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Abstract

This research concerns the problem of scheduling aircraft maintenance tasks, that must be carried
in multiple maintenance checks to keep the aircraft airworthy. During this research the allocation of
maintenance tasks to their maintenance opportunities is referred to as the task allocation problem. It
is a complex combinatorial problem that is solved daily by aircraft operators.

We propose a novel two-stage framework capable of solving the task allocation problem, for an entire
fleet. A Mixed-Integer Linear Programming (MILP) formulation was developed for both stages of the
framework. In the first stage an exact method is used to pre-determine the workforce to allocate per
day to each aircraft under maintenance. In the second stage, the task allocation problem is solved in-
dependently for each aircraft, allocating task at the work shift level and per workforce skill. Moreover,
an approximation algorithm is proposed, using bin packaging problem solution techniques, for both
stages of the framework.

Both stages were tested and validated using data of 45 aircraft from a European airline. The compu-
tational performance of the approximation algorithm is benchmarked using a MILP formulation, solved
with a commercial solver. Results indicate that the solution quality of the proposed algorithm remains
excellent and runs up to 26 times faster than the exact method.

This research is the first to present an optimization model to solve the maintenance task allocation
problem, being solved at the work shift level. Furthermore, it presents a bin-packaging approximation
algorithm that can be solved within minutes for the 45 aircraft fleet and a planning horizon of 4 years.
The framework was validated in practice and the results give insights on the potential benefit of using
such framework to solve this daily recurrent problem.
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1
Introduction

1.1. Introduction
Aircraft maintenance is essential for aircraft fleet management since it usually accounts for a consid-
erable part of the overall operational cost and sets constraints on the planning of flight operations.
Estimations reported by the industry of aeronautics indicate that maintenance activities correspond
from 10% to 20% of an operator’s direct operating cost [1]. This is a substantial part which needs to
be taken seriously in order to enhance operational efficiency [2].

Before the introduction of the Boeing 777 most maintenance programs were developed around the
various letter checks (i.e. A/B/C/D checks). This traditional approach had a primary intention to en-
sure that aircraft remained airworthy and on schedule [3]. Nowadays modern maintenance schedules
are developed based on the latest Maintenance Steering Group (MSG-3) approach [4]. The MSG-3
approach can be classified as a top-down approach, whereby failure analyses is focused at the systems
level. The primary objective of this approach is to preserve system function, thereby not every item
of equipment is equally important. Since MSG-3 revision 2, which coincided with the introduction of
the B777, letter checks were no longer prescribed. Maintenance tasks are now controlled individually,
which allows operators to execute maintenance on their systems or equipment at the most appropriate
time [3, 5].

The scheduling of aircraft maintenance is the allocation of maintenance tasks, that must be carried
out on specific aircraft, at a given time in order to keep the aircraft airworthy. This is a complex com-
binatorial problem that needs to be solved daily by aircraft operators. The large amount of constraints
and the complexity of cost makes the maintenance scheduling problem a time consuming job, especially
for large fleets [2]. During this research the problem of allocating tasks to maintenance opportunities
is referred to as the task allocation problem.

Current approaches in aircraft maintenance scheduling is to utilize the maintenance opportunities ef-
ficiently by appropriate grouping of maintenance tasks. This act of grouping maintenance tasks is
called task packaging. The packaging of tasks allows an efficient use of maintenance opportunities
but leads to waste of aircraft component life when tasks are performed before its due date. This
research was initiated by an airline that expressed his interest in designing a framework that is ca-
pable of solving the task allocation problem down to shift level. Currently, the airline uses a manual
based approach to allocate the maintenance tasks to their maintenance opportunity for the entire fleet.

This thesis report describes a two stage model framework capable of solving the task allocation prob-
lem at the shift level. The models will take into account all the routine maintenance tasks required
during A-check and C-check maintenance opportunities. The framework included a non-routine factor
to account for expected non-routine maintenance tasks. Each of the models were tested during a case
study using data of 45 aircraft from a European airline.
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2 1. Introduction

1.2. Outline report
The first chapters of this research are dedicated to describing the main literature found and to present
the research framework. Thereafter, the thesis is separated into three main parts. The first part ex-
plains the model formulation for each of the presented models. The second part presents the results
of the case study using data from a European airline. The last part consists of the conclusion and
recommendation chapters.

