629 Volvo B7L  Standard R4 

3 1706 Volvo B7R Standard R3 

4 1757 Volvo B7R MKIII Standard R5 C2 

5 4248 Mercedes Benz OC 500 Standard R3 

6 1705 Volvo B7R Standard R3 

7 4221 Mercedes Benz OC 500 Standard R4 

8 1707 Volvo B7R Standard R4 

9 1758 Volvo B7R MKIII Standard R4 

10 1748  Volvo B7R MKIII Standard R4 

11 4245 Mercedes Benz OC 500 Standard R3 

12 4264 Mercedes Benz OC 500 Standard R5 C2 

13 4625 Mercedes Benz Citaro G Articulated R4 

 

The CARRISbus company uses the convention of the standard X60 - 010 of AFNOR (French Association 

of Normalization), which classifies the maintenance in five levels. Levels 4 and 5 can only be performed 

in one of two Miraflores facilities, while levels 1, 2 and 3 can be performed in the remaining 4 bus depots 

(Miraflores, Cabo Ruivo, Musguelira and Pontinha). In the workshop of Musgueira, the preventive 

maintenance section is classified by the standard X60 - 010, as level 2, and is defined as repairs by 

replacement of "standard" elements, performed by a qualified technician. During the meetings, it was 

explained that level 2 preventive maintenance can be divided according to its periodicity, this division is 

summarized in Table 12 below. It was also mentioned that the description of the types of maintenance 

of Table 12, cannot be linear, since, it can vary with the diversity of the fleet and with the technological 

age.  

 

Table 12: Maintenance tasks performed by preventive maintenance team at the Musgueira facility 

Maintenance 
activities 

Period Performed tasks 

R3 Every 
15.000 km 

The tasks are limited to checks (fluid levels, leaks, gaps, wear, 
condition) to the various systems, usually without disassembly. 

R4 Every 
30.000 km 

In addition to that considered in R3, it includes the replacement of 
engine oil, filters (air and fuel), lubrication and brake test 

R5 Every 
60.000 km 

In addition to that considered in R4, it also involves the replacement 
of oil and gearbox, differential and the hydraulic steering circuit, 
tuning of engine valves, the pneumatic brake system dehumidifier 
and the drive belt of the air conditioning. 

R5C2  Every 
120.000 km 

In addition to that considered in R5, it also considered the 
replacement of the alternator belts, coolant system liquid and wheel 
hub verification (with disassembly). 

 

CARRIS also provided information on how the amount of work during the preventive inspections varies 

with vehicle type, worker competence, and type of maintenance. This data was recorded and organized 
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in Table 13. For example, when an OC500 bus reaches the kilometres limit and needs to undergo 

maintenance R3, the average amount of work for the mechanic's competence is 4 hours, whereas for 

the lubricator and electrician it is 1 hour and for the bodywork Mechanic is 2 hours. Finally, the sum of 

the working hours of each worker for the maintenance activity R3 (h / ma_type) is 9 hours. 

 

Table 13: Amount of work for preventive inspections per vehicle type, worker competence, and type of maintenance 

𝐯_𝐭𝐲𝐩𝐞𝐯  (model) 
 

𝐜_𝐭𝐲𝐩𝐞𝒄 

𝐦𝐚_𝐭𝐲𝐩𝐞𝐦 

R3  R4  R5  R5 C2  

Mercedes Benz OC 500 
(standard) 

Mechanic 4 4 8 16 

Lubricator 1 1 4 4 

Electrician 1 1 2 2 

Bodywork Mechanic 2 2 2 2 

total (h / 𝐦𝐚_𝐭𝐲𝐩𝐞 ) 9 9 18 26 

Mercedes Benz Citaro 
G                   

(“Articulated”) 

Mechanic 

Not 
applicate 

4 8 14 

Lubricator 1 4 4 

Electrician 1 2 2 

Bodywork Mechanic 2 2 2 

total (h / 𝐦𝐚_𝐭𝐲𝐩𝐞 ) 0 8 16 22 

Volvo B7L (standard) 

Mechanic 4 6 6 22 

Lubricator 1 1 4 4 

Electrician 1 1 2 2 

Bodywork Mechanic 2 2 2 2 

total (h / 𝐦𝐚_𝐭𝐲𝐩𝐞 ) 8 10 14 30 

Volvo B7R (standard) 

Mechanic 2 4 8 14 

Lubricator 1 1 4 4 

Electrician 2 2 2 2 

Bodywork Mechanic 1 1 2 2 

total (h / 𝐦𝐚_𝐭𝐲𝐩𝐞 ) 6 8 16 22 

Volvo B7R MKIII 
(standard) 

Mechanic 

Not 
applicate 

4 12 14 

Lubricator 1 4 4 

Electrician 1 2 2 

Bodywork Mechanic 2 2 2 

total (h / 𝐦𝐚_𝐭𝐲𝐩𝐞 ) 0 8 20 22 

 

In addition to the information gathered from the three previous tables, the three meetings, the presence 

in the place where everything happens, the methodology “go and see”, and the constant exchanges of 

emails were essential for the extraction of the parameters used in the mathematical model. In the next 

tables, all the parameters used in the CARRIS case study can be found. 
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Table 14: Sets of the mathematical model 

Sets Values 

B {1, …, 13} 

M {1, …, 4} 

D {1, …, 5} 

T {1, …, 120} 

V {1, …, 5} 

W {1, …, 6} 

C {1, …, 4} 

 

Table 14 shows the sets for the CARRIS case study. There are thirteen buses assigned to the preventive 

maintenance department, so B is a set of integers going from 1 to 13. Each bus will do only one of the 

four maintenance activities, which implies that M is a set of integers from 1 to 4. Since the preventive 

maintenance department works five days a week, the tasks must be completed in that period, so the 

unit of time is the day, a set of integers from 1 to 5. Since the preventive maintenance team works eight 

hours a day, it was necessary to implement an hourly measure to check if the amount of daily work was 

respected, so T is a set of integers from 1 to 120. In the set of thirteen buses, there are five different 

types of buses, these different types will have consequences at the time of the assignment of the 

maintenance line, so V is a set of integers from 1 to 5. The maintenance tasks were handed over to a 

team of 6 workers, so W is a set of integers from 1 to 6. Finally, these Workers have different skills and 

competencies, so C is a set of integers from 1 to 4. 

