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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 

research 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, Scheduling, Optimization, Mixed-integer linear 

programming 

 

1. Introduction 

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 reach up 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. 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 unite technological opportunities 

with local, regional and national policies. 

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. 

Lisbon faces the same problems presented above: a 

decrease in air quality and an increase in the number 

of cars that circulated each day. In order to improve 

the quality of the offer, the reliability, safety and life 

of the vehicle, and make the bus service an 

increasingly reliable 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. 

The present extended abstract focus on preventive 

maintenance since a good programming schedule 

will save costs and influence the occurrence of the 

other two types of maintenance mentioned above. . 

 

1.1. Problem statement 

The objective of this research 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: i) 

Increase the availability of the buses; ii) Increase the 

occupation percentage of the facility; iii) Sensitivity 

analysis of the cost of bus unavailability; iv) Identify 

the resource limit between the number of elements in 

a maintenance crew, and the size of the facility; v) 

Evaluation of the optimality maintenance planning 

as a support to the decision maker. 

 

1.2. Document Structure 

This document is divided in the following sections. 

Section 2 introduces the topic of bus scheduling 

maintenance and also provides a brief review of 
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some of the work carried out in the optimization of 

maintenance planning in transportation companies. 

Section 3 puts forward a mixed-integer linear 

programming model and section 4 explores the case 

study under analysis an applies the previous decision 

model to the bus operating company. Section 5 

analyses the results and finally section 6 provides the 

main conclusions, further research and limitations.   

   

2. Related Literature  

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. 

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. 

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. 

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. 

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 research. 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. 

 

3. Mixed-integer linear programming model 

Section 3 provides a scheme of all the steps of an 

optimization process, from the real problem to the 

optimal feasible solution (Figure 1). Then, a detailed 

description of the proposed mathematical model.  

 

 
Figure 1: Optimization Process 

The mathematical model that is presented below was 

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 
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conditions found at the bus transport operating 

company CARRIS and its facilities.  

 

3.1 Sets  

𝑩 set of bus unit b 

𝑪  set of competence units c 

𝑫 set of days unit d 

𝑴 set of maintenance types m 

𝑻 set of time units t  

𝑽 set of vehicle types units v 

𝑾 set of workers elements w 

 

3.2 Constants 

𝒄𝑼 number of aircraft 

𝑵𝑫 total number of days  

𝑵𝑴𝑳 number of maintenance lines 

𝑵𝑻 total number of time units 

𝑵𝑾 number of workers 

𝑺𝑳           number of special lines exclusive to vehicle 

type “Articulated”. 

 

3.3. Parameters 

𝑪𝑪𝒘 competence of worker w 

𝒄𝑫𝒘 daily cost of worker type w 

𝑮𝒃𝒎𝒗𝒄  amount of work that bus b needs to 

perform maintenance type m, in vehicle 

type unit v, by worker with skill c 

𝑵𝑾𝒕𝒄 number of workers of competence   

𝑺𝒃  scheduled time for bus b where 

maintenance activity cannot be started  

𝑻𝑴𝒃 scheduled time for bus b where 

maintenance activity can be performed  

𝑽𝑽𝒃 type of vehicle by bus b  
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  

 

3.4. Variables 

𝒙𝒃𝒎𝒕𝒘 binary variable set to 1 if maintenance     

type m is performed on bus unit b at time t, 

by the worker w, and set 0 otherwise.  

𝒚𝒘𝒅 binary variable set to 1 if worker w is 

assigned at day d, and set 0 otherwise. 

𝒛𝒃𝒕 binary variable set to 1 if bus unit b in under 

maintenance at time unit t, and set 0 

otherwise. 

𝒛𝒃𝒅 binary variable set to 1 if bus unit b in under 

maintenance at day d, and set 0 otherwise. 

 

 
 

3.5. Objective function 

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) 

∑ ∑ 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) 
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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: 

E =  ∑ ∑  𝑐𝐷𝑤 ∗ 𝑦𝑤𝑑  𝑑𝜖𝐷𝑤𝜖𝑊        (21) 

 

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). 

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 is 𝑧𝑏𝑑 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.  

 

a) Constraints related to the management 

 

Constraint (2) ensures that no bus is under 

maintenance during the regular service/operation 

time. 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. Constraint (4) states that all 

workers at any given time can only perform a task at 

a time. 