This report starts with a literature review on general maintenance planning strategies and packaging
strategies (Chapter 2). In addition similar well-known problems in literature were examined including
techniques to solve them. Based on these findings the fundamental knowledge was obtained to set-up
a research framework in chapter 3. In chapter 4 the available data was presented and the proposed
model framework for this research was introduced.

The first part of this report consists of the model formulation. In chapter 5 the task allocation model
for the tactical level is introduced. This includes the mathematical formulation, objective function,
constraints and model flow of both the exact method and the approximation algorithm. Chapter 6 dis-
cusses the formulation of the task allocation model at the operational levels for both the exact method
and approximation algorithm.

In the second part of this report a case study is conducted. Results of applying the airlines data
to each of the exact models is presented in chapter 7. In chapter 8 the exact methods were verified
and validated. After the validation of the exact models the approximation algorithms were verified by
comparison with the obtained solutions from the exact methods. A sensitivity analysis was conducted,
in chapter 9, to see how some of the key parameters and assumptions associated with the case study
affect the results of the models.

The last part of this report consists of conclusions and recommendations chapters. In chapter 10
the research questions were answered. Finally, recommendations for improving the results, obtained
throughout this research, are given in chapter 11.



2
Literature review

Prior to this research a literature study was conducted to seek the main elements of the task allocation
problem. This chapter will summarize the main findings obtained during the literature study. For the
full literature study the reader is referred to Witteman [6].

2.1. Introduction to aircraft maintenance
Modern maintenance schedules are developed based on the latest Maintenance Steering Group (MSG-
3) approach [4]. The MSG-3 approach can be classified as a top-down approach, whereby failure
analyses is focused at the systems level. The primary objective of this approach is to preserve system
function, thereby not every item of equipment is equally important. It is important to know if the failure
affects the safe operation of the aircraft. Hence, MSG-3 assigns failures to two basic categories: safety
or economics [5]. The MSG-3 analysis results in an original maintenance program, the tasks selected
are published in a document called the Maintenance Review Board Report (MRBR). This report outlines
the initial minimum scheduled maintenance/inspection requirements [3, 7]. It is used by the operator,
after approval by the appropriate authority, to create their own approved maintenance program [3, 5].
In addition to the MRBR the aircraft manufactures publish their own document, Maintenance Planning
Document (MPD), for maintenance planning. This document contains all the tasks described in the
MRBR and additional tasks suggested by the airframe manufacturer [5]. Before the introduction of the
Boeing 777 most maintenance programs were developed around the various letter checks (i.e. A/B/C/D
checks). This traditional approach had a primary intention to ensure that aircraft remained airworthy
and on schedule [3]. Typical maintenance intervals for the heavy checks are listed in table 2.1.

B747-400 A300B4

A check Every 600 FH Divided in 4 parts (A1,A2,A3,A4)
Every 385 FH or 11 weeks

B check In two parts (B1,B2) None
Every 1200 FH

C check In two parts (C1, C2) In two parts (C1, C2)
Every 5000 FH or 18 months Every 3000 FH or 18 months

D check First check between 25k-27.5k FH Every 12k FH or 4 years
Subsequent every 25k FH or 6 years

Table 2.1: Maintenance check interval data obtained from Kinnison et al. [5].

Since MSG-3 revision 2, which coincided with the introduction of the B777, letter checks were no
longer prescribed. Maintenance tasks are now controlled individually, this allows operators to execute
maintenance on their systems or equipment at the most appropriate time [3, 5]. The benefits of this
new approach are illustrated in the paper of Ozkol and Senturk [8], in which they compared the single
task-orientated maintenance concept with the block check approach. Results of a case study show that
the proposed approach could potentially save millions of dollars during the lifespan of a single aircraft.

