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Abstract 

A set of events, such as the airline deregulation act of 1978 and the creation of the single EU 

aviation market, led to an increasing competitive market, in which airline companies began to focus 

more and more on cost control. An effective and reasonable method to increase profits is to optimize 

operations, namely maintenance activities, and minimize the associated costs. In the present work, a 

mixed-integer linear programming model is presented, which minimizes maintenance costs in airline 

companies. This optimization model establishes a maintenance schedule, including short-term 

maintenance checks (A-type) and long-term maintenance checks (C-type), during a given planning 

horizon. The presented model is validated by an illustrative example constituted by a small fleet of 

aircraft, demonstrating its applicability. Afterwards, the optimization model is applied to the fleet of 

“narrow-body” aircraft of TAP Air Portugal, for a six-month planning horizon. The analysis of the results 

showed that the use of this model can reduce the number of maintenance activities, in about 15%, which 

means that maintenance costs can be reduced. A sensitivity analysis was also performed, showing that 

the reduction of the optimality gap after 1 hour of computational time was negligible compared with a 

24-hour computation. A sensitivity analysis associated with the unavailability cost parameter was also 

added and discussed. Therefore, this decision framework can support maintenance planning, 

contributing to the reduction of the planning time, providing feasible solutions for the stated problem. 

Keywords: Maintenance, Maintenance planning, Air transportation, Scheduling, Optimization, Mixed-

integer linear programming 
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Resumo 

Um conjunto de eventos, como o ato de desregulamentação aérea de 1978 e a criação do 

mercado único europeu de aviação, conduziu a um mercado mais competitivo, com as companhias 

aéreas a focaram-se mais no controlo de custos. A otimização das operações, como a manutenção, é 

considerada um método eficaz e razoável na minimização de custos. Neste documento, é apresentado 

um modelo de programação linear inteira mista, que minimiza os custos de manutenção em 

companhias aéreas. Esse modelo de otimização estabelece um cronograma de manutenção, incluindo 

inspeções de manutenção de curto prazo (tipo A) e de longo prazo (tipo C), durante um determinado 

horizonte de planeamento. O modelo apresentado é validado por um exemplo ilustrativo, constituído 

por uma pequena frota, demonstrando a sua aplicabilidade. Posteriormente, o modelo de otimização é 

aplicado à frota de aeronaves “narrow-body” da TAP Air Portugal, para um horizonte de seis meses. A 

análise dos resultados mostrou que o uso deste modelo pode reduzir o número de atividades de 

manutenção, em cerca de 15%, o que significa que os custos de manutenção podem ser reduzidos. 

Foi realizada uma análise de sensibilidade, que mostra que o decréscimo da diferença ótima após 1 

hora de tempo computacional foi insignificante comparado com um cálculo para 24 horas. Uma análise 

de sensibilidade associada ao parâmetro de custo de indisponibilidade foi, também, adicionada e 

discutida. Portanto, este modelo pode ajudar no planeamento de manutenção, contribuindo para a 

redução do tempo de planeamento, fornecendo soluções viáveis para o problema definido. 

Palavras-chave: Manutenção, Planeamento de manutenção, Transporte aéreo, Calendarização, 

Otimização, Programação linear inteira mista 
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1. Introduction 

This first chapter suits as an outline on the research conducted during the present dissertation. 

To begin, a description is provided on the air mobility problem in Europe and in Portugal and on the 

transportation company in which the case study focuses, namely its – history, fleet and operations – and 

on a report on maintenance in air transportation. Afterwards, the intended objectives and methodologies 

are also presented. Finally, the document’s structure is defined.  

1.1. Context 

1.1.1. Air mobility in Europe 

Since 1988, after the big revolution in the air market in Europe, major steps were taken to build 

a more open mean of transportation to everyone, mainly, by increasing safety of aircraft, and, 

consequently reducing air fares. These steps forward were crucial because the creation of the EU's 

internal aviation market resulted in an intense competition between airline companies. By now, global 

air transportation is considered by EC (European Commission) an essential cornerstone to support 

European economy, “in 2014 for example, aviation supported 8.8 million jobs in the EU, and contributed 

over €621 billion to EU GDP” (EC, 2017). Besides, it has been growing, as Figure 1.1 shows, “global air 

transport over the long term is expected to grow by around 5% annually until 2030” (EC, 2018). Basically, 

there are more airline companies, more airports, more destinations and more passengers, it results in a 

bigger offer and demand, and in a profitable increasing market. Therefore, cost savings are vital to airline 

companies to follow their budget and to increase profits. Maintenance scheduling optimization, since air 

market revolution, started to be seen has an activity with high potential to reduce costs.  

 
Figure 1.1 - Passengers’ evolution in Europe 

While this sector continues to grow, as in other transportation sectors, environmental concerns 

have become relevant issues, as the numbers from Figure 1.2 demonstrate, and they have not been 

forgotten, as “the growth of aviation is important it cannot be at any cost” (EC, 2017). Technology 

improvements were essential in this way, “new aircraft technologies, cleaner fuels and renewal of the 

fleet over time mean that emissions today are far lower per Km flown, than in 1992” (EC, 2017). This 

technology progress led not only to safety increase – environment and travelling questions - but also to 

efficiency improvements in terms of logistics and operations of airline companies. 
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Figure 1.2 - Average jet fuel consumption per passenger in Europe 

Supported by these facts, air transportation must be considered crucial for global economy and 

it is important that it remains as a role model in transportation industry. 

1.1.2. Air mobility in Portugal 

Similar to other European countries, air transportation in Portugal has a fundamental role in its 

economy and in social development. Portugal has a geographical position, which works regularly as a 

hub, that provides important connections between Europe and other continents, for passengers and for 

goods. Consequently, investment, in air transportation and in its facilities, is logical, as long as cost-

benefit analysis exhibits economic and financial feasibilities. 

In Portugal, the major airline company is TAP Air Portugal, founded on the 14th March 1945, with 

the former name, Secção de Transportes Aéreos, by Humberto Delgado. On the 19th September 1946, 

TAP made its first commercial flight, in a connection between Lisbon and Madrid, in a Dakota DC3s, 

with room for 21 passengers. Since that day, TAP Air Portugal started to grow continuously, by adding 

aircraft to its fleet and destinations to its routes, by gaining customers and partners. By now, TAP Air 

Portugal is the biggest airline company in Portugal, and is part of a group, TAP (TAP, SGPS, S.A.), which 

also has other companies, specialized not only in air transportation, but also in airport logistics, in aircraft 

maintenance and in other aircraft’ services as it is possible to see in chart from Figure 1.3.  

 
Figure 1.3 - TAP Group's organizational chart 
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TAP Air Portugal operates nearly 2500 flights per week for 83 different destinations, across 34 

countries over Europe, Africa, South America and North America, and its hub in Lisbon is a key 

European gateway. Since its foundation, TAP Air Portugal has been one of the leaders in this sector, 

and which it is proved by the several awards won, such as the “Leading European Airline to Africa and 

South America prize by the World Travel Awards, which are considered the “Oscars” of tourism” (TAP, 

2018). 

TAP (TAP, SGPS, S.A.) has 80 operating aircraft in its fleet – 63 Airbus for TAR Air Portugal, 9 

Embraer for Portugália Airlines and 8 ATR for White Airways. For the Airbus aircraft, are divided into two 

types, i) “wide-body” (A340 and A330) and ii) “narrow-body” (A321, A320 and A319). A detailed 

description of the fleet and the technical characteristics of each aircraft are showed in Table 1.1. TAP Air 

Portugal is also a member of Star Alliance, the leading global airline network, with more 27 airline 

companies from every continent. Collectively, all Star Alliance’s members operate more than 21900 

departures per day to 1328 airports in 195 countries. 

Table 1.1 - TAP's fleet and technical characteristics 

Aircraft type 
Airbus 

A340-300 
Airbus 

A330-200 
Airbus 

A321-200 
Airbus 

A320-200 
Airbus 

A319-100 
Embraer 

190 
ATR 72-600 

Number of 

planes 
4 14 4 20 21 9 8 

Seating capacity 

[persons] 
274 263 / 269 216  174 144 106 70 

Fuel capacity [l] 140640 139090 23700 23859 23859 12971 2405 

Length [m] 63.69 58.82 44.51 37.57 33.84 36.24 27.16 

Wingspan [m] 60.30 60.30 34.10 34.10 34.10 28.72 27.05 

Height [m] 16.83 17.39 12.09 12.14 12.17 10.55 7.65 

Wing area [m2] 363.6 361.6 122.4 122.4 122.4 92.50 51 

Cruising Speed 

[Km/h] 
930 930 900 900 900 890 508 

Cruising Altitude 

[m] 
12500 12500 11900 11900 11900 12500 7620 

Maximum Range 

[Km] 
13300 12000 4600 5500 5700 4445 1529 

1.1.3.   Maintenance in air transportation 

Maintenance is “the process of preserving a condition or situation or the state of being 

preserved” (Oxford Dictionaries, 2018). Maintenance has a major influence in transportation because it 

directly controls safety and it indirectly has impact on transportation’s availability and companies’ profits. 

Moreover, companies’ reputation could be affect by failures related to this subject, so maintenance 

https://flights.staralliance.com/en/flights-to-lisbon
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should not be reduced to a point that safety can be compromised. This point, in aeronautical industry, is 

controlled and limited by maximum flight hours, flight cycles and flight days between two maintenance 

checks. If a maintenance activity is controlled by this deadline, it is called preventive maintenance, but 

if, a maintenance activity is just executed after the failure occurs it is called corrective maintenance.  

After the airline deregulation act of 1978 and, more recently, with the creation of the EU's internal 

aviation market, airline companies had to control their budgets and to reduce the costs in order to 

achieve higher profits, “as a result of fierce competition the airlines had to cut their prices down and this 

led to more passengers flying than ever before. (…) This accompanying downward pressure on 

revenues has led many carriers to focus their attention on controlling maintenance and personnel costs” 

(Sriram and Haghani, 2003, p.30). Since then, maintenance has been one of the main focuses of airline 

companies and the optimization of its scheduling and planning helped reaching higher profits. The 

optimal solution for maintenance optimization is not easy to reach, as early maintenance activities can 

increase costs and late activities can harm safety and fleet’s availability. 

TAP Maintenance & Engineering, other company from TAP Group, is responsible for the TAP 

Air Portugal fleet’s maintenance and provides also services for external clients (other airline companies). 

Over the years, TAP M&E has become known for being one of the leading companies in terms of MRO 

(Maintenance, Repair and Overhaul) solution provider in the world. Geographical flexibility, a wide range 

of capabilities, quality, and superior service are some of the factors that made possible these recognition 

by not only the clients, but also by the aircraft manufactures. TAP M&E has one maintenance facility in 

Portugal, in Lisbon and two maintenance facilities in Brazil, in Rio de Janeiro and in Porto Alegre. TAP 

M&E works as a separate company from TAP M&E Brazil in a financial way, but both deliver services to 

TAP Air Portugal’s fleet. 

Therefore, according to which is the aircraft type, its characteristics, flight hours and cycles, its 

route assignment and several other factors related to the maintenance bases, such as workforce and 

hangar’s available area, the maintenance schedule is defined. 

1.2. Problem statement and objectives 

The formulated problem for this research is to define when an aircraft should stop to start 

maintenance activities and the minimization of the maintenance’s costs of airline operating companies, 

by reducing maintenance activities and, consequently, increase availability of the aircraft from the 

existing fleet.  

The main goal of this dissertation is to develop a model that solves this problem and apply it to 

the case study, TAP Air Portugal’s fleet. Furthermore, the model is intended to include all maintenance 

checks, the possible compatibilities between them and any type of innovations that may optimize these 

decision processes and, then, create a maintenance schedule that incorporates all maintenance 

activities according with TAP Air Portugal fleet’s assignment.  
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1.3. Research methodology 

An optimization problem, when defined with this type of constraints, is quite difficult and complex 

to solve, and thus, a methodology must be set to accomplish the defined objectives. This methodology 

is based in several stages: 

 Literature review on maintenance planning, namely in transportation 

 Selection and innovation of an optimization model adapted to the following case study 

 Establish connection with the airline company (through interviews and meetings with technical 

staff) and collect data for the case study 

 Implementation of optimization model 

 Analyze and discuss results 

 Take conclusions, recognize limitations and define future work 

Based on this multi-step approach, some models, from the reviewed articles, were selected, 

such as Sriram and Haghani (2003), Kozanidis and Skipis (2006) and Bartolomeu (2016),  to serve as 

a starting point for this optimization model. Simultaneously, some meetings and correspondence were 

made with the TAP Air Portugal’s maintenance planner to understand which methodologies are used to 

schedule maintenance, the importance of financial and human variables and to collect data to 

characterize the case study. Neither of the selected were totally suitable for our case study, as Kozanidis 

and Skipis (2006) and Bartolomeu (2016) models are similar and do not schedule all the necessary 

maintenance checks defined by TAP Air M&E requirements and Sriram and Haghani (2003) model need 

some data as input different than what was provided by TAP M&E, which were data related with fleet’s 

situation- type of aircraft, flight hours, flight cycles, the last maintenance check done- and not the flight’s 

assignment. For these reasons, the literature review helped to understand the field progresses and to 

learn several approaches to the maintenance planning problem, but it did not revealed any optimization 

model completely suitable for this case study, therefore some adjustments were required, and an 

innovative optimization model was conceived. 

1.4. Document structure 

This document is divided in seven chapters: 

1. Introduction – This first chapter presents some facts about aviation as a mean of transportation 

in Europe and in Portugal and about TAP Air Portugal and its own maintenance company TAP 

M&E, as an outline for the research topic of this dissertation. Besides that, the problem and the 

objectives of this work are defined, and, also, is introduced the methodology is, also, introduced 

to pursue a solution for the present research problem. 

 

2. Related work – State of art – The second chapter is the result of a literature review on subjects 

related to this dissertation, such as aircraft maintenance planning, aircraft maintenance checks 

and maintenance planning in other means of transportation. Lastly, the information is 
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summarized and analyzed, and the most appropriated mathematical formulation for this case 

study is selected.  

 

3. Mixed-integer linear programming model – The third chapter is a step by step description of the 

decision model or optimization framework for the stated problem. Moreover, in this chapter, the 

objective function and the constraints are presented and explained. 

 

4. Demonstration – Implemented model and validation – The fourth chapter is dedicated to the 

optimization process of the mixed-integer linear programming model defined in the third chapter. 

The optimization process is explained and, then, the implementation and validation of the model 

are exposed. 

 

5. Case Study – TAP Air Portugal – The fifth chapter presents the application of the decision model 

to the TAP Air Portugal’s narrow-body fleet. All specifications and parameters for the case study 

are presented and explored. 

 

6. Results and discussion – The sixth chapter analyses the results of applying this decision model 

to TAP Air Portugal case study and it also, includes a verification of results and a sensitivity 

analysis through several parameters of the case study that can influence the optimal solution. 

 

7. Conclusions and future work – The seventh chapter presents the final assumptions related to 

this dissertation, by highlighting the fundamental achievements and stating the following actions 

to improve the obtained results. 
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2. Related work – State of the art 

Throughout this chapter a chronological review is presented on the work done on maintenance 

planning optimization in transportation. To begin, some of the knowledge in the different expertise areas 

of aerospace industry is presented, namely on maintenance planning and then the different maintenance 

checks that are used in maintenance planning in airline companies are also identified. Afterwards, some 

of the studies done on maintenance planning optimization are identified, in particular those which can 

be adapted for airline companies. Finally, all this information is summarized, to provide an overview on 

what are the main research opportunities in this research topic.  

2.1. Aircraft maintenance planning  

There are many studies, models and published articles about the air transportation situation 

focused in several areas, from flight and crew schedule preparation to fleet assignment or aircraft 

routing. Maintenance planning is quite related with all these airline operations. In this way, it is essential 

to make an analysis of all related literature and, consequently, select all the relevant information on this 

topic. 