 

Table 15: Number of work hours required for the different bus and competence units 

Bus 
unit 

1 2 3 4 5 6 7 8 9 10 11 12 13 

Bus 
name 

4238 1629 1706 1757 4248 1705 4221 1707 1758 1748 4245 4264 4625 

𝐯_𝐭𝐲𝐩𝐞𝐯 OC 

500 

B7L B7R B7R 
III 

OC 
500 

B7R OC 
500 

B7R B7R 
III 

B7R 
III 

OC 

500 

OC5
00 

Artic
ula 
ted 

𝐦𝐚_
𝐭𝐲𝐩𝐞

𝐦
 R5 

C2 
R4 R3 R5 

C2 
R3 R3 R4 R4 R4 R4 R3 R5 

C2 
R4 

𝐜_𝐭𝐲𝐩𝐞𝒄 The amount of work hours    G(b,m,v,c) 

Mec 16 6 2 14 4 2 4 4 4 4 4 16 4 

Lub 4 1 1 4 1 1 1 1 1 1 1 4 1 

Elect 2 1 1 2 1 1 1 1 1 1 1 2 1 

Bw  2 2 2 2 2 2 2 2 2 2 2 2 2 

 

Table 15 shows a combination of the data from the SAP system (Table 11) and the standard information 

about the average number of working hours (Table 13). Table 15 specifies for each bus unit its name, 

vehicle type, maintenance to be performed and, finally, how many hours of work for each competence 

type is necessary. For example, the first column includes the name of bus 1, which is 4238, then the 

type of vehicle that is OC 500. Below, the name of the maintenance activity is displayed, which is R5C2. 
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Finally, the number of hours per area is introduced, the mechanic (Mec) presents a total of 16 hours, 

the lubricator (Lub) 4 hours, the electrician (Elect) and the bodywork mechanic (Bw) 2 hours each. 

 

Table 16: Information about unavailable work window for the 5-day planning period 

 

𝐒𝒃 
 

      
Bus  
unit (b) 

1st 
operation 
shift 
without 

 P.  Maint. 

2nd 
operation 
shift 
without  

 P. Maint. 

3rd 
operation 
shift 
without  

 P. Maint. 

4th 
operation 
shift 
without  

 P. Maint. 

5th 
operation 
shift 
without  

 P. Maint. 

6th 
operation 
shift 
without  

 P. Maint. 

ta1b ta2b tb1b tb2b tc1b tc2b td1b  td2b te1b te2b tf1b tf2b 

1 1 9 18 33 42 57 66 81 90 105 114 120 

(…) 1 9 18 33 42 57 66 81 90 105 114 120 

13 1 9 18 33 42 57 66 81 90 105 114 120 

 

Table 16 indicates the time periods in which preventive maintenance (P. Maint.) cannot be performed 

for each bus unit b. The size of this table varies according to the number of days of the maintenance 

plan and the number of buses indicated by the SAP system. The sum of the six shifts of non-preventive 

maintenance results in the 𝑆𝑏, so the 𝑇𝑀𝑏 (scheduled time for bus b where maintenance activity can be 

performed) is determined by the subtraction of 𝑆𝑏 to the set of integer T = {1 ... 120} hours. For example, 

the value of 𝑆𝑏 for bus 1 is equal to all hours between ta1 to ta2 plus tb1 to tb2, tc1 to tc2, td1 to td2, te1 

to te2 and tf1 to tf2. 

 

Table 17: Information about preventive maintenance crew 

w 𝐰_𝐭𝐲𝐩𝐞𝐰 𝐜𝐃𝐰 𝐍𝐖𝐭𝒄 

1 Mechanic_1 40  

3 2 Mechanic_2 40 

3 Mechanic_3 40 

4 Lubricator 35 1 

5 Electrician 50 1 

6   Bodywork Mechanic  50 1 

 

In Table 17 information about preventive maintenance team of the facilities of Musgueira can be found. 

For example, the first line gives information about worker 1, first the name of the worker’s job 

(Mechanic_1), then gives the daily cost of worker 1 (40 monetary units).  Finally, the last column gives 

information about the value of NWt𝑐 (number of workers of competence c) that for the competence of 

mechanics is 3, because all mechanics have the same qualifications and the same cost, therefore, there 

are no differences between them. 
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Table 18: Constants of the mathematical model 

Constants Description Units Values 

cU  Bus unavailability costs Monetary units 100 

NT Total number of hours Working hours 120 

ND Number of days Working days 5 

NW Number of workers - 6 

NML Number of maintenance lines - 7 

SL Number of special lines (Bus type Articulated)  - 1 

 

In Table 18, the constants of the mathematical model are introduced. First the bus unavailability cost 

(cU) is equal to 100 monetary units, then the number of working hours (NT) is set equal to 120 hours 

and correspond to a number of business days (ND) equals to 5. The total number of workers (NW) 

available to the service in the maintenance yard is 6. The facilities have 7 maintenance lines (NML) with 

conditions to receive bus maintenance. Finally, the number of special lines (SL) where the bus of the 

type of “Articulated” vehicle can remain in maintenance is one, and this value came from a 

correspondence table identical to Table 6, having been supplemented based on the conditions of the 

maintenance yard. 
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5. Results and Discussion 

In this chapter, the results of the CARRIS case study are examined. An analysis of the optimal gap 

over computation time can be found, and in the following section, a sensitivity analysis is performed on 

the value of the bus unavailability cost, as well as, on the availability of the maintenance team and the 

maintenance yard. 

 

5.1. Results of CARRIS case study 

The results of the optimization of the CARRIS case study, after a computational period of 

approximately 75 min and 183 min (3 hours), are presented in Figures 31.a) and 31.b), respectively. In 

both cases, the program was stopped before reaching the optimum solution, as it can be seen in the 

graph of Figure 32. The point 1 of Figure 32, which corresponds to the results of Figure 31.a), was 

chosen because it has a computational time lower than point 2, and this factor is essential in the 

sensitivity analysis described in the following sections. On the other hand, the point 2 of Figure 32, which 

corresponds to the results of Figure 31.b), was chosen, since it is the last solution before the slope of 

the gap stabilizes and becomes almost constant, so this is the best feaseble solution found that will also 

be useful in the following sections. The first feasible solution for the CARRIS case study is found after 

1.9 seconds, and after 25.6 seconds there are already 18 feasible solutions found. The solutions 

presented in the figures below are the 25th (Figure 31.a) and 27th (Figure 31.b) feasible integer solutions.  