3



4 2. Literature review

2.1.1. Maintenance planning requirements
The adequate planning of aircraft maintenance activities entails a critical role in achieving airline ob-
jectives. The ultimate objective of aircraft maintenance is to deliver airworthy aircraft in time to meet
the flight schedule [9]. One of the requirements for an aircraft, to be airworthy, is to perform the
maintenance in accordance with the approved maintenance program [3]. The maintenance tasks in
the maintenance program should be accomplished within the given interval. The intervals for these
tasks fall within different categories: operational units (i.e. flight hours, flight cycles), calendar units
(i.e. hour(s), day(s), month(s), year(s)) and other codes (i.e. national requirement, vendor require-
ment). In order to better address the organisational needs it is often required to change the intervals
of specific tasks [5], which may be done only if initial requirements of the MPD are not exceeded [10].
Several tasks could claim the same limited resources. Therefore, it is necessary to find a way to serialize
these concurrent tasks according to their priorities. These limited resources may include but are not
limited to equipment and tools, staff with different qualifications and working space with limited access
capabilities [11]. Other factors that may influence the maintenance planning are wrong estimation of
required man-hours per task, and fluctuations in man power availability [9].
Long-term maintenance plans are affected by daily operations that lead to unscheduled maintenance
required for the safe operation of aircraft. Unscheduled maintenance can lead to flight delays or can-
cellations if the item is listed in the minimum equipment list [12]. Which lead to complications in
scheduling thereby negatively influencing the overall maintenance objectives (i.e cost, time quality or
safety). This causes the need for additional resources and materials [13]. A diversity of papers claim
that unscheduled maintenance can be as high as 50 per cent of the total workload [13–15]. These seri-
ous consequences should be managed in order to achieve effective and efficient maintenance [16]. The
stochastic nature of the unscheduled maintenance activities makes it difficult to forecast and manage
them [17]. Grey [18] described the problem of planning non-routine unplanned work. According to the
paper traditional approaches of dealing with this problem are additional margins for deterministic tasks
or the allocation of additional buffer time at the end of the project schedule. The paper describes seven
net buffer sizing techniques, which improve the duration and the stability of the project. The paper of
Rosales, Chen and Yang [17] proposed an approach to estimate the non-routine rate (i.e. relationship
between number of unscheduled and scheduled activities) of an aircraft. The approach was based on
the Evidential Reasoning (ER) rule that analysed the historical data of different operational variables
related to the aircraft. The ER rule can be classified as a general probabilistic reasoning process which
combines different pieces of independent evidence each having their own corresponding weights and
reliabilities [19]. In the paper the variables age, flight hours per year, flight cycles per year, and prior
non-routine rate distribution are used as the four pieces of evidence whereon the ER is applied.

2.1.2. Packaging strategies
There are thousands of parts and components on an aircraft that need preventive maintenance [8, 20].
Each time an aircraft is on the ground is regarded as an opportunity for maintenance [12]. In order to
use maintenance opportunities efficiently is it important to appropriately group the various maintenance
tasks [12, 21, 22]. Due to the immense competition in the aviation industry, valuable information about
cost optimization in aircraft maintenance is not shared among companies. Therefore, as expected,
literature on the specific topic of clustering aircraft maintenance tasks has been proven to be very
limited. Just two papers were especially written to cover this topic. The paper of Muchiri and Klaas [23]
developed a model to group aircraft maintenance tasks into manageable packages. Anthony Muchiri,
one of the authors of the paper, said that it would be a good idea to give tasks, having the same access
panels, a unique parameter. This parameter can later be used in the consideration of grouping tasks
together (Anthony Muchiri, personnel communication, June 30, 2018). The other paper, discussing this
topic, is the more recent paper written by Pereira and Babu [4] which grouped aircraft maintenance
tasks based on the requirement of using the same access panel. Maclein Pereira, one of the authors of
the paper, said that the purpose of the paper was to develop a simple tool that would allow maintenance
engineering to combine tasks in such a way that it would eliminate repetitions. He started by selecting
a particular system (e.g. ATA 29 hydraulic system) and created a database of all the tasks for that
system. Then, when different tasks were put into the tool, they would get grouped based on access
panels to be opened. He also added a feature where you segregate tasks zone wise and threshold
wise (Maclein Pereira, personnel communication, June 3, 2018). These two papers form the basis for
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the factors influencing the clustering of aicraft maintenance tasks. Additional papers mentioned in this
subsection were not especially written for this topic; however, they did indicate factors for clustering
of aircraft maintenance tasks.
Various papers mention that opening and closing of access panels should be avoided as much as
possible. This time consuming task is necessary to perform a maintenance task on most aircraft
systems and components. In most circumstances it is possible to maintain more than one system or
component by operating the same access panel [4]. Grouping these maintenance tasks together leads
to various advantages such as: reduction in time [4] and reduction in wear and tear on the panels
and fasteners [4, 23]. When looking at the content of the MPD, in this case for the A320, it becomes
evident that there are more tasks which require the same preparation. Examples of such preparations
are aircraft jacking and main landing gear removal, flaps extended and slats fully extended (figure 2.1),
removal of the seats and electrical power off.