 Feo and Bard (1989) emphasized the consequences of the break-point created by the airline 

deregulation act of 1978, in the operation environment of airline companies, which led to a more focused 

approach on the maintenance and personnel costs and to different lines of operation. The main goal of 

this paper is how to minimize the costs by reducing number of maintenance locations for a certain flight 

schedule, without affecting the schedule’s feasibility. The problem is solved by using a mathematical 

formulation and using a two-phase heuristic, Chvatal’s approach, and sustained by data from a 727 

Boeing fleet of American Airlines.  

 Sriram and Haghani (2003) extended the model of Feo and Bard (1989) and presented a model 

that minimizes the costs of aircraft maintenance based on fleet scheduling and any other costs related 

to the re-assignment of the flights, by means of a mathematical formulation and a heuristic methodology. 

The optimization model program, based on a schedule with the different flights and different assigned 

aircraft, obtained as an input the places where and when A-type and B-type maintenance checks should 

be done to minimize the costs. The heurist method approximated the mathematical formulation, reducing 

the computational time for solving the problem. 

 Barnhart and Cohn (2004) highlighted the importance of optimization tools by the planners to 

increase the quality of decisions and the profits of airline companies, regarding the high labor and 

operation costs, the low profit margins and the airspace and airport congestion. Designing a flight 

schedule is a complex process that includes four stages, namely i) the schedule design, ii) the fleet 

assignment, iii) the aircraft maintenance routing and iv) the crew scheduling and associated restrictions 

and constraints, and thus the impact of optimization tools is essential. The aircraft maintenance routing 

depends on the type of aircraft and the location of maintenance facilities available and it can be modeled 

by a network circulation problem with side constraints and its main goal is to find a feasible solution that 

minimizes the costs and respects the maintenance restrictions associated to each type of aircraft. 
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 Teixeira et al. (2006) detailed The Fleet Preventive Maintenance Scheduling Problem, where 

the objective is to maximize the available life cycle of vehicles, by minimizing the unused hours between 

maintenance intervals, on a case study of the aircraft fleet belonging to the Brazilian Airforce. Teixeira 

et al. (2006) used a set of ant-colony based approaches to satisfy the restrictions of the problem and 

the one that showed the best result for the case was a combination of an ant colony system with local 

search. 

 Sarac et al. (2006) built an innovative daily operational aircraft maintenance routing problem 

formulation with maintenance resource availability constraints, and solved it with a Branch-and-Price 

methodology with an algorithm coded in C++ programming language, with modifications comparing with 

Branch-on, follow-on, due to the resource constraints, and explored the efficiency of this methodology 

combined with distinct heuristic for the route selection.  

 Kozanidis and Skipis (2006) developed an innovative bi-objective optimization model that 

describes the flight and maintenance problem, whose main goal is to maximize the availability of aircraft 

and the residual flight time of the fleet, in other words, the time left until an aircraft needs to be grounded 

to take a maintenance check, and solve it with data from the Hellenic Air Force. 

 Muchiri and Smit (2009) introduced the concepts of Clustering and De-escalation, towards Base 

Maintenance Planning Optimization, in order to find methods to reduce maintenance costs and increase 

aircraft availability. 

 Chen et al. (2012) explained how PHM (Prognostics and health management) technology on a 

decision system can help airline companies to track real-time condition of an aircraft and upgrade 

maintenance quality in a way to reduce costs and to upgrade aircraft’s feasibility. 

 Yang and Yang (2012) based on the same concept as Sriram and Haghani (2003) of minimizing 

the costs of aircraft maintenance as an objective and formulated a model to be heuristically solved with 

Genetic Algorithms. Yang and Yang (2012) considered the maintenance cost incurred, but also the costs 

of doing it before it is necessary, and the costs associated to ferry trips from bases where maintenance 

cannot be done. 

The changes provoked by the deregulation of air transportation had potential to affect negatively 

regions with low passenger demand, which are commercially profitable. For this reason, Pita et al. 

(2013) studied a decision approach to support aviation authorities defining PSO (Public Service 

Obligations) standards, accordingly with the financial plan for their implantation in these regions, like 

Azores. The decision approach is centered on an integrated flight scheduling and fleet assignment 

model which defines the cost-minimizing air transportation network that fulfils a given origin/destination 

trip demand. The proposal takes in account all demand, apart from profits, because of social reasons, 

and creates an air transportation network that minimizes total social costs, in a mixed-integer linear 

programming model. Driven by the same problems, Pita et al. (2014) created a similar model with an 

application to Norway, exhibiting potential solutions that can reduce operating costs and at the same 

time be near of a socially sustainable network.  
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 Van den Bergh et al. (2013) established an optimization problem to define not only the 

scheduling personnel for aircraft maintenance lines from airline companies, but also the staffing 

decision, in a mixed-integer linear programming model, solved it using a heuristic, Branch-and-Bound, 

and applied it for a maintenance company that operates in Brussels airport. The problem showed that 

this method can be used for a small number of flights, but the increase of flights has consequences on 

the computational time and in the quality of solutions. 

 Bazargan (2015) studied an optimization approach to assist a flight training school deciding on 

how to dispatch aircraft and compared it with non-optimized policies from the school. The main goal of 

Barzagan’s strategy was to minimize the total cost of maintenance schedule and maximize the 

availability of the fleet. The non-optimize policies were based in several criteria - dispatching the closest 

aircraft to maintenance, in terms of limit flight hours, the farthest, randomly, the cheapest upcoming 

aircraft, in terms of maintenance’s cost, and equal utilization. Bazargan (2015) demonstrated that his 

strategy could lead to a 2-5% cost reduction and that it could also be applied to trucking and car rental 

companies. 

 Bartolomeu (2016) developed a mathematical formulation to assist maintenance planning in 

TAP Air Portugal. The objective was to maximize availability of the fleet- A319, A320, A321, A330 and 

A340-  by reducing aircraft maintenance activities, with a focus on the A-type maintenance checks. The 

model considered as input the flight hours, the number of cycles and the planning horizon and delivered 

an optimized schedule for the A-type maintenance checks for all aircraft. 

Many of the previous models refer direct maintenance costs as workforce, equipment and 

material costs, but none of them mentioned an important indirect cost, downtime cost. 

Therefore, Saltoʇlu  et  al. (2016) discussed all maintenance cost that operators must take into account 

and proposed an innovative model and an evaluation procedure to calculate aircraft downtime cost due 

to maintenance and its influence on a decision system. The procedure is not equal for every aircraft, but 

it can be adapted by knowing the losses provoked by cancelled and delayed flights and the annual flight 

season. 

 Li et al. (2016) introduced a MILP (Mixed-Integer Linear Programming) model, focused in a CBM 

(condition-based maintenance) methodology that includes in its root complex data processing, feature 

extraction, a prognostic algorithm and maintenance scheduling optimization. The article’s purpose was 

to achieve a higher RAMS (Reliability, Availability, Maintenance and Safety) standard by reducing 

maintenance activities and, consequently, maximizing its efficiency with continuous advances in these 

processes. The advances in this paper can be resumed to the introduction of the concept of PBM 

(Prognostic-Based Maintenance) scheduling as a tool in planning performance analysis, and by 

interpreting factors like command possession rates, costs, and capacity expansion. 

 Qin et al. (2017) studied two problems and their interaction in aircraft maintenance facilities, 

maintenance scheduling and parking stand planning. Again, the objective is to reduce operating costs 

that could lead to higher profits to companies. This combined problem is modeled in a MILP (Mixed-

Integer Linear Programming) model, taking into account as restrictions the flight schedule, the aircraft’s 
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type, the hangar’s dimensions and the aircraft’s overlapping problem, and as assumptions the fixed 

parking position of aircraft since the maintenance check start and several safety factors. Qin et al. (2017) 

considered that this formulation can be very helpful for outsourcing maintenance companies. 

2.2. Maintenance checks  

Every aircraft needs maintenance to ensure availability for airline companies and safety for 

passengers. Over the years, these approaches have been evolving and the maintenance checks 

changing. Besides that, maintenance checks vary between different manufacturer companies and 

between different aircraft types. Moreover, updates to technical standards defining the maintenance 

checks are published by airline manufactures along time, and airline companies have to integrate them 

in their maintenance plans.  

Sriram and Haghani (2003) synthesized the Federal Aviation Administration policies for aircraft 

maintenance checks, defining four different types of maintenance checks and their periodicities. The 

first one, the type-A, includes the inspection of landing gear, engines and control surfaces, and occurs 

once a week or every 65 flight-hours. Then, the B-type is based on the horizontal stabilizers’ and 

ailerons’ lubrication and a visual inspection of the plane, and it is done every 300 to 600 flight hours. 

The last two checks are C-type and D-type, which are major checks, and take place every 1 and 4 years, 

respectively. To safeguard Federal Aviation Administration safety guidelines and to make maintenance 

cost-efficient, the biggest goal for airline companies is to meet A-type and B-type, by doing a A-type 

maintenance check every 4 days. 

Kozanidis and Skipis (2006) approached maintenance planning problem for Hellenic Air Force’s 

fleet sustained in a three-level maintenance plan, with an increasing level of specified inspection of the 

fleet. The first level and second levels refer to an organizational and intermediate level, respectively, 

with an aircraft visual inspection and parts repair and replacement. The third and last level is only 

performed by experts in special facilities. Kozanidis & Skipis (2006) referred that maintenance schedule 

normally is planned using flight hours limit, but the calendar time and the number of takeoffs may 

interfere in the maintenance planning as well.  

For an Airbus A320, Airbus defined two maintenance checks, A-type, as a short-term check, 

and C-type, as a long-term check. The criterium to define maintenance check’s periodicity is based on 

flight hours, flight cycles and days maximum limit, and the first limit to be achieved delineates the 

maintenance schedule. For A-type maintenance checks the limits are 750 flight hours, 750 flight cycles 

and 4 months and for C-type maintenance checks they are 6000 flight hours, 4500 flight cycles and 20 

months, respectively. This methodology is described for Airbus A320, but it can be also used for all 

narrow-body aircraft from Airbus, such as A318, A319 and A321 (Airbus 2012). 

Van den Bergh et al. (2013) reviewed and summarized the available information on aircraft 

maintenance operations and the clear relation with other aircraft operations, highlighting the evolution 

on the different existing maintenance processes and identifying the tendencies and what can be 

explored in order to optimize airline companies’ operations and profits. Van den Bergh et al. (2013) 
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divided the maintenance checks in three groups, i) short-term, ii) mid-term or iii) regular checks and 

long-term. Short-term checks are pre-flight, transit and daily checks, which take place on line 

maintenance. Mid-term checks are A-type and B-type checks and depending on their duration may 

happen on line maintenance or at the hangar. Long-term checks are C-type and D-type checks, and for 

any of them, the aircraft must go to the maintenance hangar. 

Saltoʇlu  et  al. (2016) described the maintenance checks and their typical intervals for aircraft 

of three manufactures companies, Boeing, Airbus and Avions de Transport Régional. For most of the 

represented fleet, only A-type, C-type and D-type checks are considered, but for three aircraft from 

Boeing, B737-300, B737-400 and B737-500, a B-type check is also contemplated. The big difference 

for this case is that, the inspection done in an A-type check of an Airbus aircraft, for example, is divided 

in two different maintenance checks. For the aircraft with only three maintenance checks from Airbus 

and Boeing the typical intervals are similar but Avions de Transport Régional prefer to do an earlier 

A- type maintenance check. 

2.3. Maintenance planning in other means of transportation 

Maintenance planning and its optimization is not an exclusive concern of the aerospace industry, 

and therefore, the review of the state of the art on maintenance planning was also extended to other 

means of transportation, such as buses or trains, can be useful for the development of the present work. 

 Haghani and Shafahi (2002) described the different components which are part of bus operation 

planning processes, namely, network route design, setting timetables, bus scheduling, crew’s 

assignment and maintenance activities’ scheduling. However, the main goal of this article is the 

optimization of maintenance scheduling, by minimizing daily unused hours of operating buses and 

maximizing efficiency of maintenance facilities. First, as an input daily operation schedules are 

considered for all the buses from the case study and the available maintenance slots, and afterwards a 

network is created that meets all the requirements. For this, Haghani and Shafahi (2002) proposed three 

different integer linear programming models and then four different heuristic approaches, because these 

methods reduce drastically computation time and generate feasible solutions close to the optimal ones. 

 Tréfond et al. (2017) aimed their research to the optimization of robust schedule planning of 

rolling-stocks in France. To begin, Tréfond et al. (2017) evaluated the influence of several indicators and 

robustness in a timetable and then formulated an ILP (Integer Linear Programming) model that 

minimizes operating costs and at same time adds robustness to the schedule and creates slots for 

maintenance in the schedule. This model differs from PRESTO – a former framework that is common 

to use to solve rolling- stocks schedule planning – by adding the concept of robustness to the approach. 

This article presented also a simulation proving that the use of this multi-step approach reduced 

operating costs, while maintenance requirements were delivered.   



12 
 

2.4. Contributions and analysis  

Table 2.1 summarizes the most relevant articles with planning optimization approaches from the 

previous sections. This table provides the main contributions, the proposed techniques and some 

keywords that can be used in the formulation of this topic and which will help to understand what can 

be considered innovative and/or improved. Therefore, aircraft maintenance planning is a subject that 

can still be explored and improved. Some of these articles can serve as a good basis to start this 

research, such as Kozanidis and Skipis (2006) and Bartolomeu (2016) models which are similar but do 

not schedule all the necessary maintenance checks defined by TAP Air M&E requirements and Sriram 

and Haghani (2003) model which need some data as input different than what was provided by TAP 

M&E. Neither of the models include all the restrictions and constraints involved in the maintenance 

planning problem in TAP Air Portugal, thereby an innovative MILP model was formulated and 

implemented as it will be later explored in the next chapters. 
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Table 2.1 - Summary of the state of art and its contribution for the work topic 

Author(s), (date) Proposed technical Keywords Focus of the article 

Sriram and 

Haghani, 

 (2003) 

Mixed-Integer Linear 

Programming 

Heuristic 

Aircraft maintenance 

scheduling and re-assignment 

Minimize costs of maintenance checks and 

penalties for flights re-assignment based on 

a fleet assignment 

Teixeira et al., 

(2006) 

Ant-Colony 

Algorithm 

Preventive maintenance 

scheduling of fleets of vehicles 

Maximize availability from a fleet of vehicles 

by minimizing the unused hours between 

maintenance activities 

Sarac et al., 

(2006) 

Branch-and-Price 

Algorithm 

Operational aircraft 

maintenance routing 

Optimize operational aircraft maintenance 

routing by minimizing maintenance activities 

Kozanidis and 

Skipis, 

(2006) 

Mixed-Integer Linear 

Programming 

Flight scheduling 

Maintenance base planning 

Maximize the availability of aircraft and the 

residual flight time of the fleet 

Yang and Yang,  

(2012) 
Genetic Algorithm 

Optimization of Aircraft 

Maintenance plan 

Minimize costs associated to maintenance 

activities and penalties for early activities and 

ferry trips 

Van den Bergh 

et  al., 

 (2013) 

Mixed-Integer Linear 

Programming 

Aircraft maintenance 

scheduling 

Workforce scheduling 

Minimize maintenance costs by optimizing 

workforce schedule and fleet assignment 

Bazargan,  

(2015) 

Mixed-Integer Linear 

Programming 
Aircraft dispatching 

Minimize the total cost of schedule 

maintenance and maximize the availability 

from fleet 

Bartolomeu,  

(2016) 

Mixed-Integer Linear 

Programming 

Optimization of aircraft 

maintenance planning 

Maximize availability and minimize 

maintenance activities 

Li et al.,  

(2016) 

Mixed-Integer Linear 

Programming 

Aircraft maintenance 

scheduling based on reliability 

and prognostics 

Minimize maintenance activities and by 

maximizing its efficiency 

Qin et al., 

(2017) 

Mixed-Integer Linear 

Programming 

Aircraft maintenance 

scheduling and parking layout 

planning 

Minimize operating costs and maximize 

aircraft allocation in a hangar for 

maintenance activities 

Haghani and 

Shafahi, 

(2002) 

3 Integer Linear 

Programming 

4 Heuristics 

Bus maintenance systems 

Bus maintenance scheduling 

Minimize daily unused hours of operating 

buses and maximize efficiency of 

maintenance facilities 

Tréfond et al., 

(2017) 

Integer Linear 

Programming 

Rolling-stock schedule 

planning 

Minimize operation costs and maximize 

maintenance slots 
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3. Mixed-linear integer programming model 

In this chapter, the mathematical formulation is presented and explained. Since the beginning, 

the presented formulation suffered various modifications, and the final one which is presented is 

considered both innovative and appropriate for the case study under analysis, because it includes A-

type and C-type maintenance checks for an heterogenous fleet.  