 

Besides the computational time, more computational data are represented in Figure 31. The size of the 

columns, for example, is about 7 times larger than the column of the illustrative example, which will 

consequently lead to a longer computational time as well as a higher gap for the same computational 

time. Figure 31 also displays the total value of the cost associated with the preventive maintenance of 

the 5-day case study, which is 2640 monetary units for a computation time of 75 min, and 2520 monetary 

a) Optimization stopped at 4431.4s (75min) b) Optimization stopped at 11003.9s (183min) 

Figure 31:Computational data of CARRIS case study 
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units for a computation time of 183 min. As previously mentioned, this value is calculated by summing 

the costs of components E (Crew maintenance cost) and U (Bus unavailable cost). 

 

Table 19:  Cost components for both best solutions found in computation times of 75 min and 183 min.   

 

Cost component 

Optimization stopped at (75min) Optimization stopped at (183min) 

Value (monetary 
units) 

Percentage of 
the total cost 

Value (monetary 
units) 

Percentage of the 
total cost 

E (Crew 
maintenance cost) 

1040 39.39% 1120 44.44% 

U (Bus 
unavailability cost) 

1600 60.61% 1400 55.56% 

 

In Table 19, the cost associated with each component is shown for both stop times, as well as the 

percentage to which it corresponds. The cost of unavailability is more significant in both cases, but the 

difference between the values decreases from point 1 to point 2. Thus, it can be seen that the 

minimization of the U, is the priority of the solver for the minimization of the objective function. The 

comparison between these two analysis will be more evident in section 5.4, where the output results are 

explained. 

 

 

Figure 32: Evolution of the integer solutions and Gap throughout computational time (output from xpress) 

 

Figure 32 shows the evolution of the Gap throughout the computing time, and It is also possible to 

identify when solutions were found. Point 1 (Figure 31.a) corresponds to the instants after the 

determination of the 25th best feasible solution, while the point 2 (Figure 31.b) corresponds to the 

minutes after the determination of the 27th best feasible solution, when the Gap value decreased very 

slowly, becoming practically constant. In section 5.3, the evolution of Gap over time will be explained 

more clearly. 

 

1 2 
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5.2. Performance evaluation 

The results of Figure 31.b) were used to draw the optimal technical planning (in Appendix A1), which 

will be presented and will be compared to the real plan carried out by CARRIS during the studied week 

(Figure 33). The data provided by CARRIS only allows to evaluate/assess the execution of the plan and 

the costs associated with the maintenance team (component E of the objective function). 

In the real plan of CARRIS, only 12 of the 13 buses initially planned got preventive maintenance, 

throughout the 5 days studied. On the other hand, in the optimal technical planning, the tasks were 

performed on all 13 buses. 

In the real plan the workers perform tasks during the 5 days, whereas in the optimal technical planning 

this does not happen. Later on, Table 22 will provide information on maintenance team costs of the 

Appendix A1 plan. Looking at Figure 33 and Table 22, it is possible to assess that the mechanic 2 (mec2) 

and the electrician (elect) did not work one day, while the mechanic 3 (mec3) worked two days. The 

saving cost regarding the days that both workers did not work is 180 monetary units (45x4), which 

corresponds to 16% of the total value spent on the maintenance team for that week (1120 monetary 

units). The 16% value does not include the costs of the real plan regarding the bus that will go under 

maintenance in the following week. 

The number of bus calls and, consequently, bus unavailability cost cannot be compared since the data 

provided was not sufficient/enough. Finally, the occupation percentage of facility’s maintenance lines 

was also not compared. In order to understand how these results can be influenced, two sensitivity 

analyses were also performed in subsection (5.3.3 and 5.3.3). 

 

Figure 33: Comparation between the Real Plan and the Optimal Technical Plan 

 

5.3. Sensitivity Analysis 

After the optimization process, it is interesting to do a sensitivity analysis for the best optimal solution. 

The sensitivity analysis allows studying the robustness of the best optimal solution obtained, by 

estimating the variability of the solution when the input data is varied. As certain inputs were obtained 

by estimation, and thus there is some uncertainty associated with them, it makes sense to study the 
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impact of such uncertainty. Besides, it also allows studying the economic benefits of increasing the 

available resources. For a sensitivity analysis to be performed, different factors can be changed, such 

as the value of the coefficients of the objective function (in subsection 5.3.2), the value of the limits of 

the constraints (in subsection 5.3.3), the coefficients and technical constants of the constraints (also in 

subsection 5.3.3). In subsection 5.3.1 an analyse of the optimal gap over computation time can be found. 

 

5.3.1. Analysis of the optimality gap as a function of calculation 

time 

In the 5.2. subsection, it has already been mentioned that when the size of the problem increases, 

so does the computational time to arrive at the optimal solution. When trying to solve an optimization of 

dimensions identical to the case study presented, one must understand if it is a question of finding a 

feasible solution or if it is about proving optimality of a solution. If it is to find a feasible solution that helps 

the decision maker, it can be found in a few minutes. However, if the solution optimization is essential 

for the client, the Gap (Equation 23 section 3.2.6) that corresponds to the feasible solution is an indicator 

of solution optimization. In sum, when the gap is zero the problem is solved, but if the gap is greater 

than zero, the smaller the gap, the better the solution. For small problems like the one of the illustrative 

example (Figure 23 section 3.4.2) the solution can be found in only 1.4 seconds, but for the case study 

of CARRIS, this time is much longer. 

In this section, a study of the evolution of the gap with the computational time is provided, with the 

intention to discuss when the solution can be considered satisfactory. The computational time was 

increased from 1 minute to 13 hours until it was forced to stop due to the computer's memory limitation. 

In Table 20, besides the computational time and the respective gap, the evolution of the number of 

feasible solutions can also be found. As already shown in Figure 32, Table 20 shows again that the Gap 

decrease tends to stabilize first between 4000 and 8000 seconds and later after 9000 seconds. In this 

context, the decision maker needs to understand if the 5% reduction of the gap and the possibility of 

obtaining a better solution from point 1 to point 2 compensates for the additional computational time. 