Figure 2.1: Example of tasks requiring the same preparation obtained from [10].

Another important factor is the maintenance task due date, indicated by flight hours, flight cycles or time
[5, 23]. The paper of Li et al. [21] used the basic properties of maintenance tasks which includes ATA
code, maintenance interval, zone, check and man-hours to determine which tasks should be combined
into a work package. The properties ATA code, maintenance interval, zone and check were utilised to
measure any similarities between the maintenance tasks. Each of them was given a different weight
to quantify for the differences in roles and influence. Based on engineering experience the weighting
factor for the maintenance interval was set at 0.8, much higher than the others. The importance of
maintenance intervals is also described by Muchiri and Klaas [23], where the maintenance interval is
solely used to cluster task.
Estimations reported by the industry of aeronautics indicate that maintenance activities correspond from
10% to 20% of an operator’s direct operating cost [1]. Therefore, cost should also be a major driver in
the decision of grouping tasks. In Muchiri and Klaas [23] the cost was used as an performance indicator
from which conclusions were drawn. The results of the optimisation method in the paper of Hölzel et
al. [12] indicate that the best results were obtained when sorting the tasks by cost in descending order.
This way the optimiser tried to allocate the most expensive tasks to maintenance opportunities closest
to the Remaining Useful Life (RUL) of the component. A paper from the railway industry written by
Sriskandarajah, Jardine and Chan [24] clearly explained the effect of scheduling a task earlier than its
due date. In the paper an example was given of a CO-check, for train cars, which was maintained one
month earlier than its due date. According to the paper this resulted in an additional 7961 man hours
for the entire life time of the train car.
It is important to understand the nature of all the tasks. For instance when considering a painting job
on an aircraft, it is absolutely forbidden to simultaneously execute tasks that require electricity [11].
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Therefore, a throughout understanding of the properties of each task is essential information required
for clustering tasks.

2.1.3. Discussion
Main factors found in this section, for clustering aircraft maintenance tasks, are tasks which require
the same preparation (e.g. access panels), task interval due dates, and cost associated with a specific
task. It was also mentioned that some tasks may not be clustered together because of safety reasons.
Therefore, it seems that a thoroughly understanding of the properties of each tasks is required for
this research. At the current state of this research an excel sheet is provided with the following task
information: MPD task number, a task description, threshold intervals, and estimation of the required
man-hours. Given the MPD tasks numbers it is possible to find the tasks which require the same
preparation. However, this will most likely be a manual process, which will be a burden to do for
each of the approximately 2500 different tasks. Since cost information per tasks is classified such
data will not be available for this research. However, it is possible to make a distinction between task
cost based on the required man-hours. The paper of Muchiri and Smit [25] confirms this by writing
that the total man-hour cost is a good indicator of other cost related to maintenance tasks (i.e tasks
requiring more man-hours are more expensive in terms of cost associated with executing that specific
tasks). Anthony Muchiri, one of the authors of the paper, said this statement is based on experience
and data collected over the years. He worked at an airline where it was practice to take nominal hours
suggested by the maintenance manual, and multiply them by a certain factor. The outcome multiplied
by the labour rate, served as a good indicator for the total cost of maintenance. This was proven by
taking the actual maintenance cost for each fleet type, and dividing it by the total maintenance hours
(i.e. maintenance downtime). The difference was quite small for each fleet type, hence the concept
was proven. Important to note is that the total cost referred to here covered labour and materials. The
difference between the calculated value and the actual value could be attributed to sever non-routine
maintenance (e.g. external damage, and not normal wear and tear) (Anthony Muchiri, personnel
communication, June 30, 2018). The last main factor, task interval due date, is present in the excel
sheet and can therefore be used. Additional practical knowledge could be valuable in deciding which
tasks to cluster, however this information is not available. Nevertheless, this will have no impact on the
potential of the to be developed model. As explained non-routine maintenance can have a major impact
on a long-term maintenance schedule. Therefore it is of utmost importance to take these unexpected
maintenance into account. Due to the stochastic nature of these events it becomes hard to plan them,
current techniques that try to estimate non-routine maintenance are based on historical data. As this
research has no access to such data additional margins are the only acceptable choice. Any required
assumptions following from this section are stated in 3.4.