3.1. Model formulation  

Maintenance planning is a challenge for airline companies because it is multifaceted problem 

that needs to be solved, in order to reduce operations cost, increase profits, and still increase fleet’s 

availability to respond to passengers’ increasing demand. This problem is relatively complex because it 

involves different variables such as financial variables related to operation costs of aircraft or workforce, 

temporal variables associated to the intervals between maintenance checks, space variables connected 

to the maintenance facilities areas or human variables associated to workforce’s availability. All of them 

can influence differently in distinct airline companies. Therefore, a decision framework, that can optimize 

these processes is needed, such as the one presented in this chapter. 

One possible solution for this problem is minimizing the times that an aircraft is immobilized to 

enter in maintenance activities. This mathematical formulation is based on this approach, and by thus 

maintenance costs should be reduced and fleet’s availability should be increased. Three different costs 

are used in this formulation: the unavailability costs, the A-type maintenance check costs and the C-type 

maintenance costs. The first one is a penalty cost related to the impossibility of an aircraft to satisfy 

passengers’ demand and it can be quantified as the cost of renting an aircraft to do the service. The 

other two components are the costs for an airline company to do the fleet’s maintenance. Any of the 

situations have a variable cost. The unavailability cost depends on the specific period of the year, on the 

aircraft’s age and whether or not it is considered the leasing amount or the charter value. The cost value 

of A-type and C-type checks depends on the works selected for them, on the aircraft’s age and on the 

structural inspection. Simplistically, should be considered average and/or logical values to represent 

these costs. Moreover, any solution for this model is dependent on several inputs: 

 Number and type of aircraft; 

 Estimation of the daily flight hours of each aircraft; 

 Estimation of the daily flight cycles of each aircraft; 

 Definition of the planning horizon in days; 

 Definition of the operation day (t=0); 

 Number of available slots on the hangar for maintenance activities for each day of the planning 

horizon; 

 The last A-type and the last C-type maintenance checks for each aircraft; 

 Number of flight hours elapsed between the last A-type and the last C-type maintenance check 

and the operation day for each aircraft; 
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 Number of flight cycles elapsed between the last A-type and the last C-type maintenance 

checks and the operation day for each aircraft; 

 Number of days elapsed between the last A-type and the last C-type maintenance checks and 

the operation day for each aircraft; 

 Maximum number of flight hours elapsed between two A-type and two C-type consecutive 

maintenance checks for each aircraft; 

 Maximum number of flight cycles elapsed between two A-type and two C-type consecutive 

maintenance checks for each aircraft; 

 Maximum number of days elapsed between two A-type and two C-type consecutive 

maintenance checks for each aircraft; 

Considering the entered data, the model will try to reduce the maintenance activities, by 

following the defined flight hours, flight cycles and days limits between two maintenance checks of the 

same type, as Figure 3.1 shows. In the day t=0, a given aircraft has several accumulated flight hours, 

flight cycles and days after its lasts maintenance checks. Every day t, it will accumulate a certain number 

of flight hours and flight cycles. Until it reaches any of the maximum limits of flight hours, flight cycles or 

days between two consecutive maintenance checks, it will be available to serve passengers’ demand. 

When one of these limits is reached, the aircraft has to me immobilized to enter in maintenance activities. 

Furthermore, the fleet’s availability also depends on the available maintenance slots, which vary every 

day. This variability is depending on different factors, such as workforce shifts or the hangar’s space, 

and in this model this variability is already calculated and considered in the definition of the maintenance 

slots through the planning horizon. 

 
Figure 3.1 - MILP model scheme 

 Following this decision approach, the model will to optimize the maintenance planning and will 

define a schedule, according to each aircraft’ needs and to the available maintenance slots. In the next 

sections, the components of this decision model will be detailed, such as the constants, sets, 

parameters, decision variables and the objective function and its constraints. 
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3.2. Constants 

𝑵𝒑  Number of aircraft 

𝑵𝒄  Number of different maintenance checks (A, C) 

𝑵𝒅  Number of days in the planning horizon 

𝑵𝒄𝑨  Number of different A-type maintenance checks 

𝑵𝒄𝑪  Number of different C-type maintenance checks  

𝑭𝑯𝒎𝒂𝒙𝑨 Maximum flight hours, between two consecutive A-type maintenance checks 

𝑭𝑪𝒎𝒂𝒙𝑨 Maximum flight cycles, between two consecutive A-type maintenance checks 

𝑫𝒎𝒂𝒙𝑨  Maximum days, between two consecutive A-type maintenance checks 

𝑭𝑯𝒎𝒂𝒙𝑪 Maximum flight hours, between two consecutive C-type maintenance checks 

𝑭𝑪𝒎𝒂𝒙𝑪 Maximum flight cycles, between two consecutive C-type maintenance checks 

𝑫𝒎𝒂𝒙𝑪  Maximum days, between two consecutive C-type maintenance checks 

3.3. Sets 

𝑷 Set of aircraft (with associated index p) 

𝑪  Set of maintenance checks (with associated index c) 

𝑻 Set of days (with associated index t) 

𝑪𝑨 Set of A-type maintenance checks (with associated index cc) 

𝑪𝑪 Set of C-type maintenance checks (with associated index ca) 

3.4. Parameters 

𝒔𝒕  Available maintenance slots, on day t 

𝑳𝑨𝒑 Last A-type maintenance check, for aircraft p 

𝑳𝑪𝒑 Last C-type maintenance check, for aircraft p 

𝑭𝑯𝑨𝒑  Accumulated flight hours, since last A-type maintenance check, for aircraft p, on day t=0 

𝑭𝑪𝑨𝒑 Accumulated flight cycles, since last A-type maintenance check, for aircraft p, on day t=0 

𝑫𝑨𝒑 Accumulated days, since last A-type maintenance check, for aircraft p, on day t=0 

𝑭𝑯𝑪𝒑 Accumulated flight hours, since last C-type maintenance check, for aircraft p, on day t=0 
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𝑭𝑪𝑪𝒑 Accumulated flight cycles, since last C-type maintenance check, for aircraft p, on day t=0 

𝑫𝑪𝒑 Accumulated days, since last C-type maintenance check, for aircraft p, on day t=0 

𝑭𝑯𝒅𝒑,𝒕 Estimated flight hours, for aircraft p, on day t 

𝑭𝑪𝒅𝒑,𝒕 Estimated flight cycles, for aircraft p, on day t 

𝑴 Large number 

𝜺 Small number 

𝒄𝒐𝒔𝒕𝑼 Aircraft unavailability cost 

𝒄𝒐𝒔𝒕𝑨 A-type maintenance check cost 

𝒄𝒐𝒔𝒕𝑪 C-type maintenance check cost 

3.5. Decision variables 

𝒙𝒑,𝒄,𝒄𝒄,𝒕  {
=1  if maintenance activity Nc is performed, on aircraft p, on day t; 
=0 otherwise                                                                                                 

    

Note: if c = 1 (corresponding to A-type maintenance checks), then 𝑐𝑐 ∈ 𝐶𝐴; and if c = 2 (corresponding 

to C-type maintenance checks), then 𝑐𝑐 ∈ 𝐶𝐶 

𝒚𝒑,𝒕         {
=1 if aircraft p, is on the hangar, on day t; 
=0 otherwise                                               

    

𝑭𝑯𝒑,𝒄,𝒕 Accumulated flight hours, for aircraft 𝑝, since last check 𝑁𝑐, on day 𝑡 

𝑭𝑪𝒑,𝒄,𝒕 Accumulated flight cycles, for aircraft 𝑝, since last check 𝑁𝑐, on day 𝑡 

𝑫𝒑,𝒄,𝒕 Accumulated days, for aircraft 𝑝, since last check 𝑁𝑐, on day 𝑡 

3.6. Objective function 

Minimize (∑ ∑ 𝑐𝑜𝑠𝑡𝑈 ∗ 𝑦𝑝,𝑡𝑡 ∈ 𝑇  𝑝 ∈ 𝑃 ) + (∑ ∑ ∑ 𝑐𝑜𝑠𝑡𝐴 ∗ 𝑥𝑝,1,𝑐𝑐,𝑡 + 𝑐𝑜𝑠𝑡𝐶 ∗ 𝑥𝑝,2,𝑐𝑐,𝑡𝑐𝑐 ∈ 𝐶𝐶𝑡 ∈ 𝑇𝑝 ∈ 𝑃 )     (1) 

Subject to: 

𝑥𝑝,𝑐,𝑐𝑐,𝑡  𝑖𝑠 𝑏𝑖𝑛𝑎𝑟𝑦,      ∀ 𝑝 ∈ 𝑃, 𝑛𝑐 ∈ 𝐶, 𝑐𝑐 ∈ 𝐶𝐶, 𝑡 ∈ 𝑇        (2) 

𝑦𝑝,𝑡  𝑖𝑠 𝑏𝑖𝑛𝑎𝑟𝑦,       ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇           (3) 

𝐹𝐻𝑝,1,𝑡 ≤ 𝐹𝐻𝑚𝑎𝑥𝐴,     ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇           (4) 

𝐹𝐶𝑝,1,𝑡 ≤ 𝐹𝐶𝑚𝑎𝑥𝐴,     ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇           (5) 

𝐷𝑝,1,𝑡 ≤ 𝐷𝑚𝑎𝑥𝐴,     ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇           (6) 

𝐹𝐻𝑝,2,𝑡 ≤ 𝐹𝐻𝑚𝑎𝑥𝐶,     ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇           (7) 
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𝐹𝐶𝑝,2,𝑡 ≤ 𝐹𝐶𝑚𝑎𝑥𝐶,     ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇           (8) 

𝐷𝑝,2,𝑡 ≤ 𝐷𝑚𝑎𝑥𝐶,     ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇           (9) 

𝐹𝐻𝑝,1,1 = 𝐹𝐻𝐴𝑝,     ∀ 𝑝 ∈ 𝑃          (10) 

𝐹𝐻𝑝,1,𝑡 ≥ 𝐹𝐻(𝑝, 1, 𝑡 − 1) + 𝐹𝐻𝑑(𝑝, 𝑡) ∗ (1 − ∑ 𝑥𝑝,1,𝑐𝑐,𝑡𝑐𝑐 ∈ {1,…,𝑁𝑐𝐴} ) − 𝐹𝐻𝑚𝑎𝑥𝐴 ∗ ∑ 𝑥𝑝,1,𝑐𝑐,𝑡𝑐𝑐 ∈ {1,…,𝑁𝑐𝐴} ,    (11) 

∀ 𝑝 ∈ 𝑃, 𝑡 ∈ {2, … , 𝑁𝑑} 

𝐹𝐻𝑝,1,𝑡 ≥ 𝜀 ∗ ∑ 𝑥𝑝,1,𝑐𝑐,𝑡𝑐𝑐 ∈ {1,…,𝑁𝑐𝐴} ,     ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ {2, … , 𝑁𝑑}     (12) 

𝐹𝐶𝑝,1,1 = 𝐹𝐶𝐴𝑝,     ∀ 𝑝 ∈ 𝑃          (13) 

𝐹𝐶𝑝,1,𝑡 ≥ 𝐹𝐶(𝑝, 1, 𝑡 − 1) + 𝐹𝐶𝑑(𝑝, 𝑡) ∗ (1 − ∑ 𝑥𝑝,1,𝑐𝑐,𝑡𝑐𝑐 ∈ {1,…,𝑁𝑐𝐴} ) − 𝐹𝐶𝑚𝑎𝑥𝐴 ∗ ∑ 𝑥𝑝,1,𝑐𝑐,𝑡𝑐𝑐 ∈ {1,…,𝑁𝑐𝐴}    (14) 

∀ 𝑝 ∈ 𝑃, 𝑡 ∈ {2, … , 𝑁𝑑} 

𝐹𝐶𝑝,1,𝑡 ≥ 𝜀 ∗ ∑ 𝑥𝑝,1,𝑐𝑐,𝑡𝑐𝑐 ∈ {1,…,𝑁𝑐𝐴} ,     ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ {2, … , 𝑁𝑑}      (15) 

𝐷𝑝,1,1 = 𝐷𝐶𝑝,     ∀ 𝑝 ∈ 𝑃          (16) 

𝐷𝑝,1,𝑡 ≥ 𝐷(𝑝, 1, 𝑡 − 1) + (1 − ∑ 𝑥𝑝,1,𝑐𝑐,𝑡𝑐𝑐 ∈ {1,…,𝑁𝑐𝐴} ) − 𝐷𝑚𝑎𝑥𝐴 ∗ ∑ 𝑥𝑝,1,𝑐𝑐,𝑡𝑐𝑐 ∈ {1,…,𝑁𝑐𝐴}     (17) 

∀ 𝑝 ∈ 𝑃, 𝑡 ∈ {2, … , 𝑁𝑑} 

𝐷𝑝,1,𝑡 ≥ 𝜀 ∗ ∑ 𝑥𝑝,1,𝑐𝑐,𝑡𝑐𝑐 ∈ {1,…,𝑁𝑐𝐴} ,     ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ {2, … , 𝑁𝑑}      (18) 

𝐹𝐻𝑝,2,1 = 𝐹𝐻𝐶𝑝,     ∀ 𝑝 ∈ 𝑃          (19) 

𝐹𝐻𝑝,2,𝑡 ≥ 𝐹𝐻(𝑝, 2, 𝑡 − 1) + 𝐹𝐻𝑑(𝑝, 𝑡) ∗ (1 − ∑ 𝑥𝑝,2,𝑐𝑐,𝑡𝑐𝑐 ∈ {1,…,𝑁𝑐𝐶} ) − 𝐹𝐻𝑚𝑎𝑥𝐶 ∗ ∑ 𝑥𝑝,2,𝑐𝑐,𝑡𝑐𝑐 ∈ {1,…,𝑁𝑐𝐶} ,    (20) 

∀ 𝑝 ∈ 𝑃, 𝑡 ∈ {2, … , 𝑁𝑑} 

𝐹𝐻𝑝,2,𝑡 ≥ 𝜀 ∗ ∑ 𝑥𝑝,2,𝑐𝑐,𝑡𝑐𝑐 ∈ {1,…,𝑁𝑐𝐶} ,     ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ {2, … , 𝑁𝑑}     (21) 

𝐹𝐶𝑝,2,1 = 𝐹𝐶𝐶𝑝,     ∀ 𝑝 ∈ 𝑃          (22) 

𝐹𝐶𝑝,2,𝑡 ≥ 𝐹𝐶(𝑝, 2, 𝑡 − 1) + 𝐹𝐶𝑑(𝑝, 𝑡) ∗ (1 − ∑ 𝑥𝑝,2,𝑐𝑐,𝑡𝑐𝑐 ∈ {1,…,𝑁𝑐𝐶} ) − 𝐹𝐶𝑚𝑎𝑥𝐶 ∗ ∑ 𝑥𝑝,2,𝑐𝑐,𝑡𝑐𝑐 ∈ {1,…,𝑁𝑐𝐶}    (23) 

∀ 𝑝 ∈ 𝑃, 𝑡 ∈ {2, … , 𝑁𝑑} 

𝐹𝐶𝑝,2,𝑡 ≥ 𝜀 ∗ ∑ 𝑥𝑝,2,𝑐𝑐,𝑡𝑐𝑐 ∈ {1,…,𝑁𝑐𝐶} ,     ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ {2, … , 𝑁𝑑}      (24) 

𝐷𝑝,2,1 = 𝐷𝐶𝑝,     ∀ 𝑝 ∈ 𝑃          (25) 

𝐷𝑝,2,𝑡 ≥ 𝐷(𝑝, 2, 𝑡 − 1) + (1 − ∑ 𝑥𝑝,2,𝑐𝑐,𝑡𝑐𝑐 ∈ {1,…,𝑁𝑐𝐶} ) − 𝐷𝑚𝑎𝑥𝐶 ∗ ∑ 𝑥𝑝,2,𝑐𝑐,𝑡𝑐𝑐 ∈ {1,…,𝑁𝑐𝐶}     (26) 