  

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. 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). Constraint (7) bounds the number of 

workers assigned in order to stay lower or equal to 

the crew limit number capacity (NW). 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. 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), 
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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. 

 

 

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. 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). 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. 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. 

 

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. 

 

4. Case study of CARRIS  

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 is responsible for 7 

maintenance facilities. The installation of Musgueira 

was chosen to be studied in this present research. 

 

4.2. Problem specifications 

The facility of Musgueira is responsible for 183 

buses, 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 is equal to the sum of the 

vehicles in preventive maintenance, the vehicles in 

corrective maintenance and the vehicles in stock. 

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. The SAP system provided the 

data about the buses that will reach the limit of 

kilometres and will need to undergo the preventive 

maintenance actions (Table 1). The classification of 

the types of maintenance is shown in Table 2, and in 

Table 3 the amount of work for preventive 

inspections. 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. 

 
Table 1: The buses that will perform preventive 

maintenance 

 
Table 2: Maintenance tasks  

Maintenance activities Period 

R3 Every 15.000 km 

R4 Every 30.000 km 

R5 Every 60.000 km 

R5C2  Every 120.000 km 

b Bus 
name 

Bus Type Bus 
model  

Maintenan
ce Type 

1 4238 OC 500 Standard R5 C2 

2 1629 B7L  Standard R4 

3 1706 B7R Standard R3 

4 1757 B7R MKIII Standard R5 C2 

5 4248 OC 500 Standard R3 

6 1705 B7R Standard R3 

7 4221 OC 500 Standard R4 

8 1707 B7R Standard R4 

9 1758 B7R MKIII Standard R4 

10 1748  B7R MKIII Standard R4 

11 4245 OC 500 Standard R3 

12 4264 OC 500 Standard R5 C2 

13 4625 Citaro G Articulated R4 
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Table 3:Amount of work for preventive inspections per 
vehicle type, worker competence, and type of 

maintenance 

Vehicle type  

 

Competence 
𝐦𝐚𝐢𝐧𝐭𝐞𝐧𝐚𝐧𝐜𝐞 𝐭𝐲𝐩𝐞 

R3 R4 R5 
R5 

C2 

OC 500 

(standard)  

Mechanic 4 4 8 16 

Lubricator 1 1 4 4 

Electrician 1 1 2 2 

Bodywork 

Mechanic 
2 2 2 2 

Citaro G                   

(“Articulate

d”) 

Mechanic 

Not 

 

applic
ate 

4 8 14 

Lubricator 1 4 4 

Electrician 1 2 2 

Bodywork 

Mechanic 
2 2 2 

B7L 

(standard) 

Mechanic 4 6 6 22 

Lubricator 1 1 4 4 

Electrician 1 1 2 2 

Bodywork 
Mechanic 

2 2 2 2 

B7R 

(standard) 

Mechanic 2 4 8 14 

Lubricator 1 1 4 4 

Electrician 2 2 2 2 

Bodywork 

Mechanic 
1 1 2 2 

B7R MKIII 

(standard) 

Mechanic 

Not 

  

applic
ate 

4 12 14 

Lubricator 1 4 4 

Electrician 1 2 2 

Bodywork 

Mechanic 
2 2 2 

 

4.2. Parameters for the case study 

In order to illustrate this case study, several 

parameters need to be characterized, such as: number 

of work hours required for the different bus and 

competence units (Table 4), information about 

preventive maintenance crew (Table 5), constants of 

the mathematical model (Table 6), information about 

unavailable work window for the 5-day planning 

period (Table 7), sets of the mathematical model. 

 

Table 4 shows a combination of the data from the 

SAP system (Table 1) and the standard information 

about the average number of working hours (Table 

3). Table 4 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.  
Table 4 - number of work hours required for the different 

bus and competence units 

 
 

In Table 5 information about preventive 

maintenance team of the facilities of Musgueira can 

be found.  

In Table 6, the constants of the mathematical model 

are introduced. 

 
Table 5: Information about preventive maintenance crew 

w 𝐖𝐨𝐫𝐤𝐞𝐫 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 

 
Table 6: Constants of the mathematical model 

Constants Units Values 

cU  Monetary units 100 

NT Working hours 120 

ND Working days 5 

NW - 6 

NML - 7 

SL - 1 
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Table 7 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. 
 