2.2. Preventive maintenance scheduling in the aviation sector
A very interesting report is the one written by Vanbuskirk et al. [26], which presents a two stage system
that support chiefs with allocating the aircraft to missions and scheduling the maintenance activities
on aircraft. The first stage assigns the planes to forecasted flight operations by using a custom-built,
multi-level greedy search algorithm. The second stage schedules all preventive maintenance activities
and is implemented as a constraint satisfaction problem. That is solved with a search engine. The
system was tested with approximately 17 jets, and results indicate that a planning horizon of 3 months
was solved within 19 minutes and 58 seconds. Whereby 3750 maintenance actions were scheduled for
17 Harrier aircraft. Karsai Gabor, one of the authors, said that the goal was to schedule the activities,
given various constraints: calendar-based actions had to be done within a time window, usage based
actions had to be done when the usage clock on a part/subsystem reached a certain value, personnel
had to be available to do the job, mechanics can only do jobs that they are qualified for, maintenance
jobs had to be inspected by a quality/safety inspector, et cetera. No optimization was done since the
support for the flight schedule was the top priority. The model was solved with Mozart/Oz program-
ming language which has a built-in support for constrained-orientated programming (Karsai Gabor,
personnel communication, June 27, 2018).
The paper of Steiner [2] presents a heuristic method for the scheduling of preventive aircraft mainte-
nance. The objective of the research was to minimize the overall number of maintenance actions and
uniformly distribute the capacity and flying hours over time. Even under heavy constraints the pro-
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posed algorithms have shown to work reliable, fast and with good optimization results. According to
the author the time to compute a new maintenance plan is within the range of 5 to 15 minutes. Albert
Steiner, the author of the paper, said that the algorithms used in the paper were not based on any
known approaches. An aspect was to split the overall process into sub-processes that could be handled
computationally at the same time. Determining the optimal position of the maintenance actions was
the least difficult one, whereas the balancing step was the most challenging one. Steiner said that if
he would need to develop this kind of tool again, he would surely consider combining some of the core
ideas of his approach with state-of-the-art operations research methods (e.g. the ones mentioned in
this report), which he thinks would be possible. The number of tasks scheduled per fleet were in the
range of around 50 to 500, with a time horizon of five-year (Albert Steiner, personnel communication,
July 22, 2018).
Kleeman and Lamont [27] investigated the use of a Genetic Algorithm (GA) to solve the maintenance
scheduling problem of aircraft engines. The paper had two specific objectives, namely, to minimize the
time needed to return an engine and to minimize the cost. The research confirms that the maintenance
scheduling problem of aircraft engines can be effectively solved with the proposed algorithm.
Safaei, Banjevic and Jardine [28] dealt with the issue of maximizing the availability of a fleet of military
aircraft. Pre- or after-flight inspections on military aircraft determine if components require mainte-
nance at the repair shop. The objective is to schedule the required maintenance jobs in such a way
that sufficient military planes are available for the next mission. In this problem the primary constraint
or resource is the workforce. The problem was formulated as a Mixed-Integer Linear Programming
(MILP) problem and was solved by using a branch-and-bound method.
Heavy aircraft maintenance facilities must ensure that critical equipment remains available by schedul-
ing preventive maintenance tasks. Often the workforce in these facilities are high-paid, meaning that
worker idle time should be as low as possible. The problem consists of two conflicting objectives,
namely, the optimal required workforce needed and the minimization of the completion time. Quan,
Greenwood, Liu and Hu [29] used evolutionary algorithms to solve this Multi-Objective Problem (MOP)
of preventive maintenance scheduling. Many other papers [30–32] use the weighted-sum to transform
the MOP to a single-objective function. However, it remains difficult to assign meaningful weights
to the MOP, which requires knowledge of the behaviour of each objective function [29]. It is worth
mentioning that there is another popular strategy called the Pareto-optimal approach [33, 34]. This
approach uses dominance to pick better solutions. Quan et al. [29] distinguish itself by using prefer-
ences among solutions to guide the search. Advantage of this approach is that it is possible to target
specific subsets of the Pareto front. Results of executing the proposed method on a large problem
indicate that found solutions are better aligned with the manager’s expectations.
The planning of aircraft maintenance can be seen as a variation of the bin packaging problem, in which
maintenance opportunities represent bins that need to be filled with their respective preventive main-
tenance tasks. Since the bin packaging problem is a well known NP-hard problem [35–37], an exact
algorithm is not able to solve it in polynomial time. However, it is possible to solve NP-hard problems
heuristically in polynomial time with the use of branch-and-bound algorithms [38]. The paper of Hölzel
et al. [12] describe the program flow of the Aircraft Maintenance Planning (AIRMAP) optimizer module
which is based on a heuristic approach with a branch-and-bound algorithm. The end results of the
AIRMAP module is a maintenance schedule with the lowest overall cost. By controlling the variables of
RUL, task duration and tasks costs it is possible to simulate alternative aircraft maintenance strategies.