∀ 𝑝 ∈ 𝑃, 𝑡 ∈ {2, … , 𝑁𝑑} 

𝐷𝑝,2,𝑡 ≥ 𝜀 ∗ ∑ 𝑥𝑝,2,𝑐𝑐,𝑡𝑐𝑐 ∈ {1,…,𝑁𝑐𝐶} ,     ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ {2, … , 𝑁𝑑}      (27) 
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∑ 𝑥𝑝,1,𝑐𝑐,𝑡 ≤ 𝑀 ∗ 𝑦𝑝,𝑡𝑐𝑐∈{1,…,𝑁𝑐𝐴} ,     ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇        (28) 

∑ 𝑥𝑝,2,𝑐𝑐,𝑡 ≤ 𝑀 ∗ 𝑦𝑝,𝑡𝑐𝑐∈{1,…,𝑁𝑐𝐶} ,     ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇                        (29) 

∑ 𝑦𝑝,𝑡 ≤ 𝑠𝑡𝑝∈𝑃 ,      ∀ 𝑡 ∈ 𝑇          (30) 

∑ 𝑥𝑝,1,𝑐𝑐,𝑡 ≤ 1,𝑐𝑐∈{1,…,𝑁𝑐𝐴}      ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇         (31) 

∑ 𝑥𝑝,2,𝑐𝑐,𝑡 ≤ 1,𝑐𝑐∈{1,…,𝑁𝑐𝐶}      ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇         (32) 

∑ 𝑥𝑝,1,𝑐𝑐,𝑡 ≤ 1,𝑡∈𝑇      ∀ 𝑝 ∈ 𝑃, 𝑐𝑐 ∈ {1, … , 𝑁𝑐𝐴}        (33) 

∑ 𝑥𝑝,2,𝑐𝑐,𝑡 ≤ 1,𝑡∈𝑇      ∀ 𝑝 ∈ 𝑃, 𝑐𝑐 ∈ {1, … , 𝑁𝑐𝐶}        (34) 

∑ 𝑥𝑝,1,𝑐𝑐+1,𝑡 ≥ 1𝑡∈𝑇 ,     ∀ 𝑝 ∈ 𝑃, 𝑐𝑐 ∈ {1,2,3}, 𝐿𝐴(𝑝) = 𝑘       (35) 

∑ 𝑥𝑝,1,1,𝑡 ≥ 1𝑡∈𝑇 ,     ∀ 𝑝 ∈ 𝑃, 𝐿𝐴(𝑝) = 4         (36) 

∑ ∑ 𝑥𝑝,2,𝑐𝑐,𝑡𝑐𝑐∈{1,…,12}|𝑐𝑐≠𝑘+1 = 0𝑡∈𝑇 ,     ∀ 𝑝 ∈ 𝑃, 𝑘 ∈ {1, … ,11}, 𝐿𝐶(𝑝) = 𝑘     (37) 

∑ ∑ 𝑥𝑝,2,𝑐𝑐,𝑡𝑐𝑐∈{2,…,12} = 0𝑡∈𝑇 ,     ∀ 𝑝 ∈ 𝑃, 𝐿𝐶(𝑝) = 12       (38) 

Objective (1) is to minimize the total maintenance costs of the fleet, which is the sum of the 

unavailability penalty cost (expressed in the first term), which is the associated cost to the immobilization 

of an aircraft that needs to stay on the hangar for maintenance activities and cannot make its defined 

routing plan, and the maintenance checks cost (expressed in the second term), which is the sum of the 

A-type maintenance check cost plus the C-type maintenance check cost. 

The unavailability cost can be qualified as the cost of renting an aircraft to perform the service 

that cannot be accomplished by the immobilized plane, which is under maintenance activities, i.e. the 

average value of a deal with another airline company to ensure that the flight leg is still done by a 

subcontracted aircraft. 𝑐𝑜𝑠𝑡𝑈 needs to be previously defined by the company and in this model is equal 

for every type of aircraft. The sum of all unavailability costs on every aircraft 𝑝 and at every day 𝑡 for the 

planning horizon represents this cost. 

𝑈 = (∑ ∑ 𝑐𝑜𝑠𝑡𝑈 ∗ 𝑦𝑝,𝑡𝑡 ∈ 𝑇  𝑝 ∈ 𝑃 )          (39) 

The A-type maintenance check cost correspond to the cost of performing this type of 

maintenance check, including the value of labour and the material resources’ cost. This cost is defined 

in this model as the sum of all A-type maintenance check, 𝑐𝑜𝑠𝑡𝐴, cost on every plane 𝑝, every kind of A-

type maintenance check 𝑐𝑐 and at every day 𝑡 for the planning horizon. 

𝐴 = (∑ ∑ ∑ 𝑐𝑜𝑠𝑡𝐴 ∗ 𝑥𝑝,1,𝑐𝑐,𝑡𝑐𝑐 ∈ 𝐶𝐶𝑡 ∈ 𝑇𝑝 ∈ 𝑃 )     (40) 

The C-type maintenance check cost, as the A-type maintenance check cost, is expressed by 

the cost of performing this type of maintenance check. This cost is defined in this model as the sum of 

all C-type maintenance check cost, 𝑐𝑜𝑠𝑡𝐶, on every plane 𝑝, every kind of C-type maintenance check 𝑐𝑐 

and at every day 𝑡 for the planning horizon. 
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𝐶 = (∑ ∑ ∑ 𝑐𝑜𝑠𝑡𝐶 ∗ 𝑥𝑝,2,𝑐𝑐,𝑡𝑐𝑐 ∈ 𝐶𝐶𝑡 ∈ 𝑇𝑝 ∈ 𝑃 )     (41) 

Constraints (2) and (3) define the decision variables 𝒙𝒑,𝒄,𝒄𝒄,𝒕 and 𝒚𝒑,𝒕 as binary variables. 

Constraints (4)-(9) guarantee that the maximum limits between maintenance checks are not 

exceeded, where constraints (4) and (7) refer to the flight hours limit, constraints (5) and (8) to the flight 

cycles limit and constraints (6) and (9) to the days limit. Moreover, constraints (4), (5) and (6) are related 

with type-A maintenance checks and constraints (7), (8) and (9) with C-type maintenance checks.  

The constraints (10)-(27) can be divided, into groups of three. Constraints (10)-(12) are 

responsible for evaluate the number of flight hours of each plane and by that evaluation decide if a A-

type maintenance check is necessary. Constraint (10) is an initialization constraint, which sets the initial 

number flight hours, 𝑭𝑯𝒑,𝒄,𝒕, for a certain aircraft 𝑝, as the same number of flights done since the last A-

type maintenance check until the operation day, 𝑡 = 0. Constraint (11) allows a continuous update of 

𝑭𝑯𝒑,𝒄,𝒕, by adding the daily estimated number of flight hours, 𝑭𝑯𝒅𝒑,𝒕, to the previous 𝑭𝑯𝒑,𝒄,𝒕−𝟏, for all the 

aircraft out of maintenance activities, on day 𝑡, and at same time checking if the limit of flight hours has 

been reached. If an A-type maintenance check is performed, constraint (12) ensures that the flight hours 

counter, 𝑭𝑯𝒑,𝒄,𝒕, for a certain aircraft 𝑝, is set to zero. The procedures for the other groups of constraints 

are similar, but they vary on the type of counter, i.e. flight hours, flight cycles or days, and on the type of 

maintenance check they are associated with. Constraints (13)-(15) refer to flight cycles and relate with 

A-type maintenance check, constraints (16)-(18) refer to days and relate with A-type maintenance 

check, constraints (19)-(21) refer to flight hours and relate with C-type maintenance check, constraints 

(22)-(24) refer to flight cycles and relate with C-type maintenance check and, finally, constraints  (25)-

(27) refer to days and relate with C-type maintenance check. 

Constraints (28) and (29) impose that if an aircraft 𝑝 is under a maintenance check 𝑐𝑐, then it 

needs to be on the hangar, on day 𝑡. Besides that, constraint (28) applies to A-type maintenance checks 

and constraint (29) relates to C-type maintenance checks. 

Constraint (30) is a capacity constraint related with the maintenance slots available. Basically, 

It sums up the relation between number of aircraft on the hangar and a ratio between the daily available 

space on the hangar, the available workforce and the necessary and available resources to perform 

maintenance on the aircrafts, certifying that the number of aircraft under maintenance activities is less 

than or equal to the daily available maintenance slots. The parameter 𝑠𝑡 is a daily weighting of the 

available space to immobilize the aircraft on the hangar and it is associated with the availability of the 

workforce, for instance, maximum daily works hours, holidays and number of persons that compose the 

maintenance teams, which corresponds to the maximum maintenance checks that can daily happen. 

Therefore, this constraint simplifies other constraints (not included in the model) related with amount of 

work, maintenance crew scheduling and others, and it simplifies all this information in parameter 𝑠𝑡.     

Constraint (31) defines mutual exclusiveness of A-type maintenance checks at a given day t 

and constraint (32) does the same for C-type maintenance checks, i.e. constraints (31) and (32) together 

make that a given aircraft 𝑝, on certain day 𝑡, can only do an A-type maintenance check or a C- type 
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maintenance check or both, but it cannot do more than one maintenance check of the same type per 

day. 

Constraint (33) ensures that different A-type maintenance checks only happen once during the 

defined planning horizon, i.e. for a given aircraft 𝑝, during the defined planning horizon, this aircraft can 

only do one 𝐴. 1, one 𝐴. 2, one 𝐴. 3 and 𝐴. 4. Constraint (34) imposes the same procedure for C-type 

maintenance checks. 

Constraints (35)-(38) impose an order constraint for both maintenance checks, as Figure 3.2 

shows. Constraints (35) and (36) refer to A-type maintenance check and constraints (37) and (38) relate 

to C-type maintenance check.  

Fundamentally, constraint (35) imposes that if the last A-type maintenance check, from a given 

aircraft 𝑝, is a 𝐴. 4, the next A-type maintenance check to be done is 𝐴. 1, and constraint (36) imposes 

that if the last A-type maintenance check, from a given aircraft 𝑝, is 𝐴. 𝑘, with 𝑘 =  {1,2,3}, the next A- type 

maintenance check to be done is 𝐴. (𝑘 + 1). Constraint (37) ensures that if the last C-type maintenance 

check, from a given aircraft 𝑝, is 𝐶. 𝑘, with 𝑘 =  {1, … ,11}, the sum of all C-type maintenance checks 

done, for every day 𝑡 of the planning horizon and for all 𝑐𝑐 maintenance checks, with 𝑐𝑐 =  {1, … ,12} for 

all 𝑐𝑐 different 𝑘 + 1, is equal to zero, thereby the next C-type maintenance check to be done must be 

𝐶. (𝑘 + 1).  Constraint (38) certifies that if the last C-type maintenance check, from a given aircraft 𝑝, is 

a 𝐶. 12, the sum of every 𝑐𝑐 maintenance checks, with 𝑐𝑐 =  {2, … ,12}, for every day 𝑡 of the planning 

horizon is equal to zero, thereby the next C-type maintenance check to be done must be 𝐶. 1. 

  

Figure 3.2 - Sequences for A-type maintenance checks (left) and for C-type maintenance checks (right) 
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4. Demonstration – Model implementation and validation 

In this chapter, the optimization process, and several necessary stages to complete this 

process, as the model implementation and validation are clarified. The model implementation in the 

optimization software (FICO Xpress) is discussed and a small-sized example (also known as “toy 

problem”) is explored, in order to conduct model validation. The parameters for “toy problem” are 

presented in the following sections, and finally, the results for this “toy problem” are showed and 

analyzed. 

4.1. Optimization process 

Optimization is defined as “the action of making the best or most effective use of a situation or 

resource” (Oxford Dictionaries, 2018). Nowadays, this optimization concept applied to company’s 

procedures has been seen as a core framework to achieve better results. These procedures can be 

associated with the management of any type of resources, such as crew, equipment, funds or fleet’s 

management. 

In a mathematical perspective, Stewart (2015) defined optimization as a research process of a 

maximum or minimum amount of some resource, which satisfies the constraints of a problem, i.e. the 

problem is expressed by an objective function subject to several restrictions. The mathematical 

formulation exposed in the previous chapter is one method to solve a complex optimization problem as 

maintenance planning. In this case, the company’s goals are the minimization of costs and the 

maximization of fleet’s availability, complying with several restrictions, regarding the fleet, the workforce 

and the hangar dimensions.  

Thus, the use of an optimization process, as represented on Figure 4.1, depends on a multi-

step approach to the problem: 

1. Identify what are the company’s needs and goals and what procedures are fixed or can 

be modified.  

2. Study the problem and then model it.  

3. Implement the model 

4. Validate the model, to understand if it is applicable or not and to correct possible 

modelling mistakes or inaccuracies. 

5. If an optimal solution is obtained, and by that the needs are satisfied, and the goals 

achieved.  

6. Apply the optimization process to a business situation. 
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Figure 4.1 - Optimization process scheme 

4.2. Model implementation 

An optimization solver is essential to solve a problem of this dimension. There are numerous 

software programs with an optimization solver to implement the formulated model, for example LINDO, 

MATLAB, Microsoft Excel, CPLEX or FICO Xpress, which can be used in academic research. For this 

dissertation, the chosen one is FICO Xpress. FICO Xpress is an optimization solver from FICO (IBM), 

which was released in 1983, for different types of models, for instance, linear programming (LP), mixed 

integer linear programming (MILP), convex quadratic programming (QP), convex quadratically 

constrained quadratic programming (QCQP) and second-order cone programming (SOCP) models. 

FICO Xpress’ functionalities are useful not only in academic research, but also in industry practice. With 

this type of framework, it becomes possible to implement the model from the previous chapter, and then 

try to validate it, so that it can be applied to different case studies. 

A Mixed-Integer Linear Programming (MILP) is one of the existing optimization approaches with 

a linear objective function constraint by linear equations and inequalities, with integer decision variables. 

For this reason, the mathematical model to apply in this case study is the MILP model.  

FICO Xpress, also, has its own language called Mosel. Mosel is an advanced modeling and 

solving language, used to precisely transcribe the mathematical formulation to the software. In FICO 

Xpress, depending on the optimization technique, different modules must be selected to solve the 

problem. For the case of MILP models, “mmxprs” is the right one. The next step is to transcribe the 

mathematical formulation from the previous chapter to coded language, Mosel. The transcription is 

divided in five different sections: 

1. Declarations 

2. Input data 

3. Objective function 

4. Constrains 

5. Output data 
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Firstly, the constants, the sets (and associated indexes), the parameters and the decision 

variables are defined in the declarations section. In this case, the parameters were defined as arrays of 

real or arrays of integer, the decision variables as arrays of mpvar. Then, the second section is 

responsible for the input data initialization, where the necessary information from the case study is 

imported by the command “initializations from”. In this case, there are four files – Data_TAP.dat, FHd.dat, 

FCd.dat and LA_LC.dat. The file Data_TAP.dat contains data related with the number of flight hours, 

𝑭𝑯𝑨𝒑, with the number of flight cycles, 𝑭𝑪𝑨𝒑 and with the number of days, 𝑫𝑨𝒑, elapsed since the last 

A-type maintenance check, also, holds data related with the number of flight hours,𝑭𝑯𝑪𝒑, with the 

number of flight cycles, 𝑭𝑪𝑪𝒑 and with the number of days, 𝑫𝑪𝒑, elapsed since the last C-type 

maintenance check and includes data on the daily available maintenance slots, 𝒔𝒕. The file FHd.dat has 

information about the daily estimation of flight hours made by every aircraft p, 𝑭𝑯𝒅𝒑,𝒕. The file FCd.dat 

contains information about the daily estimation of flight cycles made by every plane p, 𝑭𝑪𝒅𝒑,𝒕. The last 

A-type and C-type maintenance check of each aircraft p is announced in the file LA_LC.dat. The third 

and fourth sections state, respectively, the objective function and the constraints that the objective 

function is subject to. Finally, the fifth section is responsible to deliver output data, which will contribute 

to analysis of the case study.  