Table 7: Information about unavailable work window for 
the 5-day planning period 

 
 

Table 8 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 8: 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} 

  

5. Results 

In this section, 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 the case study 

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 

results of the optimization of the CARRIS case 

study, after a computational period of approximately 

75 min and 183 min, were used to draw the optimal 

technical planning. The program was stopped before 

reaching the optimum solution with a gap of 21,2%.  

The best feasible solution corresponds to a minimum 

cost of 2520 monetary units, and the different 

influence of the two cost components of the 

objective function, is showed in Table 9.  

 
Table 9 - Influence of the cost components for the best 

feasible solution found  
 

Cost component 

Optimization stopped at (183min) 

Value (monetary 

units) 

Percentage of 

the total cost 

E (Crew 

maintenance cost) 

1120 44.44% 

U (Bus 

unavailability cost) 

1400 55.56% 

 

5.2. Performance evaluation 

The results will be compared to real plan carried out 

by CARRIS during the studied week (Figure 2). 
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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. Looking at Figure 2 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. 

 

 
Figure 2: 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. 

 

5.3.1. Sensitivity analysis of the optimality gap as a 

function of computational time 

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. Figure 3, shows 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. 

 

 
Figure 3 - Optimality gap evolution in function of the 

computational time 

 

5.2.2. 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 (cU) 

keeping the other fixed (𝑐𝐷𝑤). 

This sensitivity analysis can support the decision 

maker to calibrate the parameters of the decision 

model as best suits his/her needs. Figures 4 ,5 and 6 

display these correlations and how they evolve and 

serve as basis of this sensitivity analysis.  

For instance, the decision maker may want to reduce 

the number of working days per competence, the 

optimality gap or even increase the influence of the 

unavailability cost. Therefore, if 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 Figure 5, 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) (Figure 6), so the best option will be 

the one that will present a smaller variation of the 

Total Preventive Maintenance Cost (TPMC) and 

consequently a smaller absolute value of the TPMC 

(Figure 5).  

  

 
Figure 4: The evolution of the number of working days 

with the variation of Cu 

 
Figure 5: Total maintenance variation and cU cost 

variation 
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Figure 6: Number of times the 13 buses are unavailable 

for different cU values 

5.3.3. Sensitivity analysis of the limits of crew and 

maintenance yard constraints 

The second sensitivity analysis 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 occupancy rate 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, the increase of buses 

availability. 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 occupancy rate 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. 

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 
 

6. Conclusion 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. Conclusion 

Several studies previously developed in the area of 

bus systems were reviewed in the research. 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.  

Fleet maintenance is one of the most influential 

components of bus transit operations 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 present research is to create 

optimal technical planning that minimizes the total 

preventive maintenance costs (TPMC). At the same 

time, the optimal technical planning that focuses on 

increasing the availability of buses for the service, on 

increasing the occupation percentage of the facilities 

where the maintenance is performed and also on 

making the maintenance team work hours more 

productive. 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 

horizon planning. Thus, it was demonstrated that the 

solution of this model is a viable alternative to the 

current CARRIS plan. For this best viable solution, 

many simulations were performed with the intention 

of quantifying the sensitivity of the model 

parameters. 

 

6.2. Limitations 

Several limitations can be identified during the 

process that led to the preparation of the present 

research. First, the mathematical model allows to 

find optimal technical planning, but of course, it 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 that the 

mathematical model will be embedded in an 

automatic system that connects to a database system 

that contains up-to-date information. 

Moreover, there is a limitation on the quantification 

of the cU value 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 do more than a competence. The 

polyvalence of workers is a characteristic that is 

increasingly sought by companies.  
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6.3 Future Research 

For this present research, only the depot of 

Musgueira was considered, such 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 proven that, in the Musgueira 

facility, the increase 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 the 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 

occupations 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).  

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, with 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 challenging to analyse. 

It would be interesting to study the percentage of the 

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 area of preventive 

maintenance. Consequently, understand if the 

resources (workers, maintenance yard) are well 

distributed by the different departments of 

maintenance. 

In addition to the one already mentioned in the 

section on the limitations, instead of the cU being the 

unavailable bus cost per day, could be tested the 

unavailable cost per hour. Finally, it should be 

highlighted that obtaining optimal technical 

planning is only the first step. After that, should be 

verified that the plan is feasible in an operation 

planning. 
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