2.3. Related problems in literature
Prior to this thesis research a literature study was conducted to find relevant related problems to this
research. Similar problems found in literature are the job shop scheduling problem, bin packaging prob-
lem, master bay plan problem, knapsack problem, resource-constrained project scheduling problem,
and the resource allocation problem. The problems covered in this section are the job shop scheduling
problem, bin packaging problem and knapsack problem. The remaining problems can be found in the
full literature study [6].

2.3.1. Job shop scheduling problem
Scheduling a set of preventive maintenance task with a known workforce can be seen as a variation of
the Job Shop Scheduling Problem (JSSP) [39, 40]. The most basic version of the JSSP is formulated as
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the case whereby a set of n jobs need to be scheduled on a set of m machines while minimizing the
makespan (i.e. total amount of time it takes to complete all tasks). Each of the jobs consists of a specific
set of operations, which need to be addressed in a specific order [41]. An extension of the classical
JSSP is called the Flexible Job Shop Problem (FJSP) which takes into account the production flexibility
[40]. Dissimilar to the JSSP each operation in the FJSP can be processed on any of the machines. The
FJSP cover the machine assignment problem and the operation sequencing problem [41, 42]. Various
papers indicate that the JSSP is a non-deterministic polynomial-time (NP) hardness problem (i.e. the
problem cannot be solved within a deterministic polynomial time) [29, 43, 44]. Since the FJSP is a more
complex version of the JSSP it is clearly NP-hard [40, 42]. Solving approaches for the JSSP fall in two
categories exact methods or approximation techniques [45]. Most of the FJSP concentrate on a single
objective. However, recently more attention has been given to the multi-objective variant [42]. Unlike
most single objective problems, multi-objective problems usually have a set of optimal solutions called
Pareto optimal solutions [46]. In this research the scheduling of jobs on maintenance opportunities
can be seen as a variation of the JSSP where the maintenance opportunities represent machines. Also
the aspect of multi-objective FJSPs could be of interest for this research since the problem at hand
is also multi-objective. This concludes that the JSSP and its extension, FJSP, are interesting problems
which could be useful for this research.