4.3. Model validation 

A straightforward way to validate this model is to apply it to a “toy problem”. A “toy problem” is 

a much smaller problem in size than the case of study, but it has sufficient data that can illustrate part 

of the case study. This “toy problem” can also be used to test model’s accuracy. 

In this illustrative example, the fleet is composed by three aircraft (one Airbus A319 and two 

Airbus A320) that are part of TAP Air Portugal fleet. The goal is to minimize the overall costs, for a 

planning horizon of six months, which these aircraft incur when they are immobilized to go under 

maintenance activities: a short-term check (A-type maintenance check) and a long-term check (C-type 

maintenance check). Besides that, there are four kinds of A-type maintenance checks (A1, A2, …, A4) 

and twelve kinds of C-type maintenance checks (C1, C2, …, C12). This information is represented by 

several constants in the model, which are shown in Table 4.1. 

Table 4.1 - Specifications for the "toy problem" 

Constant Description Unit Value 

𝑵𝒑 Number of aircraft ----- 3 

𝑵𝒄 Number of different maintenance checks ----- 2 

𝑵𝒅 Number of days in planning horizon Working day 182 

𝑵𝒄𝑨 Number of different A-type maintenance checks ----- 4 

𝑵𝒄𝑪 Number of different C-type maintenance checks ----- 12 
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4.3.1. Parameters for the “toy problem” 

  As referred in the previous chapter, there are several parameters that need to be characterized, 

in order to obtain results for the defined problem. This information is provided by TAP M&E and is 

presented in the following tables. 

First of all, it is necessary to define inherent parameters to the model. The operation day, 𝑡 = 0, 

for the “toy problem”, is the 8th of February. Table 4.2 displays the attributed values to the objective 

function’s costs: i) the unavailability cost, ii) the A-type maintenance check cost and iii) the C-type 

maintenance check cost. The unavailability cost is the average cost per day of renting the service of an 

aircraft from another airline company to replace the immobilized aircraft, and the other costs are average 

total costs of doing the two types of maintenance checks. 

Table 4.2 - Cost parameters of the objective function for the “toy-problem” 

Constant Description Unit Value 

𝒄𝒐𝒔𝒕𝑼 Unavailability cost  k€ 20 

𝒄𝒐𝒔𝒕𝑨 A-type maintenance check cost k€ 30 

𝒄𝒐𝒔𝒕𝑪 C-type maintenance check cost k€ 600 

 

In Table 4.3, the limiting intervals between two consecutive maintenance checks of the same 

type can be found, i.e. the maximum number of flight hours, flight cycles or days that an aircraft can do 

before being forced to do maintenance.  

Table 4.3 - Limiting intervals between consecutive maintenance checks for the “toy-problem” 

Constant Description Unit Value 

𝑭𝑯𝒎𝒂𝒙𝑨 Maximum number of flight hours between two A-type maintenance checks Working hour 750 

𝑭𝑪𝒎𝒂𝒙𝑨 Maximum number of flight cycles between two A-type maintenance checks Working cycle 750 

𝑫𝒎𝒂𝒙𝑨 Maximum number of days between two A-type maintenance checks Working day 120 

𝑭𝑯𝒎𝒂𝒙𝑪 Maximum number of flight hours between two C-type maintenance checks Working hour 7500 

𝑭𝑪𝒎𝒂𝒙𝑪 Maximum number of flight cycles between two C-type maintenance checks Working cycle 5000 

𝑫𝒎𝒂𝒙𝑪 Maximum number of days between two C-type maintenance checks Working day 730 

 

Table 4.4 shows the number of available maintenance slots, on each day of week and in each 

month that is included in the planning horizon. Holidays are exceptions to these values, on any day t 

that matches a holiday is assigned a value of 0. Besides that, Fridays, Saturdays and Mondays are also 
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assigned a value of 0 because it is defined by TAP M&E (due to working company’s policies) that on 

these days there are no maintenance activities. 

Table 4.4 - Available maintenance slots during the planning horizon for the “toy-problem” 

Month 

𝒔𝒕  

Monday Tuesday Wednesday Thursday Friday Saturday Sunday 

February 1 2 1 1 0 0 0 

March 1 2 1 1 0 0 0 

April 1 2 1 1 0 0 0 

May 1 2 1 1 0 0 0 

June 1 2 2 1 0 0 0 

July 1 2 2 1 0 0 0 

August 1 2 2 1 0 0 0 

 In Table 4.5, the elapsed flight hours, flight cycles and days since the last maintenance check 

of each type until the operation day, for each aircraft, are displayed. 

Table 4.5 - Accumulated flight hours, flight cycles and days since the last maintenance checks of each aircraft for 
the “toy-problem” 

Constant Description Unit 

Value 

A319 
A320 

[1] 
A320 

[2] 

𝑭𝑯𝑨𝒑 
Accumulated flight hours, since last A-type maintenance check, for 

aircraft p, on day t=0 

Working 

hour 
258 256 446 

𝑭𝑪𝑨𝒑 
Accumulated flight cycles, since last A-type maintenance check, 

for aircraft p, on day t=0 

Working 

cycle 
108 97 165 

𝑫𝑨𝒑 
Accumulated days, since last A-type maintenance check, for 

aircraft p, on day t=0 

Working 

day 
24 23 37 

𝑭𝑯𝑪𝒑 
Accumulated flight hours, since last C-type maintenance check, for 

aircraft p, on day t=0 

Working 

hour 
6095 7171 5453 

𝑭𝑪𝑪𝒑 
Accumulated flight cycles, since last C-type maintenance check, 

for aircraft p, on day t=0 

Working 

cycle 
2914 2761 2093 

𝑫𝑪𝒑 
Accumulated days, since last C-type maintenance check, for 

aircraft p, on day t=0 

Working 

day 
619 617 472 
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 In Table 4.6 and in Table 4.7, the estimation of the daily average flight hours and of the daily 

average flight cycles are presented, respectively, for each aircraft for the “toy problem”. 

Table 4.6 - Estimated average flight hours per day in each month from the planning horizon of each aircraft for the 
“toy-problem” 

Month 

𝑭𝑯𝒅𝒑,𝒕 

Unit 

A319 A320 [1] A320 [2] 

February 9.5 11 11 

Flight hours per day 

March 9.5 11 11 

April 10 11.5 11.5 

May 10 11.5 11.5 

June 10.5 12 12 

July 10.5 12 12 

August 10.5 12 12 

 
Table 4.7 - Estimated average flight cycles per day in each month from the planning horizon of each aircraft for 

the “toy-problem” 

Month 

𝑭𝑪𝒅𝒑,𝒕 

Unit 

A319 A320 [1] A320 [2] 

February 5.28 4.4 4.4 

Flight cycles per day 

March 5.28 4.4 4.4 

April 5.56 4.6 4.6 

May 5.56 4.6 4.6 

June 5.83 4.8 4.8 

July 5.83 4.8 4.8 

August 5.83 4.8 4.8 

Finally, Table 4.8 shows the last A-type and C-type maintenance checks of each aircraft of the 

selected fleet. For instance, the Airbus A319 performed an A.1 and C.9, the first Airbus A320 performed 

an A.1 and a C.4 and the second Airbus A320 performed an A.2 and a C.8. 
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Table 4.8 - Last A-type and C-type maintenance checks of each aircraft for the “toy-problem” 

𝑳𝑨𝒑 𝑳𝑪𝒑 

  A319 A320 [1] A320 [2] A319 A320 [1] A320 [2] 

1 1 2 9 4 8 

4.3.2. Results of the “toy problem” 

The results of this “toy problem” can be analyzed and compared with a general planning 

provided by TAP M&E, and in case they match (and if no inaccuracies are found) this model can be 

considered validated. 

The algorithm converged to an optimal solution, which can be found in Figure 4.2, with a total 

minimum cost of 2200 k€ for the three aircraft, in a six-month planning horizon, by fulfilling the 

maintenance needs of the defined fleet. Besides that, FICO Xpress provides stats that can be analyzed, 

such as the best bound, the gap and computational time. For this analysis, it was previously set that the 

computational time would be 1000 seconds. 

 
Figure 4.2 - Stats of the "toy problem" 

 

FICO Xpress applies a Branch-and-Bound technique that systematically enumerates several 

candidate solutions (using a MIP search), which are discarded by comparing relaxed solutions with a 

lower or an upper bound, until an optimal solution is located. In this model, the best bound concept 

refers to the lower bound, because the mathematical problem corresponds to a minimization of the 

objective function. Regarding the gap, also known as optimality gap (42), it is defined as the ratio 

between the difference of best solution and the best bound and the best solution (in percentage), and 

in this case it is relatively small, which means that the best feasible solution found is very close to the 
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optimal solution. Note that in the remaining computational time (approximately 1000 seconds), no better 

solution was found, than the one found in one second. 

𝑂𝑝𝑡𝑖𝑚𝑎𝑙𝑖𝑡𝑦 𝑔𝑎𝑝 =  
𝐵𝑒𝑠𝑡 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛−𝐵𝑒𝑠𝑡 𝐵𝑜𝑢𝑛𝑑

𝐵𝑒𝑠𝑡 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
∗ 100      (42) 

Concerning the computational time, which in this case is low, the solution was found in nearly 

one second, because this problem is relatively small, is normal that increases significantly in a bigger 

case of study.  

 
Figure 4.3 - MIP search of the "toy problem" 

This optimal solution and the related decision variables can provide relevant information as 

outputs, such as: the number of times that each aircraft does A-type maintenance checks, the number 

of times that each aircraft does C-type maintenance checks, when these maintenance checks occur and 

how many times and when the aircraft is immobilized.  

Therefore, 𝒙𝒑,𝒄,𝒄𝒄,𝒕, represented in Figures 4.4 and 4.4, states, for instance: that the aircraft 1 – 

A319, CS-TTV – does an A.2 and a C.10 on day 48 (27th of March) and an A.3 on day 111 (29th of May); 

that the aircraft 2 – A320, CS-TNV – does an A.2 and a C.5 on day 28 (7th of March), an A.3 on day 92 

(10th of May), and an A.4 on day 120 (7th of June) and that the aircraft 3 – A320, CS-TNP – does an A.3 

and a C.9 on day 29 (8th of March), an A.4 on day 78 (26th of April), and an A.1 on day 124 (11th of June). 

 

Figure 4.4 - Text view from FICO Xpress of the decision variable 𝒙𝒑,𝒄,𝒄𝒄,𝒕  from the “toy-problem” 



31 
 

 

Figure 4.5 - Table view from FICO Xpress of the decision variable 𝒙𝒑,𝒄,𝒄𝒄,𝒕 from the “toy-problem” 

Beyond that, 𝒚𝒑,𝒕 , represented in Figures 4.6 and 4.7, expresses, for example: that the aircraft 

1 – A319, CS-TTV – is in the hangar on days 48 (27th of March) and 111 (29th of May); that the aircraft 

2  –  A320, CS-TNV – is in the hangar on days 28 (7th of March), 92 (10th of May), and 120 (7th of June), 

and that the aircraft 3 – A320, CS-TNP – is in the hangar on days on day 29 (8th of March), 78 (26th of 

April) and 124 (11th of June). 

 

Figure 4.6 - Text view from FICO Xpress of the decision variable 𝒚𝒑,𝒕 from “toy-problem” 

 

Figure 4.7 - Table view from FICO Xpress of the decision variable 𝒚𝒑,𝒕 from the “toy-problem” 

 Moreover, the programmed algorithm also builds a gantt-chart to provide easier visual 

information on the optimal solution. In Figure 4.8, the xx axis represents the planning horizon (which 

varies from t=0 to t=182) and the yy axis represents the number of aircraft. Moreover, the A-type 

maintenance checks are represented by blue boxes and the C-type maintenance checks are 

represented by white boxes. Figure 4.9 exposes the TAP M&E maintenance schedule for the same 
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aircraft, which enables a relative comparison between the innovative model results and the TAP M&E 

planning, displaying the different maintenance checks over the planning horizon in weeks. 

By comparing the two schedules, it is possible to state that in most of the cases there are 

agreement, excepting the C-type maintenance check of aircraft 3 – A320, CS-TNP – which TAP M&E 

expected to do later in the planning horizon and the second A-type maintenance check of 2 –  A320, 

CS-TNV – which TAP M&E also expected to do it later. Note that this would delay the third A-type 

maintenance check. These differences can be explained by the fact that the TAP M&E is done for the 

complete TAP Air Portugal’s fleet, and so the maintenance’s needs of other aircraft together with 

available maintenance slots can provoke these variations. Despite these differences, the formulated 

model can be considered validated. 

 

Figure 4.8 - Gantt-chart of the "toy-problem" 

 

Figure 4.9 - TAP M&E maintenance schedule 
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5. Case study – TAP Air Portugal 

The fifth chapter explores the case study under analysis in the present dissertation, in which the 

previous decision approach is applied to the TAP Air Portugal’s narrow-body fleet, in order to check the 

applicability of the MILP model in a complex instance and, consequently, optimize the maintenance 

planning of TAP Air Portugal. Throughout this chapter, the specifications of the case study specifications 

and associated parameters are introduced and discussed.  

5.1. Problem specifications 

Maintenance planning in air transportation must comply with technical standards and respect 

rules and regulations. The major challenge in optimizing the maintenance activities is doing it without 

violating these rules and policies, and at the same time minimizing costs and maximizing availability. 

The responsible company for maintenance TAP Air Portugal’s fleet is TAP M&E, which is part of TAP 

Group and its headquarters are based in Humberto Delgado Airport (located in Lisbon). The 

maintenance bases are distributed through three locations: in Lisbon (Portugal), formed by three 

hangars, such as the one represented in Figure 5.1; in Rio de Janeiro (Brazil), composed by one hangar, 

and in Porto Alegre (Brazil), constituted by five hangars. TAP M&E is one of the leading companies in 

aircraft maintenance in the world, with a team of nearly 4000 persons that includes highly qualified 

technicians and engineering staff, and besides the services for TAP Air Portugal, TAP M&E provides 

maintenance services to other airline companies. For this reason, the use of the hangar’s area must be 

optimized at its maximum to increase TAP M&E profits. 

 

Figure 5.1 - TAP M&E hangar 6 in Lisbon 

During this dissertation, numerous contacts were made with TAP M&E, through the 

maintenance planner, to evaluate the actual conditions on maintenance bases and to collect data on 

TAP Air Portugal fleet. TAP Air Portugal fleet was presented as in Table 1.1 and the methodology to 

maintenance planning defined as decision model grounded in several variables - financial, temporal, 

hangar’s area and human resources – with different importance. For TAP M&E, the most relevant 
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variables are the financial and the temporal. As a result of this methodology, a minimization-cost 

approach was followed which minimizes the aircraft immobilization, suiting TAP M&E needs. In order to 

complete this approach, information on the values for the maintenance checks costs and the maximum 

limits between maintenance checks of the same type is required. 

Although TAP Air Portugal fleet includes narrow-body and wide-body aircraft and various 

maintenance bases, for this case study, the spectrum is reduced to the narrow-body aircraft (A319, A320 

and A321) and to the maintenance base placed in Lisbon. This decision is aimed at reducing the 

complexity of the problem, but in a way keeping the quality of the solutions and the inherent complexity 

of the problem. The main difference to the “toy-problem” is the fleet’s size, which is increased from three 

to forty-five aircraft, twenty-one Airbus A319, twenty Airbus A320 and four Airbus A321, respectively, 

which are presented in Tables 5.1,5.2 and 5.3. Similar to the “toy-problem”, the main goal is planning 

maintenance, including all the safety measures and checks, such as the ones showed in Figures 5.2, 

5.3 and 5.4, for a six-month planning horizon, by reducing the maintenance costs and the number of 

times that aircraft needs to be immobilized. There are four different kinds of A-type and twelve different 

kinds of C-type maintenance checks. These specifications are introduced as constants in the MILP 

model, as represented in Table 5.4. 