Thus, for the sensitivity analysis of the unavailability cost cU (in section 5.3.2), it was used a computation 

time of 1 hour and 15 minutes, due to the numerous analysis required. Whereas for the sensitivity 

analysis of the limits of the crew restrictions and maintenance yard (in section 5.3.3), a computation time 

of 2 hours and 30 minutes was used. For both tests, the same computer was used. 
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Table 20: Computational time and the respective optimality gap 

 Computational time Gap Feasible integer solutions 

60 (1min) 36.09% 19 

300 (5min) 34.09% 20 

610 (10min) 33.39% 21 

900 (15min) 31.32% 22 

1800 (30min) 29.82% 22 

2700 (45min) 28.52% 23 

4431 (1h15m) 25.57% 25 

7200 (2h) 25.00% 25 

11000 (3h) 21.19% 27 

14400 (4h) 21.00% 27 

18000 (5h) 20.89% 27 

36000 (10h) 20.36% 27 

50400 (13h)  20.15% 27 

 

In Figure 34, the graph of gap evolution during the 13 hours can be found. During the first 5000 seconds, 

there was a marked decrease of the Gap and, from 9000 seconds, remained practically constant. 

 

Figure 34: Graph of optimality gap with respect to computational time 

 

5.3.2. Analysis of total maintenance cost as function of bus 

unavailable costs 

In this section, a sensitivity analysis is presented for a coefficient of the objective function to 

understand the impact of this variation on the value of the objective function for the best solution found. 

The individual parameters approach was used, which consists in the variation of one parameter keeping 

the other fixed. The cU (bus unavailability cost) parameter was chosen over 𝑐𝐷𝑤 (daily cost of worker 

w) due to two reasons. First, as shown in Table 19, cU is the component with the highest percentage of 

Total Preventive Maintenance Cost (TPMC) in CARRIS case study. The second reason is related to the 

uncertainty associated with the value of cU since it depends on several factors (some subjective) which 

consequently makes it very difficult to quantify. 
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In order to study the influence of the component associated with the cost of unavailability of buses, the 

cU was varied from 0 to 200 monetary units, and the analysis shown in Figure 31.a) was used as the 

reference. For this reason, all analysis in this section were performed using a computation time of 75 

min. Figure 35 shows the variation of the TPMC (for the best feasible solution found within a computation 

time of 75 minutes) with the cU value.  

 

Figure 35: Total preventive maintenance cost versus bus unavailability cost 

 

It can be seen in the Figure 35 that the evolution of the TPMC has a linear behaviour equivalent to the 

equation y = 15.23x + 998.11. The graph was constructed from the values presented in the Table 21. 

The cU increases and decreases by 25% intervals between the range of 0 up to 200 monetary units. 

Through this graph, it is still possible to verify that increasing the value of cU (positive variation of 25%) 

induces an increase of the value of the TPMC, whereas the negative variation of the cU causes the 

opposite effect, which is the decrease of the value of the TPMC. 

 
Table 21: Relation between cU and total preventive maintenance cost for a computational time of 75 min 

cU 
(m.u.) 

Gap 

(%) 

cU 
variation 
(%) 

TPMC 
(m.u.) 

TPMC 
variation 
(%) 

cU % 
in the 
TPMC 
cost 

Number of 
times that 
the 13 
buses are 
unavailable 

Number 
of Days  

Number of days of 
work by competence 

mec 
(3) 

lub ele bw 

0 2.59 -100 870 -67.0 0.0 65 4 11 3 2 4 

25 18.44 -75 1360 -48.5 29.4 16 5 12 3 3 4 

50 20.14 -50 1760 -33.3 45.5 16 5 12 3 3 4 

75 26.88 -25 2320 -12.1 51.7 16 5 12 5 4 5 

100 23.96 0 2640 0.0 60.6 16 4 12 4 4 4 

125 19.20 25 2870 8.7 65.3 15 4 11 4 4 4 

150 18.10 50 3245 22.9 69.3 15 4 11 4 4 4 

175 16.40 75 3615 36.9 67.7 14 5 12 5 5 5 

200 21.28 100 4010 51.9 69.8 14 5 13 5 5 5 

225 14.53 125 4360 65.2 72.3 14 5 13 5 5 5 

250 20.20 150 4550 72.4 71.43 13 5 15 5 5 5 

275 2.46 175 4570 73.1 78.23 13 4 11 4 4 4 

 

In Table 21, in addition to the different cU values and the results for the total cost of preventive 

maintenance, both the cU variation and the TPMC can be found in percentages. For example, when the 

y = 15.23x + 998.11
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cU is equal to 150 monetary units (m.u.), it provides information on the cU variation (50%), the gap 

(18,10%), the total cost of preventive maintenance (3245) and its variation (22.9%). In Figure 36, a 

graph representing the variation of the cU and the variation of the TPMC is also plotted. Two series are 

presented, the first "regular values" corresponding to the tabulated TPMC value, while the second series 

the "absolute values," which as the name indicates corresponds to the absolute value, which is, the 

modulus of the TPMC variation. 

 

Figure 36:Total maintenance variation and cU cost variation 

 

The graph of Figure 36 provides a visual comparison between the positive and the negative variation in 

the total maintenance cost variation. Through the absolute values curve, it is shown that the total 

maintenance cost variation is more significant for the cU negative than for the cU positive variation. For 

instance, the negative change of - 25% causes a total cost difference of -12.1% (12.1% in absolute 

terms), while a positive change of + 25% causes a total costs difference of +8.7% (8.7% in absolute 

terms).  

The last three columns in Table 21 are related to changes in resources due to the change of the value 

of cU. The first column is related to the number of admissions of the 13 buses during the preventive 

maintenance week of the case study. With this data and the graph of Figure 37, it is possible to see how 

the variation of the cU influences the number of calls that force the bus to remain out of service. During 

the meetings in CARRIS, it was mentioned the importance of having the buses with the maintenance 

tasks covered, with the minimum of possible calls. In other words, it is essential for bus unit b, that the 

preventive maintenance service is completed on the day it was started. For example, according to Table 

21, for cU equal to 25 monetary units corresponds to a percentage of 29.4% in the TPMC value, so in 

this case, the cU is not the main component, and consequently the model has as a priority the 

minimization of the costs of the maintenance team (component E). For this reason, the buses are called 

16 times (3 times more than necessary). In contrast, when the cU is equal to 200 monetary units 

corresponding to a percentage of 69.8% of the value of the TPMC, buses are called 14 times, i.e. there 

is a bus that is called more than once. If the value of cU continues to increase the number of calls would 

be equal to 13, which is the number of buses. 
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Figure 37: Number of times the 13 buses are unavailable for different cU values 

 

Table 21 also shows the number of days required to complete the maintenance plan, as well as the 

number of working days for each competence/skill. These two variables present a similar behaviour 

about the variation of the value cU since both solutions have their lowest value in the values of cU = 

125, cU = 150 and cU = 275. The variation of the parameter of the number of working days for each 

competence with the increasing of cU value can be found in Figure 38. 