 

Figure 5.4 - Landing gear's operational inspection 

Figure 5.3 - Interior isolation’s inspection Figure 5.3 - Exterior painting’s inspection 
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 Table 5.1 - Airbus A319 fleet's description 

 

 

Aircraft number Aircraft type Registration 

1 Airbus A319 CS-TTA 

2 Airbus A319 CS-TTB 

3 Airbus A319 CS-TTC 

4 Airbus A319 CS-TTD 

5 Airbus A319 CS-TTE 

6 Airbus A319 CS-TTF 

7 Airbus A319 CS-TTG 

8 Airbus A319 CS-TTH 

9 Airbus A319 CS-TTI 

10 Airbus A319 CS-TTJ 

11 Airbus A319 CS-TTK 

12 Airbus A319 CS-TTL 

13 Airbus A319 CS-TTM 

14 Airbus A319 CS-TTN 

15 Airbus A319 CS-TTO 

16 Airbus A319 CS-TTP 

17 Airbus A319 CS-TTQ 

18 Airbus A319 CS-TTR 

19 Airbus A319 CS-TTS 

20 Airbus A319 CS-TTU 

21 Airbus A319 CS-TTV 
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Table 5.2 - Airbus A320 fleet's description 

Aircraft number Aircraft type Registration 

22 Airbus A320 CS-TMW 

23 Airbus A320 CS-TNG 

24 Airbus A320 CS-TNH 

25 Airbus A320 CS-TNI 

26 Airbus A320 CS-TNJ 

27 Airbus A320 CS-TNK 

28 Airbus A320 CS-TNL 

29 Airbus A320 CS-TNM 

30 Airbus A320 CS-TNN 

31 Airbus A320 CS-TNP 

32 Airbus A320 CS-TNQ 

33 Airbus A320 CS-TNR 

34 Airbus A320 CS-TNS 

35 Airbus A320 CS-TNT 

36 Airbus A320 CS-TNU 

37 Airbus A320 CS-TNV 

38 Airbus A320 CS-TNW 

39 Airbus A320 CS-TNX 

40 Airbus A320 CS-TNY 

41 Airbus A320 CS-TQD 
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Table 5.3 - Airbus A321 fleet's description 

Aircraft number Aircraft type Registration 

42 Airbus A321 CS-TJE 

43 Airbus A321 CS-TJF 

44 Airbus A321 CS-TJG 

45 Airbus A321 CS-TJH 

Table 5.4 - Case study's specifications 

Constant Description Unit Value 

𝑵𝒑 Number of aircraft ----- 45 

𝑵𝒄 Number of different maintenance checks ----- 2 

𝑵𝒅 Number of days in planning horizon Working day 182 

𝑵𝒄𝑨 Number of different A-type maintenance checks ----- 4 

𝑵𝒄𝑪 Number of different C-type maintenance checks ----- 12 

 

5.2. Parameters for the case study 

In order to illustrate this case study, similar to the “toy-problem”, several parameters need to be 

characterized, such as: the limiting intervals between consecutive maintenance checks and its costs, 

the daily flight hours and cycles for a certain type of aircraft, the accumulated flight hours and cycles on 

the operation day, the last maintenance checks done by the selected fleet and the available maintenance 

slots per day during the planning horizon. For this reason, the necessary information is exposed in the 

following tables. 

Table 5.5 displays the attributed values to the cost parameters of the objective function: the 

unavailability cost, the A-type maintenance check cost and the C-type maintenance check cost. These 

costs are average values given by TAP M&E, that can vary depending on several factors, as described 

in the third chapter. The unavailability cost is the average cost per day of renting the service of an aircraft 

from another airline company to replace the immobilized aircraft under maintenance activities. The other 

two costs are average total costs of doing the two types of maintenance checks, including the persons-

hours cost to do the service and the material resources cost. 
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Table 5.5 - Cost parameters of the objective function for the case study 

Constant Description Unit Value 

𝒄𝒐𝒔𝒕𝑼 Unavailability cost  k€ 20 

𝒄𝒐𝒔𝒕𝑨 A-type maintenance check cost k€ 30 

𝒄𝒐𝒔𝒕𝑪 C-type maintenance check cost k€ 600 

 

Table 5.6 features the typical intervals between two maintenance checks of the same type. 

Basically, between two maintenance checks of the same type, an aircraft has three eliminatory limits, to 

define when it should be immobilized to start maintenance. Between A-type maintenance checks, an 

aircraft can do a maximum of 750 flight hours or a maximum of 750 flight cycles or can pass a maximum 

of 120 days. Between C-type maintenance checks, an aircraft can do a maximum of 7500 flight hours 

or a maximum of 5000 flight cycles or can pass a maximum of 730 days. 

Table 5.6 - Limiting intervals between consecutive maintenance checks for the case study 

Constant Description Unit Value 

𝑭𝑯𝒎𝒂𝒙𝑨 Maximum number of flight hours between two A-type maintenance checks Working hour 750 

𝑭𝑪𝒎𝒂𝒙𝑨 Maximum number of flight cycles between two A-type maintenance checks Working cycle 750 

𝑫𝒎𝒂𝒙𝑨 Maximum number of days between two A-type maintenance checks Working day 120 

𝑭𝑯𝒎𝒂𝒙𝑪 Maximum number of flight hours between two C-type maintenance checks Working hour 7500 

𝑭𝑪𝒎𝒂𝒙𝑪 Maximum number of flight cycles between two C-type maintenance checks Working cycle 5000 

𝑫𝒎𝒂𝒙𝑪 Maximum number of days between two C-type maintenance checks Working day 730 

  

Table 5.7 shows the daily available maintenance slots for every week and month of the six-

month planning horizon. These values are ratios that reflect the number of maintenance checks that can 

be done on each day of the planning horizon taking in account the available personnel, the available 

hangar’s space and the available material resources in each day. From Monday until Thursday there 

are two available maintenance slots per day. From Friday until Sunday there are no available 

maintenance slots. The exception to this schedule is the holidays, on these days there are no available 

maintenance slots because there are no personnel working. For the case study, the total maintenance 

slots are larger than the total maintenance slots for the “toy-problem” because the fleet is also larger, so 

the total number of maintenance checks will also be larger. 
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Table 5.7 - Available maintenance slots for the case study 

Month 

𝒔𝒕  

Monday Tuesday Wednesday Thursday Friday Saturday Sunday 

February 2 2 2 2 0 0 0 

March 2 2 2 2 0 0 0 

April 2 2 2 2 0 0 0 

May 2 2 2 2 0 0 0 

June 2 2 2 2 0 0 0 

July 2 2 2 2 0 0 0 

August 2 2 2 2 0 0 0 

 

The following Tables 5.8-5.15 feature information that describes each aircraft from the selected 

fleet of the case study under analysis. Tables 5.8-5.10 show the accumulated flight hours, flight cycles 

and days since the last A-type and C-type maintenance checks for each aircraft until the operation day. 

Table 5.8 corresponds to the Airbus A319 fleet, Table 5.9 corresponds to the Airbus A320 fleet and 

Table 5.10 corresponds to the Airbus A321 fleet.  

Tables 5.11-5.13 show which kind of the last A-type and C-type maintenance checks were done 

by each aircraft. Table 5.11 corresponds to the Airbus A319 fleet, Table 5.12 corresponds to the Airbus 

A320 fleet and Table 5.13 corresponds to the Airbus A321 fleet. 

Tables 5.14 and 5.15 present the estimated average values for the daily flight hours and flight 

cycles, respectively, in every month belonging to the planning horizon, for the different types of aircraft 

in the fleet. For instance, an Airbus A319 does on average 9,5 flight hours and 5,28 flight cycles per day 

in February, an Airbus A320 does on average 11,5 flight hours and 4,6 flight cycles per in May or an 

Airbus A321 does on average 11,5 flight hours and 5 flight cycles per day in August. These values 

appear on average due to model simplifications, and they are calculated by ratio between flight hours 

and flight cycles. This ratio is equal to 1,8 for Airbus A319, to 2,5 for Airbus A320 and to 2,3 for Airbus 

A321. 
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Table 5.8 - Accumulated flight hours, flight cycles and days since the last maintenance checks of each Airbus 
A319 

Aircraft 

Constant 

𝑭𝑯𝑨𝒑 (h) 𝑭𝑪𝑨𝒑 (h) 𝑫𝑨𝒑 (h) 𝑭𝑯𝑪𝒑 (h) 𝑭𝑪𝑪𝒑 (h) 𝑫𝑪𝒑 (h) 

1 515 255 52 2612 1296 262 

2 162 82 17 825 390 85 

3 684 344 71 684 344 71 

4 648 306 72 0 0 0 

5 222 108 23 4060 2019 430 

6 150 64 16 150 64 16 

7 351 164 36 3756 1808 385 

8 154 66 15 4084 2004 420 

9 455 216 13 3180 1552 316 

10 476 252 51 1161 583 118 

11 114 62 15 298 172 34 

12 54 27 7 6137 3098 657 

13 534 254 56 6645 3316 693 

14 659 296 67 4689 2275 484 

15 273 122 29 4377 2134 451 

16 23 9 3 3442 1684 349 

17 589 269 58 4516 2082 463 

18 233 108 24 6561 3248 680 

19 384 169 38 6460 3120 658 

20 573 281 58 6220 2999 636 

21 258 108 24 6095 2914 619 
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Table 5.9 - Accumulated flight hours, flight cycles and days since the last maintenance checks of each Airbus 
A320 

Aircraft 

Constant 

𝑭𝑯𝑨𝒑 (h) 𝑭𝑪𝑨𝒑 (h) 𝑫𝑨𝒑 (h) 𝑭𝑯𝑪𝒑 (h) 𝑭𝑪𝑪𝒑 (h) 𝑫𝑪𝒑 (h) 

22 250 98 22 5013 1981 450 

23 530 219 50 3862 1699 365 

24 24 10 4 2600 1153 251 

25 577 247 86 558 235 53 

26 339 155 30 4314 1965 419 

27 180 81 18 2836 1284 268 

28 495 201 45 2551 1133 239 

29 539 225 52 7435 3255 707 

30 33 9 3 6698 2868 640 

31 446 165 37 5453 2093 472 

32 10 3 2 667 233 55 

33 611 231 54 611 231 56 

34 9 5 2 9 5 1 

35 221 93 20 221 93 20 

36 230 85 38 7134 2763 629 

37 256 97 23 7171 2761 617 

38 333 123 30 3526 1352 294 

39 126 48 10 126 48 10 

40 96 37 9 2237 915 252 

41 0 0 1 1427 536 125 
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Table 5.10 - Accumulated flight hours, flight cycles and days since the last maintenance checks of each Airbus 
A321 

Aircraft 

Constant 

𝑭𝑯𝑨𝒑 (h) 𝑭𝑪𝑨𝒑 (h) 𝑫𝑨𝒑 (h) 𝑭𝑯𝑪𝒑 (h) 𝑭𝑪𝑪𝒑 (h) 𝑫𝑪𝒑 (h) 

42 94 42 8 3840 1582 350 

43 336 143 32 1149 477 106 

44 431 189 43 3630 1483 334 

45 166 64 17 2818 1172 380 

 

Table 5.11 - Last A-type and C-type maintenance checks of each Airbus A319 

Constant 

Aircraft 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

𝑳𝑨𝒑 1 3 1 1 3 4 4 3 2 2 4 1 1 1 2 1 1 1 1 1 1 

𝑳𝑪𝒑 1 1 1 12 12 1 12 12 12 12 12 11 11 11 11 11 12 9 9 9 9 

 

Table 5.12 - Last A-type and C-type maintenance checks of each Airbus A320 

Constant 

Aircraft 

22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 

𝑳𝑨𝒑 4 3 3 3 4 2 2 1 4 2 1 3 2 1 1 1 3 1 4 1 

𝑳𝑪𝒑 10 12 12 12 11 11 11 9 9 8 5 5 5 5 4 4 7 7 3 12 

 

Table 5.13 - Last A-type and C-type maintenance checks of each Airbus A321 

Constant 

Aircraft 

42 43 44 45 

𝑳𝑨𝒑 2 1 1 2 

𝑳𝑪𝒑 11 11 10 8 
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Table 5.14 - Estimated average flight hours per day in each month from the planning horizon of each aircraft type 

Month 

𝑭𝑯𝒅𝒑,𝒕 

Unit 

A319 A320 A321 

February 9.5 11 10.5 

Flight hours per day 

March 9.5 11 10.5 

April 10 11.5 11.5 

May 10 11.5 11.5 

June 10.5 12 11.5 

July 10.5 12 11.5 

August 10.5 12 11.5 

 

Table 5.15 - Estimated average flight cycles per day in each month from the planning horizon of each aircraft type 

Month 

𝑭𝑪𝒅𝒑,𝒕 

Unit 

A319 A320 A321 

February 5.28 4.4 4.56 

Flight hours per day 

March 5.28 4.4 4.56 

April 5.56 4.6 5 

May 5.56 4.6 5 

June 5.83 4.8 5 

July 5.83 4.8 5 

August 5.83 4.8 5 
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6. Results and discussion 

In this chapter, the results for the case study described in the previous chapter are presented, 

and analysed. This analysis comprises a comparison between the schedule resulting from the approach 

presented in this dissertation and the one resulting from the typical TAP M&E approach. Moreover, an 

analysis of the optimality gap as a function of computational time is conducted and a sensitivity analysis 

of the total maintenance cost as a function of the unavailability cost component is also explored. The 

results presented were obtained on a computer with a processor Intel Core i7 7700K CPU @ 4.20GHz, 

with 16GB RAM memory. 

6.1. Results of the case study 

Throughout this chapter, the computational results for TAP Air Portugal case study are revealed, 

and besides the results, some optimization stats are also presented, such as: the problem size, the 

computational time, the best bound, the optimality gap and the best feasible solution found. These are 

important to evaluate the solution’s quality as exhibited in Figure 6.1. Figure 6.1 shows the optimization 

stats for two situations: a) after five minutes since the beginning of the optimization process and b) after 

twenty-four hours. 

 

a) 

 

b) 

Figure 6.1 - Case study's optimization stats after a) 5 min and b) 24 hours of computational time 
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Firstly, the case study is a larger problem than the illustrative problem exposed in the fourth 

chapter (about 15 times larger). That can be checked by the number of columns of the matrix, that is 

calculated as the Table 6.1 shows. Consequently, the larger the problem is, the more computational time 

is needed to reach the optimal solution, which leads to a bigger optimality gap for the same 

computational time. These computational times (as shown in Figure 6.1) were selected so that the 

following sensitivity analysis would be possible and a) represents the moment that the first feasible 

solutions were found and b) the defined limited of one day. 

Table 6.1 - Problem's size calculation 

Sets Size 
Decision 
Variables 

Size Columns’ Size 

𝑝 = {1, … ,45} 45 𝒙𝒑,𝒄,𝒄𝒄,𝒕 45 ∗ 2 ∗ 12 ∗ 182 = 196560 196560 + 8190 + 3 ∗ 16380 = 253590 

𝑐 = {1,2} 2 𝒚𝒑,𝒕 45 ∗ 182 = 8190  

𝑐𝑐 = {1, … ,12} 12 𝑭𝑯𝒑,𝒄,𝒕 45 ∗ 2 ∗ 182 = 16380  

𝑡 = {1, … ,182} 182 𝑭𝑪𝒑,𝒄,𝒕 45 ∗ 2 ∗ 182 = 16380  

  𝑫𝒑,𝒄,𝒕 45 ∗ 2 ∗ 182 = 16380  

 

In Table 6.1, there is a description on how the problem size can be calculated and its 

dependence with the decision variables and the size of the sets involved in the problem. For example, 

the size of the decision variable 𝒙𝒑,𝒄,𝒄𝒄,𝒕 is the result of the product of each size of the sets, which it 

depends, 45 (size of aircraft set) multiplied by 2 (size of maintenance check type) multiplied by 12 (size 

of maintenance check kind) and multiplied by 182 (size of days set). Then, the columns’ size is the sum 

of the size of each decision variable.  

Regarding the optimality gap, after twenty-four hours of computational time, it is still different 

from zero, approximately 9%, which means that the best solution found may not be the optimal one. 

Therefore, it becomes important to do an analysis of the optimality gap (equation 42 in subsection 4.3.2.) 

as a function of computational time, which is done in a following section. In the same computational test, 

the best feasible solution found corresponds to a minimum cost of 11020 k€, as the graph from Figure 

6.2 displays, with different influence of the various cost components of the objective function, which is 

represented in Table 6.2. 

Figure 6.2 represents the evolution of the best feasible solution over the twenty-four-hour period 

defined to solve this case study. The xx axis represents time in seconds and the yy axis represents the 

objective function value. Every feasible solution found is displayed by a green square. The best bound, 

in this model is the lower bound (as it is a minimization problem) and it is characterized by the yellow 

line. 
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Figure 6.2 - MIP objective search graph 

Table 6.2 - Influence of the cost components for the best feasible solution found (Objective Function = 11020 k€) 

Cost component Value (k€) Percentage of the total cost (%) 

𝑐𝑜𝑠𝑡𝑈 – Unavailability cost  113 ∗ 20 = 2260 20.51 

𝑐𝑜𝑠𝑡𝐴 – A-type maintenance check cost 112 ∗ 30 = 3360 30.49 

𝑐𝑜𝑠𝑡𝐶 – C-type maintenance check cost 9 ∗ 600 = 5400 49.00 

 

In Table 6.2, the contribution of each cost component for the best feasible solution found is 

shown. The C-type maintenance check cost is the one has the higher contribution on the total 

maintenance check cost. The unavailability cost has the smallest impact on the total maintenance check 

cost. The total maintenance cost is obtained by multiplying the occurrences of each type of cost by its 

absolute value for one occurrence. The best feasible solution found for this case study, features a 

proposal, in which the fleet, constituted by 45 aircraft, must do a total of 112 A-type maintenance checks, 

9 C-type maintenance checks and must be immobilized 113 times during the defined planning horizon.  

Tables 6.4, 6.5 and 6.6 display the results for maintenance planning of the selected fleet, Airbus 

A319, Airbus A320 and Airbus A321, respectively. Each aircraft during the selected six-month planning 

horizon performs between two and three A-type maintenance checks and several of the aircraft also 

needs to perform one C-type maintenance check. For instance, the aircraft 1 performs three A-type 

maintenance checks, on day 26 (5th of March) does an A.2, on day 76 (24th of April) does an A.3 and on 

day 140 (27th of June) does an A.4; whereas the aircraft 30 performs two A-type maintenance checks 

and one C-type maintenance check, on day 63 (11th of April) does an A.1 and a C.10 and on day 120, 

(7th of June) does an A.2. The results are also represented on a schedule in Figure 6.3, where the 

maintenance checks are organized by the thirty-one weeks from the planning horizon.    
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Table 6.3 - Results for the Airbus A319 maintenance planning 

Aircraft 
1st A-type 

maintenance check 
2nd A-type 

maintenance check 
3rd A-type 

maintenance check 
C-type maintenance 

check 

1 26 (A.2) 76 (A.3) 140 (A.4) - 

2 63 (A.4) 131 (A.4) - - 

3 5 (A.2) 82 (A.3) 131 (A.4) - 

4 49 (A.2) 124 (A.3) - - 

5 56 (A.4) 117 (A.1) - - 

6 49 (A.1) 119 (A.2) - - 

7 42 (A.1) 112 (A.2) - - 

8 64 (A.4) 138 (A.1) - - 

9 33 (A.3) 106 (A.4) 139 (A.1) - 

10 28 (A.3) 104 (A.4) 159 (A.1) - 

11 68 (A.1) 132 (A.2) - - 

12 61 (A.2) 124(A.3) - 61 (C.12) 

13 22 (A.2) 99 (A.3) 148 (A.4) 22 (C.12) 

14 8 (A.2) 85 (A.3) 152 (A.4) - 

15 47 (A.3) 111 (A.4) - - 

16 75 (A.2) 148 (A.3) - - 

17 15 (A.2) 89 (A.3) 160 (A.4) - 

18 48 (A.2) 119 (A.3) - 48 (C.10) 

19 36 (A.2) 112 (A.3) - 36 (C.10) 

20 20 (A.2) 97 (A.3) 153 (A:4) 20 (C.10) 

21 47 (A.2) 111 (A.3) - 47 (C.10) 
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Table 6.4 - Results for the Airbus A320 maintenance planning 

Aircraft 
1st A-type 

maintenance check 
2nd A-type 

maintenance check 
3rd A-type 

maintenance check 
C-type maintenance 

check 

22 43 (A.1) 90 (A.2) 141 (A.3) - 

23 22 (A.4) 89 (A.1) 145 (A.2) - 

24 64 (A.4) 125 (A.1) - - 

25 8 (A.4) 62 (A.1) 127 (A.2) - 

26 32 (A.1) 98 (A.2) 145 (A.3) - 

27 50 (A.3) 103 (A.4) 141 (A.1) - 

28 19 (A.3) 82 (A.4) 140 (A.1) - 

29 69 (A.2) 132 (A.3) - - 

30 63 (A.1) 120 (A.2) - 62 (C.10) 

31 27 (A.3) 90 (A.4) 147 (A.1) 27 (C.9) 

32 68 (A.2) 133 (A.3) - - 

33 14 (A.4) 78 (A.1) 138 (A.2) - 

34 63 (A.3) 127 (A.4) - - 

35 50 (A.2) 84 (A.3) 146 (A.4) - 

36 42 (A.2) 75 (A.3) 139 (A.4) - 

37 29 (A.2) 91 (A.3) 154 (A.4) 29 (C.5) 

38 36 (A.4) 98 (A.3) 146 (A.4) - 

39 57 (A.2) 120 (A.3) - - 

40 61 (A.1) 125 (A.2) - - 

41 69 (A.2) 134 (A.3) - - 

 

Table 6.5 - Results for the Airbus A321 maintenance planning 

Aircraft 
1st A-type 

maintenance check 
2nd A-type 

maintenance check 
3rd A-type 

maintenance check 
C-type maintenance 

check 

42 57 (A.3) 118 (A.4) - - 

43 41 (A.2) 103 (A.3) 133 (A.4) - 

44 29 (A.2) 97 (A.3) 118 (A.4) - 

45 55 (A.3) 117 (A.4) - - 
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Figure 6.3 - Proposal for maintenance planning by applying the proposed MILP model 
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6.2. Analysis of results 

Depending on the problem that is considered and its objectives, the purpose of the optimization 

process varies, i.e. several problems may just need viable solutions and others need optimal solutions. 

Furthermore, problems with such a large dimension (as this case study) imply longer computational 

times. Therefore, an equilibrium of between the quality of the solution and the computational time 

needed to compute it is key for solving such problems. In this section, the analysis of results provides 

hints on how to define this equilibrium for the present case study. 

6.2.1. Comparison with the typical TAP M&E approach 

The main goals for this dissertation were focused on decreasing the total maintenance cost, by 

reducing maintenance activities and, consequently, increase availability of the aircraft from the existing 

fleet. In order to check if these goals were reached, it becomes necessary to evaluate the obtained 

results and compare them with the TAP M&E typical maintenance planning. 

Table 6.6 - Proposed MILP model approach vs. TAP M&E approach 

 Dissertation’s approach TAP M&E approach Variation (%) 

                   Type of maintenance     
check 

Type of aircraft  

A-Type C-Type A-type C-type A-Type C-type 

Airbus A319 50 6 59 6 -15.25 0 

Airbus A320 52 3 60 4 -13.33 -25 

Airbus A321 10 0 12 0 -16.67 0 

Total maintenance checks 112 9 131 10 -14.50 -10 

Total immobilizations 113 133 -15.04 

 

Table 6.6 is a summary of the results of applying these two different approaches, the one 

proposed by this dissertation and the one proposed by TAP M&E, by displaying and comparing the 

number of maintenance checks occurrences for both approaches, in function of the type of maintenance 

checks and the type of aircraft, and the total number of immobilizations.  

This dissertation’s approach, by meeting the same requirements, creates a maintenance plan, 

in which the fleet performs less nineteen A-type maintenance checks and one C-type maintenance 

check. The number of A-type maintenance checks decrease in 15.25% for Airbus A319 fleet and in 

13.33% for Airbus A320 fleet and in 16.67% for Airbus A321 fleet, in relation to the values of TAP M&E 

approach. Regarding C-type maintenance checks, it decreases in 25% for Airbus A320 fleet and stays 

equal for the other fleets.  
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Every time an aircraft needs to go under maintenance activities, it counts as an immobilization. 

It should be noted that A-type maintenance checks and C-type maintenance checks of any given aircraft 

can be done together, so when it happens it just counts as one immobilization. In concern to the number 

of immobilizations there is a decrease of 15.04%, in comparison with TAP M&E plan. This decreasing 

value can be explained by a decreased number of A-type and C-type maintenance checks and an 

increased number of maintenance checks done together. 

Figure 6.4 is a schedule similar to the Figure 6.3, created by TAP M&E, which displays the 

maintenance plan for the defined planning horizon in function of the weeks that are included in the 

defined planning horizon and of the aircraft of the selected fleet. It allows a visual check of the previous 

analysis, in which the A-type maintenance checks are represented by white features with the 

corresponding maintenance check (such as A.1) and the C-type maintenance checks are represented 

by blue features with the subsequent maintenance check (such as C.5). In this schedule there are, also, 

some activities, such as “sharklets”, “ML”, “MLG”, “LG” and “painting” that are specific components of 

maintenance that are not considered in this MILP model.  

These results show a significant decrease, about 15%, of the total maintenance checks and 

immobilizations by applying the proposed MILP model in this dissertation, proving that the created 

framework can support the reduction of the total maintenance costs and increasing the fleet’s availability. 

6.2.2. Typical flight hours interval analysis 

TAP M&E consider flight hours as the first criterium to influence maintenance scheduling, and 

thus it is important to analyse if these flight hour limits are respected and the periods between 

maintenance checks become fundamental.  

As already referred in previous chapters, the typical limits between two A-type consecutive 

maintenance checks, concerning flight hours, is 750 flight hours and between two C-type consecutive 

maintenance checks is 7500 flight hours. The following Tables 6.7, 6.8 and 6.9 display the results for 

this case study and belong to three different types of aircraft, Airbus A319, Airbus A320 and Airbus A321, 

respectively, and by reviewing them it is possible to confirm that these limits are respected for all the 

scheduled maintenance checks.  

Regarding the periods between maintenance checks, the average periods in flight hours can 

also be found in Tables 6.7, 6.8 and 6.9. For the Airbus A319 fleet, between two consecutive A-type 

maintenance checks, an aircraft flies for 672.86 flight hours and between two consecutive C-type 

maintenance checks for 6707.25 flight hours. For the Airbus A320 fleet, between two consecutive A-type 

maintenance checks, an aircraft flies for 673.38 flight hours and between C-type maintenance checks 

for 6853 flight hours. For the Airbus A321 fleet, between two consecutive A-type maintenance checks 

an aircraft flies for 625.7 flight hours and between two consecutive C-type maintenance checks, there 

are no numbers available because for the defined planning horizon, none of the Airbus A321 needed to 

go under this type of maintenance checks. Lastly, the total average for all the selected fleet is 668,89 

flight hours between two A-type maintenance checks and 6754.5 flight hours between C-type 
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maintenance checks. These average numbers can be considered a good performance, as they respect 

and are close to the limits but with a deeper analysis, and idea of improvement can be formulated 

because some of the maintenance checks are scheduled too early, such as the 3rd A-type maintenance 

check of aircraft 3, the 2nd A-type maintenance check of aircraft 36, the 3rd A-type maintenance check of 

aircraft 44 or the C-type maintenance check of aircraft 31. Although, in general, most of the maintenance 

checks are scheduled after reasonable flight hours periods. These deviations can be explained by the 

available maintenance slots for that time of the planning horizon that force some of the aircraft to go 

under maintenance activities earlier in order to follow safety measures.  

This second analysis cannot be compared with the TAP M&E approach because this type of 

data was not available to be balanced, although the results can be considered reasonable and some 

changes in the available maintenance slots (for instance, increasing the hangar’s space or increasing 

the available workforce) can lead to improvements in the fleet’s availability by increasing the number of 

flight hours between maintenance checks of the same type. 

Table 6.7 - Flight hours interval between maintenance checks for Airbus A319 

Aircraft 
1st A-type 

maintenance check 
2nd A-type 

maintenance check 
3rd A-type 

maintenance check 
C-type 

maintenance check 

1 743 477.5 643.5 -  

2 747 679  -  - 

3 727.5 737 489  - 

4 446.5 744.5  -  - 

5 737 602  -  - 

6 596.5 692  -  - 

7 731 685.5  -  - 

8 735 742.5  -  - 

9 749.5 711 333  - 

10 723 738.5 563  - 

11 749 639.5  -  - 

12 619 625.5  - 6702 

13 724 745.5 497.5 6835 

14 716 738.5 679.5  - 

15 700.5 628  -  - 

16 728 737.5  -  - 

17 712.5 712 723.5  - 

18 670 701.5  - 6998 

19 707 742.5  - 6783 

20 744 744.5 570 6391 

21 685.5 628  - 6522.5 

Total Average 672.86 6707.25 
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Table 6.8 - Flight hours interval between maintenance checks for Airbus A320 

Aircraft 
1st A-type 

maintenance check 
2nd A-type 

maintenance check 
3rd A-type 

maintenance check 
C-type 

maintenance check 

22 701 525 589 -  

23 750 744.5 648.5  - 

24 712 696  -  - 

25 643 588 743  - 

26 680 727 545  - 

27 708 597.5 439.5  - 

28 682 697 669  - 

29 745.5 722.5  -  - 

30 698 659  - 7363 

31 721 701 661 5728 

32 744 746  -  - 

33 743 706 691  - 

34 685.5 731.5  -  - 

35 749 379 718  - 

36 670 365.5 737.5  - 

37 553 690.5 733.5 7468 

38 707 694 557  - 

39 733.5 716.5  -  - 

40 749.5 730.5  -  - 

41 745.5 746.5 -   - 

Total average 673.38 6853 

 

Table 6.9 - Flight hours interval between maintenance checks for Airbus A321 

Aircraft 
1st A-type 

maintenance check 
2nd A-type 

maintenance check 
3rd A-type 

maintenance check 
C-type 

maintenance check 

42 676.5 690  - -  

43 745.5 691.5 333.5  - 

44 714.5 748.5 230  - 

45 725.5 701.5  -  - 

Total average 625.7 - 
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Figure 6.4 - TAP M&E proposal for maintenance planning 
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6.2.3. Sensitivity analysis of the optimality gap as a function of 

computational time 

Studying the specific parameters of the problem, as the computational time and the optimality 

gap, is important to decide the viability of a given solution. As already discussed, the increase of the 

problem’s dimension leads to the increase of computational time in the search for the optimal solution, 

and therefore, depending on the customer’s needs, the computational time might need to be shorter if 

the goal is to identify a feasible, or longer if the goal is to find the optimal solution, i.e., if the objective is 

to have the optimality gap equal to zero. For this reason, this section is dedicated to an analysis of the 

optimality gap’s progression as a function of the computational time. 

This analysis shows the optimality gap and the number of feasible solutions found with a 

progressive increasing computational time from two minutes until twenty-four hours. Its main goals are 

the definition of a reasonable computational time that allows to perform a refined sensitivity analysis of 

this case study and to review the MIP search progression of this model. Since the first integer solution 

was found, the evolution of the optimality gap is small, with a first stabilization between ten minutes and 

ten hours and a second one between ten hours and twenty-four hours, as it is possible to see in Figure 

6.5. The difference between a five-minute analysis and a twenty-four-hour analysis is about 1.5%. 

Therefore, the decision maker needs to understand if it is worth spending much more computational 

time finding a solution closer to the optimal solution or if this solution is viable (or good enough) for the 

case study. For this reason, the selected computational time for the sensitivity analysis of subsection 

6.2.4 was set to be equal to one hour, as it allows to do several analyses and still achieve refined results. 