 

 
 

Figure 38:  The evolution of the number of working days with the variation of cU 

 

Through the results of the sensitivity analysis on the cost of unavailability of the buses described in 

Figures 36, 37, 38 and Table 21, the decision maker has at its disposal different solutions that can be 

chosen according to its preference and needs of the company.  Assuming that the decision maker 

intends to carry out the plan as fast as possible and with the lowest possible cost associated to the 

workers, according to Table 21 and Figure 38, there are two options cU = 125 and cU = 150. Both 

options have the number of unavailable buses equal to 15 (which means that there are 2 buses called 

to the workshop more than once), so the best option will be the one that will present a smaller variation 

of the TPMC and consequently a smaller absolute value of the TPMC. Figure 36 shows that cU = 125 

is the one that presents the lowest variation of the TPMC, making it the best solution for the decision 

maker's initial criterion (execution of the plan in the least number of days). However, if the decision 
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maker changes the initial criteria, the most appropriate solution may also change. For example, if the 

decision maker wants the highest possible availability of buses (number of calls equal to 13), with the 

lowest cost associated, according to the graph of Figure 37, cU is equal to 250 monetary units. Finally, 

if for example, the decision maker wants the solution with the lowest gap and with greater bus availability, 

this solution is cU = 275, besides having maximum availability, it presents a gap equal to 2.46% in just 

1086 seconds. 

 

5.3.3. Analysis of the limits of crew and maintenance yard 

constraints 

A sensitivity analysis was also performed on the limits of the constraints to understand their influence 

on the value of the TPMC, and this analysis was executed for the results of Appendix A1 - Technical 

Planning of the CARRIS case study. These results came from the compilation of the outputs of the 

mathematical model of the CARRIS case study for a computational time of 183 minutes, shown in Figure 

31.b). In this study, a significant relevance was given to the best optimal solution, instead of a feasible 

solution that presents a shorter computing time, as was the case in the previous section study.  

The constraints are divided into 4 groups as it was stated in subsection 3.2.6 – Objective and functions. 

In this context, it is only relevant to consider the groups of "crew restrictions and competencies" and 

"constraints related to the maintenance yard". For both groups, a study was carried out to understand 

which group of restrictions exhibit a slack and which limit the availability of resources and, consequently, 

the availability to receive the buses for preventive maintenance. 

In order to understand the management and availability of the workers, the information collected from 

the outputs of the mathematical model was organized in the Table 22. 

 

Table 22: Management of the preventive maintenance team along the planning horizon  

 

Worker 

D   
a   
y   
1 

D   
a   
y   
2 

D 
a   
y   
3 

D   
a   
y   
4 

D   
a   
y   
5 

working 
hours/ 
week 

paid 
hours
/week 

hours 
lost 

 % 

𝐜𝐃𝐰 
(monetary 
units) 

cost/week 
(monetary 
units) 

money 
loss/week 
(monetary 
units) 

mec1 7 6 8 8 8 37 40 7.5 45 225 16.88 

mec2 6 4 8 8 - 26 32 18.8 45 180 33.75 

mec3 5 - 8 8 - 21 24 12.5 45 135 16.88 

lub 3 3 6 6 4 22 40 45.0 35 175 78.75 

elect 5 3 4 4 - 16 32 50.0 45 180 90.00 

bw_mec 6 6 6 6 2 26 40 35.0 45 225 78.75 

Total          1120 315.00 

 

In Table 22, it is represented the sum of the number of daily hours that each worker performs during the 

5 days of the plan. The sum of the working hours will be compared with the number of hours paid in this 
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week and in this way, it is possible to determine the percentage of hours lost by each element. In the 

remaining columns, the number of hours will be converted into monetary units, the daily cost of each 

worker is presented, cost per week (depending on the number of working days) and finally in the last 

column the amount of money lost by each worker in that week. For example, the Mechanic 3 worked 

during 3 of the 5 days of the planning horizon, performing a total of 21 working hours. Since the mechanic 

is paid per day, it means that 24 hours were paid. The balance between the 21 working hours and the 

24 paid hours means that there are 3 hours lost, which corresponds to a percentage of lost hours of 

12.5%. The daily cost, 𝑐𝐷𝑤, is 45 monetary units which multiplied by the 3 working days results in a 

weekly cost of 135 monetary units. Lastly, the Mechanic 3 has as a lost 16.88 monetary units, that value 

results from multiplying the cost/week by the percentage of lost hours.  

The maintenance cost of the crew, which is the component E of the objective function has the value of 

1120 monetary units resulting from the sum of all the weekly cost of all workers. The sum of the total 

losses, 315 monetary units, corresponds to a percentage of 28.1% of the costs associated with the 

maintenance team. In turn, the 1120 monetary units correspond to 44.44% of the TPMC, where cU (bus 

unavailable cost) is equal to 1400 monetary costs that result from the call of 14 buses (as there is a bus 

that goes two days to maintenance). 

It is important to mention that the value of the total monetary lost (315 monetary units) is related to the 

theoretical planning of preventive maintenance. Although the worker is not assigned to the tasks, it does 

not mean that is making a loss to the company, since the worker may be performing other activities 

within the facility or even working on preventive maintenance tasks that take more time than expected.  

In the Figure 39, a graph provides a balance between the number of hours worked and the number of 

hours paid by each worker per week. Through it, a visual analysis of the monetary loss is obtained. In 

conclusion, the losses of the electrician (ele), lubricator (lub) and mechanic of the body (bw_mec) are 

more significant than those of the mechanics (mec1), (mec2), (mec3). 

 

Figure 39: Monetary loss per week for all workers 

 

In order to evaluate the performance of the maintenance yard resource and its constraints the Appendix 

A1 -Technical Planning of the Carris case study was consulted. The Table 23 indicates the percentage 

of occupation of the installations during the horizontal planning.  
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Table 23: Occupation of maintenance lines 

  Day 1 Day 2 Day 3 Day 4 Day 5 
Occupations of 
maintenance lines 
(%) 

Number of 
admissions of the 
13 buses 

Allocated 
lines (NML) 

4 in 7 3 in 7 3 in 7 3 in 7 1 in 7 40.0% 14 

 

Table 23 shows the number of allocated lines per each day of the planning horizon and also the 

maximum number of lines available per day (NML), which is equal to 7. During the 5 days, 14 buses (a 

bus is repeated) get in for preventive maintenance, resulting in an occupation percentage of 40%. 

After organizing the information of the two groups of constraints, a sensitivity analysis is performed, in 

which a change in the number of resources generates changes in the limits of the restrictions and 

consequently in the value minimized by the objective function. For the minimization of the TPMC, it was 

defined that the occupation percentage of the maintenance lines should increase, maintaining the NML 

value equal to 7, and the value of the total money lost (per week) should decrease. Therefore, the 

solution was to add workers and evaluate the variations in the value of the TPMC, as well as the previous 

two points. In fact, the addition of workers has an impact on the value of the constraint limits in the NWtc 

(number of workers of competence c) and NW (number of workers) inserted in constraints 6, 7 

respectively (in section 3.2.6 - Objective function and constraints). 

Assuming that NW is equal to 7, which means that a worker was added to the team scheduled to perform 

preventive maintenance tasks, 4 possibilities were tested: i) a mechanic was added; ii) a lubricator was 

added; iii) an electrician was added and iv) a mechanic of bodyworks was added. Unsurprisingly, only 

in the test in which a mechanic was added to the team, there was a variation of the occupation 

percentage and the total monetary cost per week, and consequently the value of the TPMC. This result 

can be explained by Table 24, where it is possible to find the number of days that each worker needs to 

complete their activities, and the three mechanics are the ones with the highest relation. With the 

addition of one more element, the relation of work per mechanic will decrease, so the maximum number 

of days to complete the preventive maintenance plan is no longer conditioned by the workers of 

mechanical competence. The data of this test were organized in Table 1 of Appendix A2, which allowed 

the creation of a graph in Figure 40 a), in which it is possible to observe the balance between the hours 

paid and the working hours for each worker. The relevant data from Table 1 of Appendix A2 for sensitivity 

analysis were inserted in Table 25 where further analysis can also be found.  

 

Table 24: Minimum number of days per element to perform the number of work hours 

worker Number of hours of work /week  Number of days to perform the tasks 

Mechanic (1 or 2 or 3) 84 (84 / 8) / 3 = 3.46 

Lubricator 22 (22 / 8) = 2.75 

Electrician 16 (16/8) = 2 

Bodywork Mechanic 26 (26 / 8) = 3.25 

 



 

56 
 

Assuming that NW is equal to 8, which means that two workers were added to the team scheduled to 

perform preventive maintenance tasks, so 7 possibilities were tested: a) Mechanic + Electrician; b) 

Mechanic + Lubricator; c) Mechanic + Bodywork Mechanic; d) Mechanic + Mechanic; e) Electrician + 

Lubricator; f) Electrician + Bodywork Mechanic; g) Bodywork Mechanic + Lubricator.  

The option that displayed the best results was c) Mechanic and Bodywork Mechanic, followed by the 

option b) Mechanic + Lubricator. Again, these results can be justified by Table 24, because options c) 

and b) are those that present the highest number of days to perform the activities. The results of option 

b) are available in Table 2 of Appendix A2 and in Figure 39.b) the graph shows the balance between 

working hours and hours paid for each worker. Similar to what was described in the previous point, the 

most relevant data for the sensitivity analysis are also included in Table 25.  

 

 

Figure 40:: Monetary loss per week for all workers for the two options: a) additional mechanic and b) additional 
mechanic and bodywork mechanic 

 

Through the graph of Figure 39 and the two graphs of Figure 40, it is possible to observe a decrease in 

the value of the monetary loss per worker. For example, the Lubricator in Figure 38 works about 22 

hours and receives the equivalent of 40 hours of work which corresponds to a monetary loss of 50. 

However, when the results are observed for the same worker in Figure 40 a), it is verified that the 

lubricator for the same 22 hours of work is paid for 32 hours which corresponds to 4 working days and 

a monetary loss of 43.75. Finally, when analysing the results for the lubricator in Figure 40.b), it can be 

observed that the difference between the hours paid and the working hours is almost nil since the 

lubricator will have to work for 3 days, which corresponds to 24 hours paid, and a monetary loss of 8.75. 
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Table 25: Results of the analyse of the limits of Crew and maintenance yard 

 New 
employees 

Number 
of 
working 
days 

Number 
of 
admissio
ns of the 
13 buses 

The 
occupation of 
maintenance 
lines (%) 

U = 
Total 
Cu 
(m.u.) 

E= 
Total 
cost/ 
week 
(m.u.) 

Total money 
lost/week 
(monetary 
units) 

Money 
lost % 

TPMC 
= E+U 
(m.u.)  

 - Mec - - - - - - - n.f.s. 

0 5 14 40.00% 1400 1120 315.0 
28.21
% 

2520 

+ Mec 4 14 50.00% 1400 1085 280.0 
25.81 
% 

2485 

+ Mec + bw 3 13 61.90% 1300 915 110.0 
12.02
% 

2215 

+ Mec + lub 4 13 46.43% 1300 995 163.1 
17.54
% 

2295 

 

The possibility of reducing one mechanic in the maintenance team to verify the consequences in the 

value of the TPMC was also presented in Table 25, but for this scenario, the mathematical model 

displays that no feasible solution (n.f.s.) was found.  

The solution that presents the best results is the one that includes the addition of a mechanic and a 

bodywork mechanic to the maintenance team. It presents an occupation percentage of maintenance 

lines of 61.90% (21.90% more than the reference case obtained for the case study of CARRIS). This 

change in NW makes buses to arrive at the facility only once during the planning horizon. As shown in 

Figure 39.b), this analysis is the one that presents a smaller variation between paid hours and working 

hours, which translates into a total of monetary lost of 110 monetary units corresponding to 12.02% of 

the monetary lost, i.e. less than half the presented in the case of study of the CARRIS (28.21%). Finally, 

in this analysis, there was a decrease of 12.10% in the TPMC value. 

After the two analyses, where the sensitivity of the best solution for small perturbations in the parameter 

or restriction values was verified, the following conclusions were reached: 

In the second sensitivity analysis (in subsection 5.3.2), the influence of the buses unavailability costs, 

cU, was understood on the value of the U component of the objective function and, consequently, on 

the value of the TPMC. Through the cU variation, the decision maker can assess the influence of this 

parameter on the number of times that the 13 buses are unavailable and also on the evolution of the 

number of days of work per competency. 