Table 6.10 - Relation between computational time and optimality gap 

Computational time (min) Optimality gap (%) Solutions found Best Solution (k€) 

2 100 0 - 

5 10.450 4 11150 

10 10.027 5 11100 

20 9.9506 5 11100 

30 9.9077 5 11100 

60 (1 hour) 9.8582 5 11100 

120 (2 hours) 9.8154 5 11100 

300 (5 hours) 9.7599 5 11100 

600 (10 hours) 9.0813 8 11020 

900 (15 hours) 9.0701 8 11020 

1440 (24 hours) 9.0573 8 11020 
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Figure 6.5 – Optimality gap evolution in function of the computational time  

Figure 6.5 features the evolution of the optimality gap during a twenty-four-hour computational 

run. Besides that, the feasible solutions found as a function of the computational time are also 

represented by green squares, as the depth of the branch-and-bound tree concerning each of the 

represented feasible solutions by blue triangles. The variation of the optimality gap can be characterized 

by a large variation at the beginning, and then by two stabilizations: i) one between five minutes and ten 

hours of computational time and ii) another from the ten hours of computational time until the end of the 

optimization run. This means that it is not a linear evolution but confirms that the increasing 

computational time decreases the optimality gap. Finally, the optimality gap difference between five 

minutes and twenty-four of computational time is about 1.5%, which is considered small and may not 

be worth to consume more computational time with the aim of minimizing the total cost.  

6.2.4. Sensitivity analysis of the maintenance costs as a function of 

unavailability cost component  

As described in the third chapter, the total maintenance cost depends on three different cost 

components: the unavailability cost (𝑐𝑜𝑠𝑡𝑈), the A-type maintenance check cost (𝑐𝑜𝑠𝑡𝐴) and the C-type 

maintenance check cost (𝑐𝑜𝑠𝑡𝐶). From these three cost components, the unavailability cost is 

considered, by TAP M&E, the most variable one because it is dependent on the available aircraft of 

other airline companies, the type of aircraft and the necessary renting period to replace the immobilized 

aircraft. For these reasons, the associated cost to of unavailability can suffer fluctuations, which forced 

to select an approximated value for this component. These possible fluctuations deserve to be studied 

and a sensitivity analysis focused on this cost component can aid to define its influence on total 

maintenance cost and, consequently, on how fleet’s availability can be optimized.  

The established approximation for 𝑐𝑜𝑠𝑡𝑈, the unavailability cost component, is 20𝑘€. Several 

positive and negative variations of 25% of the unavailability cost, from 0𝑘€ until 50𝑘€, enables to create 
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an ample spectrum of analysis to study its influence on maintenance planning. Moreover, the 

computational time for each optimization run is set to one hour. 

Table 6.11 -  Unavailability cost’s sensitivity analysis 

𝒄𝒐𝒔𝒕𝑼 
(k€) 

𝒄𝒐𝒔𝒕𝑼 
variation 

(%) 

Optimality 
gap (%) 

Total 
maintenance 

cost (k€) 

Total 
maintenance 

cost variation (%) 

𝒄𝒐𝒔𝒕𝑼 
component 

influence (%) 

Number of 
immobilizations 

0 -100 2.13 8790 -20.81 0.00 113 

5 -75 6.54 9355 -15.72 5.93 111 

10 -50% 8.25 9880 -10.99 11.34 112 

15 -25 12.13 10845 -2.30 16.74 121 

20 0.00 9.86 11100 0.00 20.81 113 

25 25 13.39 12085 8.87 24.24 117 

30 50 9.56 12150 9.46 27.90 113 

35 75 10.12 12680 14.23 30.91 112 

40 100 10.18 13240 19.28 33.84 112 

45 125 15.15 14430 30.00 38.05 122 

50 150 11.80 14440 30.09 39.13 113 

 

Table 6.11 presents the results from the optimization runs with the variation of the unavailability 

cost regarding several parameters that support the following studies, that can be found in the following 

figures. The reference analysis is the one with 𝑐𝑜𝑠𝑡𝑈 = 20𝑘€. The 𝑐𝑜𝑠𝑡𝑈 variation is a ratio between the 

unavailability costs for a given optimization run and the established value for the unavailability cost for 

the case study.  The optimality gap as designated in the fifth chapter shows how close the best feasible 

solution found is from the optimal solution. The total maintenance cost value corresponds to the best 

solution found and its variation is a ratio between the best solution found for a given optimization run 

and the best solution found with 𝑐𝑜𝑠𝑡𝑈 = 20𝑘€.  The 𝑐𝑜𝑠𝑡𝑈 component influence is the ratio between a 

given 𝑐𝑜𝑠𝑡𝑈 multiplied by the number of immobilizations and the total maintenance checks. The last 

parameter is the number of immobilizations and its value quantifies the total number of times that the 

aircraft from the selected fleet needs to stay on the hangar and cannot fly during a given day.  

 The graphic representing the relation between the optimality gap and the value attributed to 

𝑐𝑜𝑠𝑡𝑈 is displayed in Figure 6.6, and there is no clear correlation between these two parameters, with 

several oscillations without any sequence, which means optimality gap’s variation is not strictly linked 

to the attributed value to 𝑐𝑜𝑠𝑡𝑈. The optimization run with smallest optimality gap, 2.13%, thereby the 

one with the best feasible solution found closer to the optimal solution of the given optimization run, is 

the run with 𝑐𝑜𝑠𝑡𝑈 = 0𝑘€.  
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Figure 6.6 - Optimality gap in function of 𝑐𝑜𝑠𝑡𝑈 

In Figure 6.7, two correlations related to 𝑐𝑜𝑠𝑡𝑈 cost component can be described. The first one 

is the total maintenance cost as a function of 𝑐𝑜𝑠𝑡𝑈. The progression of this correlation can be 

considered linear with respect to equation 𝑦 =  115.44𝑥 +  8837.7. This behavior shows that as 𝑐𝑜𝑠𝑡𝑈 

decreases, the total maintenance cost decreases; and that when 𝑐𝑜𝑠𝑡𝑈 increases, the total maintenance 

cost increases. The second correlation is the 𝑐𝑜𝑠𝑡𝑈 component influence on the total maintenance cost 

as a function of 𝑐𝑜𝑠𝑡𝑈, which is characterized by a linear evolution with equation 

𝑦 =   0.0063𝑥 +   0.0725, and whenever the 𝑐𝑜𝑠𝑡𝑈 increases its influence on the total maintenance cost 

increases too, and a decrease of 𝑐𝑜𝑠𝑡𝑈 has the opposite behavior on its influence on total maintenance 

cost. 

 

Figure 6.7 - Total maintenance cost and 𝑐𝑜𝑠𝑡𝑈 component influence in function of 𝑐𝑜𝑠𝑡𝑈 

The unavailability cost contribution to the total maintenance cost is dependent of the attributed 

value to 𝑐𝑜𝑠𝑡𝑈, but, also, of the number of immobilizations. The bar chart from Figure 6.8 displays the 
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relation between these two parameters, and the average number of immobilizations for the considered 

optimization runs is 114.5. This study demonstrates that the number of immobilizations does not vary 

much with the variation of 𝑐𝑜𝑠𝑡𝑈, with three exception to a tendency line, 𝑐𝑜𝑠𝑡𝑈 = 15𝑘€, 𝑐𝑜𝑠𝑡𝑈 = 25𝑘€ 

and 𝑐𝑜𝑠𝑡𝑈 = 45𝑘€, therefore the variation of 𝑐𝑜𝑠𝑡𝑈 does not imply that the number of immobilizations 

will increase or decrease. 

 

Figure 6.8 - Number of immobilizations in function of 𝑐𝑜𝑠𝑡𝑈 

Figure 6.9 displays a graphic characterizing the evolution of total maintenance cost variation in 

function of the 𝑐𝑜𝑠𝑡𝑈 variation. Both the actual values and the absolute values are represented. Starting 

the analysis in the point (0,0) that corresponds to 𝑐𝑜𝑠𝑡𝑈 = 20𝑘€, the negative evolution has a more 

linear behaviour than the positive one, although the complete evolution can be characterized by the 

linear equation 𝑦 =  23.568𝑥 +  1.3087. Besides that, by analyzing the absolute values, despite the 25% 

increase in 𝑐𝑜𝑠𝑡𝑈 leads to a bigger variation of the total maintenance cost when compared to a 25% 

decrease of its value, thereafter the increase of 𝑐𝑜𝑠𝑡𝑈 heads to lower variations of the total maintenance 

cost.  

 

Figure 6.9 - Total maintenance cost in function of 𝑐𝑜𝑠𝑡𝑈 variation 
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To sum up, this sensitivity analysis can support the decision maker to calibrate the parameters 

of the decision model as best suits his needs. For instance, the decision maker may want to reduce the 

optimality gap, the number of immobilizations or even increase the influence of the unavailability cost. 

Therefore, if the decrease of the optimality gap is the main goal the client should select a low value for 

𝑐𝑜𝑠𝑡𝑈, such as 0𝑘€ or 5𝑘€, if the objective is to reduce the number of immobilizations, the client should 

consider 𝑐𝑜𝑠𝑡𝑈 = 5𝑘€ and, if the client pretends to increase the influence of 𝑐𝑜𝑠𝑡𝑈, 𝑐𝑜𝑠𝑡𝑈 should 

increase too. The calibration of the parameters of the decision model to the preferences of the decision 

maker is out of the scope of the present dissertation and it is left for further research. 
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7. Conclusions 

This is the chapter dedicated to the dissertation’s conclusions and final discussion, as well as 

identifying the limitations and the possible directions for further research. 

7.1. Conclusions 

The present document explored the research conducted within a master's thesis on 

maintenance planning and scheduling in airline companies, having analyzed the TAP Air Portugal case 

study. 

One of the main goals of every airline company is to maximize profits and one of the methods 

to do it is to minimize operation costs, by reducing the maintenance costs. Thus, the main objective of 

this dissertation was to create an optimization framework that could help maintenance planning in airline 

companies, by minimizing maintenance costs and maximizing fleet’s availability¸ even considering the 

difficulties of reproducing a real-world problem. The proposed framework is an innovative MILP model 

that allows to schedule A-type and C-type maintenance checks for a given fleet and a given planning 

horizon, by knowing the number of flight hours, flight cycles and days elapsed since the last maintenance 

check of each type, the last maintenance check of each type and the available maintenance slots. This 

model was adapted to the TAP Air Portugal case study, but it can be used by different airline companies, 

as long as the abovementioned requirements are met. 

This document is a result from an approach conducted in several stages. After the problem’s 

statement, a review of the literature helped to understand what the progress in this field was and how 

this approach could be innovative. Then, the meetings with TAP M&E supported the definition of the 

restrictions and constraints, and the data collection, in order to refine the model to the case study. 

Afterwards, the formulated optimization model was applied to TAP Air Portugal case study, 

demonstrating that this decision framework could found feasible solutions. These results were balanced 

with the typical results from TAP Air Portugal’s approach, by comparing maintenance schedules of the 

same fleet for the same six-month planning horizon, proving that this optimization model can decrease 

maintenance activities, in about 15%, and consequently, decreasing maintenance costs and increasing 

fleet’s availability. Finally, a sensitivity analysis was performed with the purpose of assisting future users 

of this optimization model to define maintenance cost components, according to their requirements. 

To sum up, an airline company should not be totally dependent on the solutions of an 

optimization model such as this one, because there are some unexpected events that could force to 

change maintenance planning, which are not reproduced in this model, such as accidents or aircraft 

failures found during maintenance checks, however it can be considered as a decision framework that 

supports the maintenance planning, contributing to the reduction of the planning time and increasing the 

quality of the problem’s solution. 
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7.2. Limitations 

The major limitation of this optimization model is the dependency from real-world inputs, 

inserted by the user. To correctly characterize a real-world situation, the inputs must properly represent 

it. If they do not represent it accurately, even if feasible solutions were found, the solutions found cannot 

be applied. Therefore, in order to circumvent this limitation, the collection of data must be precisely done, 

so as to represent the problem correctly and not to hinder the obtaining of feasible solutions. 

Other limitation focuses on the available maintenance slots per day (𝑠𝑡) estimation. This 

parameter served to reduce the complexity of other constraints associated with the amount of work, the 

crew scheduling, the skills of each worker (for instance, a worker that does A-type maintenance checks, 

may not be able to do C-type maintenance checks) and hangar’s available space. This estimation can 

decrease the model’s accuracy, because the real-world situation could not be completely reproduced. 

Therefore, this parameter must be carefully estimated from case to case, so that the feasible solutions 

found can be actually applied in a real-world situation.  

The fact that the objective function is a cost-minimization linear function, focused only in 

financial variables, ignoring in a way the importance of the client, can be faced as limitation because 

client’s interest varies across the planning horizon. However, this concern with client is considered 

before the maintenance planning and somehow represent in the parameter 𝑠𝑡. 

Finally, another minor limitation is the daily flight hours and flight cycles estimation. Estimations 

in such problems are not entirely precise, i.e. they may have some variability, and that variability might 

affect the maintenance check scheduling decision. Although the estimations worked reasonably well, 

they did not affect largely the quality of the solutions. 

7.3.  Future work 

As mentioned across this document, this research topic can still be explored and improved in 

several aspects, such as the suitability of an optimization model to different preferences of the decision 

maker, the applicability of this model for a larger case study, which could include a larger fleet’s 

heterogeneity, a larger number of maintenance facilities or a larger number of specific maintenance 

activities that are not included in the presented version of the model, the development of an optimization 

model focused on maintenance crew scheduling or the expansion of the sensitivity analysis with 

simulation studies using, for example, Monte Carlo simulation techniques. 

A user, as a decision maker, may have several purposes in different optimization runs, 

depending on the decisions he/she has to make and on the case study he/she is facing. For instance, 

in a given case, the goal can be the minimization of the number of immobilizations and in another case 

the goal can be the minimization of C-type maintenance checks. Therefore, the advance in the study of 

a decision model that could focus on more specific preferences of the user/decision maker could be a 

future area of study. 
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Focusing on the presented optimization model through this dissertation, it can still be improved, 

with the purpose of covering a larger case study and increasing the model’s accuracy. For example, the 

“wide-body” aircraft, the maintenance facilities in Brazil and some specific maintenance activities, such 

as implementation of sharklets in the wings of an aircraft or the exterior painting renewal, are not 

considered in this model. Implementation of these features would force changes in some of the 

parameters, because the limiting intervals between two consecutive maintenance checks are different 

for “wide-body” aircraft, the route planning is not considered in this model, which would be crucial with 

the possibility of having distinct maintenance facilities in order to optimize resources and having more 

maintenance activities leads to more immobilization time, which would force to add some constraints 

related to crew and resources specialization. 

Moreover, the presented optimization model just refers to maintenance as a set of maintenance 

activities, without specifying the necessary crew elements to perform a given maintenance activity or 

the crew’s element specialization to complete a given maintenance operation. Therefore, next step to 

improve maintenance processes, in order to optimize maintenance activities taking into account the 

resources available, could be the development of an optimization model specialized in maintenance 

crew scheduling.   

Related with the third referred limitation, in which the client can be considered as ignored in the 

objective function of the formulated model, an interesting future research could be the improvement of 

the unavailability cost component, making it dependent on the time horizon. Fundamentally, TAP Air 

Portugal’s flights booking has peaks and falls associated with different times of the year, the demand 

from July to September is higher than the demand from March to June. Therefore, the improvement of 

this cost component, making it also in function of planning horizon, could insert the client’s demand in 

the objective function and penalize peak periods and high demand to the detriment of periods of low 

demand. 

Lastly, another proposal for future research could be a deeper sensitivity analysis with 

simulation studies. One of the simulation studies may be performed with Monte Carlo method, which is 

considered a statistical method. Monte Carlo method is based on the repetition of events, just like a 

casino game, hence the name, with the purpose of calculating probabilities and, consequently, obtaining 

numerical results for a specific case. This method could be applied to aircraft maintenance in several 

practices. For example, the constant appearance of a split in a wing in different aircraft over a certain 

number of hours of flight, which leads to a prolonged immobilization of the aircraft for repair. By 

simulating this event, numerous times, it could be predicted when it would happen, and thus, make a 

previous intervention, at the time planned by the simulation, to prevent this accident, and consequently, 

avoid the prolonged immobilization of the aircraft. Moreover, it would support a robustness analysis of 

the schedule to uncertain events. 

To sum up, the presented proposals are research opportunities, which can be taken into 

account, with the aim of developing decision frameworks, which can facilitate the decisions of airline 

companies and reducing costs and resources’ usage. 
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