The third sensitivity analysis (in subsection 5.3.3) aimed to understand which of the groups of constraints 

had more influence in the case study of CARRIS. Through the analysis of results, it is concluded that 

the "crew and competences constraints" condition the "constraints related to the maintenance yard," 

and they were identified as the limiting resource. It has been proven that the increase in the number of 

workers: increases the occupation of maintenance lines (less waste of space); decreases the loss of 

work hours, and consequently the percentage of lost money that leads to the reduction of the absolute 

value of the TPMC. The addition of workers also allows the reduction of the number of working days 

and the increase of buses availability. 
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6. Conclusions and Future Research 

This final chapter provides the conclusions of the research, identifies some limitations and points out 

further steps of improvements and enhancements to the research here conducted. 

 

6.1. Conclusions 

Several studies previously developed in the field of bus systems were reviewed in the dissertation. 

The incorporation of formulations for the scheduling of preventive bus maintenance activities along with 

the schedule of preventive maintenance teams is lacking. Therefore, the topic has the potential for fruitful 

contributions in bus maintenance systems, as well as in other public transportation fields. The difficulties 

in transforming a real-world problem into a mathematical model were explained. This issue is specially 

applied when studying bus transit operations as they go through several unforeseen situations, which 

complicate the mathematical modelling. 

Fleet maintenance is one of the most influential components of bus transit operation accounts and, 

consequently, in the accounts of public transit agencies. For this reason, companies are looking for 

solutions that respond to this need; and thus, the primary objective of this dissertation is to create optimal 

technical planning that minimizes the total preventive maintenance costs (TPMC). At the same time, the 

optimal technical planning focuses on increasing the availability of buses for the service, increasing the 

occupation percentage of the facilities where the maintenance is performed and also making the 

maintenance team work hours more productive. In order to answer this objective, a mathematical model 

adapted to the specific case of CARRIS was created. Nevertheless, the model has tuning properties 

allowing it to be easily modified to fit the specifications of other companies. 

Built from scratch, the mathematical model is based on the integer linear programming formulation. 

However, it was influenced by the works reviewed in the papers (Haghani & Shafahi, 2002) and (Pour, 

et al., 2017), when elaborating the constraints. The mathematical model was validated through an 

illustrative example, where the constraints, objective function, decision variables were explained and 

where the feasibility of the model was demonstrated. Then, the model was applied to the CARRIS case 

study. Besides the objectives mentioned above, proving that it can generate at least one feasible optimal 

solution at a small computational time, according to the planning horizon, was a difficult challenge. 

However, the optimal technical planning obtained a cost associated with the maintenance team below 

the actual planning of 16%, ensuring that all buses perform the maintenance activity during the planning 

horizon. Thus, it was demonstrated that the solution of this model is a viable alternative to the current 

CARRIS plan. The optimal technical planning also presents a percentage of occupation of the facilities 

of 40% and the non-availability of buses for the daily services of 16 calls for the 13 buses in preventive 

maintenance. For this best viable solution, many simulations were performed with the intention of 

quantifying the sensitivity of the model parameters. 
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It is important to highlight that the purpose of optimal technical planning (Appendix A1) is to allow the 

decision maker to be able to plan preventive maintenance activities more direct and efficiently, and thus 

being able to anticipate and be prepared for possible contingencies. Through this plan, the tolerance of 

4% of the number of kilometers before the preventive maintenance presented by the SAP program can 

be better managed and used in the interests of the company. This will prevent an increase in the number 

of buses parked/immobilized in the depot. Finally, it only needs to be emphasized that decision-making 

will always be on the side of the manager. 

 

6.2. Limitations 

Several limitations can be identified during the process that led to the preparation of the dissertation. 

First, the mathematical model allows to find optimal technical planning but is very dependent on the 

input defined by the user. Therefore, if the data does not correctly represent the real-world problem, a 

solution found for optimal technical planning is hardly ideal. As already mentioned, the description of the 

maintenance tasks cannot be linear, so there are uncertainties associated with the number of working 

hours of the inspection activities that were not taken into account and also affect the solution found. In 

response to these two limitations arises the possibility of the mathematical model being embedded in 

an automatic system that connects to a database system which contains up-to-date information. 

Secondly, although the mathematical model is able to give a feasible solution, the optimally gap is never 

less than 20%, even after 13 hours of computation. The computational gap is considered as an indicator 

of optimality of the solution and it can be viewed as a limitation, especially in cases where the decision 

maker is interested in the optimality of the solution.  

Moreover, there is a limitation on the quantification of the cU value (cost parameter of the objective 

function) as an empirical approach was used, which conditions both the determination of the TPMC and 

the achievement of optimal technical planning. Nevertheless, a sensitivity analysis has been conducted, 

which gives the decision maker the possibility of assessing the influence of the variation of this 

parameter. Moreover, a more robust approach to determine the cU parameter is still needed and it is 

left for further research.  

Finally, in this mathematical model, there is a limitation in the planning of the maintenance team; a 

worker cannot go beyond him/her competence. However, in a maintenance team, a mechanic can have 

qualifications that might allow him/her to perform functions as a lubricator or a body mechanic. The 

polyvalence of workers is a characteristic that is increasingly sought by companies; and therefore, the 

absence of this possibility is still a current limitation of this model. 
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6.3. Future work  

Future research would have to overcome the points identified above as limitations of the present 

work. When CARRISBus was presented in section 4.1 (on CARRIS bus operating company), it was 

mentioned that the company is responsible for the maintenance of seven facilities spread across six 

locations in the city of Lisbon. For this dissertation, only the depot of Musgueira was considered and, 

therefore, considered as a closed system in which it is assumed that any events happening in other 

depot do not influence the number of employees, nor the choice of buses for preventive maintenance, 

which may not be completely true in certain situations. Concerning the number of employees, it has 

been proved that, in Musgueira’s facility, the addition of a mechanic would be advantageous. However, 

if this study was performed for other depots, the same scenario or the opposite could be found, which 

might indicate other efficiency opportunities through a permutation of workers between depots as 

shortage or excess of employees occur in certain depots. Concerning the availability of buses, if the 

case study has multiple depots and the number of buses in a particular depot A is insufficient to satisfy 

the number of service routes in A, the buses might be requested to depot B; as a result, buses scheduled 

for preventive maintenance in depot B may be affected. Through this study, it is also possible to know if 

the occupation percentage (operation) of each facility and depot are well distributed. In addition to the 

studies already mentioned, it is possible to find information about this future work in the paper (Haghani, 

et al., 2003). It was studied the impact of having multiple depots compared to a single depot, in 

parameters such as minimizing the number of vehicles, which means reducing the fixed cost of capital 

and decrease of the total deadhead time and the cost of operations. 

In order to solve larger size problems, the application of metaheuristics is compulsory. Metaheuristics 

allow finding a reasonably good feasible solution without the high computational time, providing a way 

to reduce it, while carefully managing the trade-off between time efficiency and quality of solutions 

(tested in smaller sized examples). With only one depot, the CARRIS case study already presents 

considerable complexity. Therefore, transitioning to a problem with multiple depots, the complexity and 

computation time would inevitably increase. Thus, when compared with the classic methods, the 

application of metaheuristics would offer an advantage in reducing the computational time. However, 

the current solution of the CARRIS case study has a computational gap of 20%. Applying metaheuristics, 

to a problem with multiple depots, the gap value would tend to increase, providing a low-quality solution. 

As future work, the effect of the pragmatism of metaheuristics on a complex problem, such as that of 

CARRIS, with multiple depots, would be interesting and challenging to analyse. 

In section 4.1 (on CARRIS bus operating company), the scheduling of preventive maintenance as a 

closed system was also considered, so there was no influence of corrective maintenance. It would be 

interesting to study the percentage of costs of the different maintenance (preventive maintenance, 

corrective maintenance, general reconditioning of bodies and vehicles, and the breakdown and towing 

of buses) in the total costs of the maintenance department. In this context, it could be possible to study 

the impact that optimal technical planning would have on any maintenance department rather than just 

in the field of preventive maintenance. Consequently, understand if the resources (workers, 

maintenance yard) are well distributed by the different departments of maintenance. 
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In addition to the one already mentioned in the section on the limitations of the parameter cU, the 

temporal unit could also be modified. Instead of the cU being the unavailable bus cost per day, it could 

be tested the unavailable cost per hour. Thus, the model would further penalize the exit of the buses 

from their services of schedules, as well as penalize the idle time when they are parked. This 

unavailability problem is visible in the illustrative example (Table 8), where bus 5 is left in the workshop 

for 3 hours without maintenance. For the model of this dissertation, the value of the cU is the same 

whether the bus stays 3 or 6 hours, which is not true for problems regarding the bus transit system. 

Another condition that could change the value of the cU would be the type of vehicle, the ratio of the 

type of vehicle per route and also the number of immobilized buses. 

As a future work it might be interesting to study the standard structure of the solution and the relationship 

between the zbt  and zbd  decision variables to improve the branch and bound procedure, and hopefully 

decrease the optimality gap faster than the current version. 

Finally, it should be highlighted that obtaining optimal technical planning is only the first step. 

Afterwards, the plan should be verified as feasible in an operation planning. 
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8. Appendix 

A1 – Technical planning of the case study of CARRIS 
D 1 2 3 4 5 

t 10 11 12 13 14 15 16 17 34 35 36 37 38 39 40 41 58 59 60 61 62 63 64 65 82 83 84 85 86 87 88 89 106 107 108 109 110 111 112 113 

B1                                         

M1                           X X X X           

M2                           X X X X X X         

M3                           X X X X X X         

L                            X X X X X         

E                         X X               

Bw                           X X             

B2                                         

M1       X X                                 

M2      X X X                                 

M3  X                                       

L       X                                  

E      X                                   

Bw       X X                                 

B3                                         

M1             X                            

M2         X                                

M3                                         

L          X                               

E             X                            

Bw         X X                               

B4                                         

M1                                 X X X X X X X X 

M2    X X                                    

M3    X X X X                                  

L                                 X X X X     

E  X X                                      

Bw                                    X X    

B5                                         

M1                                         

M2                        X                 

M3                      X X X                 

L                 X                        

E                  X                       

Bw                      X X                  

B6                                         

M1  X X                                      

M2                                         

M3                                         

L   X                                      

E X                                        

Bw X X                                       

B7                                         

M1                               X X         

M2                                         

M3                         X X               

L                         X                

E                          X               

Bw                               X X         

B8                                         

M1                         X X               

M2                         X X               

M3                                         

L                          X               

E                            X             
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Bw                             X X           

B9                                         

M1               X X                         

M2           X X                             

M3                                         

L           X                              

E           X                              

Bw           X X                             

B10                                         

M1    X X X                                   

M2 X                                        

M3                                         

L      X                                   

E     X                                    

Bw     X X                                   

B11                                         

M1                    X X                    

M2                    X                     

M3                 X                        

L                     X                    

E                   X                      

Bw                    X X                    

B12                                         

M1                 X X X X X X                   

M2                 X X X X X X                   

M3                  X X X X                    

L                   X X X X                   

E                       X X                 

Bw                 X X                       

B13                                         

M1         X X X                              

M2          X                               

M3                                         

L         X                                

E         X                                

Bw              X X                          
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A2 – Sensitive analyze of the limits of Crew constraint 

Table 1 

worker Day 1  Day 2 Day3 Day 4 Day 5 working hours paid hours hours lost 

 % 

cost/day  

(monetary units) 

cost/week  

(monetary units) 

money lost/week  

(monetary units) 

mec1 7 6 - - 7 20 24 16.7% 45 135 22.50 

mec2 6 8 - - 6 20 24 16.7% 45 135 22.50 

mec3 8 7 - - 6 21 24 12.5% 45 135 16.88 

mec4 7 3 8 - 5 23 32 28.1% 45 180 50.63 

Lub 7 2 7 - 6 22 32 31.3% 35 140 43.75 

elect 5 2 5 - 4 16 32 50.0% 45 180 90.00 

bw_ 7 6 6 - 7 26 32 18.8% 45 180 33.75 

Total          1085 280,00 

 

Table 2 

worker Day 1  Day 2 Day3 Day 4 Day 5 working hours paid hours hours lost 

 % 

cost/day  

(monetary units) 

cost/week  

(monetary units) 

money lost/week  

(monetary units) 

mec1 8 8 - - 8 24 24 0.0% 45 135 0.00 

mec2 8 7 - - 8 23 24 4.2% 45 135 5.63 

mec3 8 7 - - 8 23 24 4.2% 45 135 5.63 

mec4 - 6 - - 8 14 16 12.5% 45 90 11.25 

Lub 7 7 - - 8 22 24 8.3% 35 105 8.75 

elect 7 5 - - 4 16 24 33.3% 45 135 45.00 

bw_1 7 8 - - - 15 16 6.3% 45 90 5.63 

bw_2 7 - - - 4 11 16 31.3% 45 90 28.13 

Total          915 110,00 

 