Exact algorithms
Since the FJSP is NP-hard the only reason for using exact algorithms is to obtain solutions for small
or medium-sized problems. These solutions can then be used for comparison with approximation
techniques [40, 47]. Approximation techniques for searching optimal solutions can be applied to exact
algorithms, nevertheless they deliver limited computational potential for NP-hard problems [40].
In literature the exact algorithms commonly proposed, for solving the multi-objective FJSP, are brand-
and-bound algorithms [48] and mixed-integer programming formulations solved by using a solver [40].
Fattahi et al. [49] introduce a Mixed Integer Linear Programming (MILP) formulation for the FJSP. This
mathematical model was used to find the optimal solution for small-sized problems. The problem was
coded by lingo software which solves the model by using the branch-and-bound method. In order to
solve real sized problems they used two heuristic approaches which were based on simulated annealing
and tabu search. Özgüven et al. [50] developed a MILP for the FJSP which was solved by using CPLEX,
and compared it with the model of Fattahi et al. The results of the sample test problems indicated that
the model of Özgüven et al. was superior compared to the model of Fattahi et al. Another MILP model
was introduced in the paper of Mati and Xie [47] which used the optimization engine XPRESS to solve the
model. In the three previous mentioned papers the models had the same objective function, namely,
minimizing the completion time of all tasks. Besides these single-objective optimization problems also
literature was found on solving the multi-objective FJSP. In the paper written by Khalife et al. [51]
three objectives are combined into a single objective function by using the weighted sum method.
The MILP model is then solved by using the branch-and-bound algorithm. Thörnblad et al. [52] also
used a weighted sum method to combine their three objectives into a single objective function. The
proposed model was solely defined in time-index variables. Although the model was able to produce
optimal schedules for real applications within reasonable time, the problem size (i.e. maximal number
of jobs used was 35) is still too small for this research problem. Another special kind of optimization
technique is goal programming (i.e extension of linear programming) which was used in [53] to solve
the multi-objective optimization by minimizing total cost, minimizing total lead time and maximizing
the total quality.

Approximation techniques
Approximation techniques can yield optimal or near-optimal solutions for NP-hard problems within a
reasonable amount of time [48]. Evolutionary Algorithms (EA) are mentioned in literature to be effec-
tive in solving a wide variety of NP-hard optimization problems [29]. There are two major paradigms
of EA, Genetic Algorithms (GA) and Evolution Strategies (ES) [39]. According to Kalyanmoy Deb, a
highly cited researcher specialized in multi-objective optimization and EA, an EA is a perfect choice
for solving multi-objective optimization problems [54]. For solving complex real-world problems it is
recommended to start, if possible, with a customized initialization to save computational time [54].
Available literature shows promising results of using evolutionary algorithms in scheduling preventive
maintenance tasks. In [39] a study has been conducted about applying EA to preventive maintenance
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scheduling. The results support practical utility in solving large-scale, complex preventive maintenance
problems by using evolutionary algorithms. Li et al. [42] proposed a collaborative evolutionary algo-
rithm based on Pareto optimality to solve the FJSP. The FJSP considered was multi-objective, namely,
optimizing the makespan and the balance of the workload of each machine. The paper claims that
the used approach (i.e. Pareto optimality) is better than the weighted-sum method in terms of finding
more and better Pareto solutions.
Many of the papers found use a combination of various approximation techniques to find near-optimal
solutions. Among them is the work of Meeran and Morshed [55] which present a solution method that
combine GA and Tabu Search (TS). The rationale behind using this combination was to use the global
parallel search capabilities of the GA and the local optimum avoidance capabilities of the TS. Xia and
Wu [56] proposed an approach which used Particle Swarm Optimization (PSO) to assign operations
to machines and a Simulated Annealing (SA) algorithm was used to schedule the operations on the
machines. The results, obtained from a computational study, indicate that the proposed algorithm is
an effective approach for solving multi-objective FJSPs.

2.3.2. Bin packaging problem
The most basic version of the Bin Packaging Problem (BPP) is formulated as the case whereby given a
finite set of C bins and a set of n items, which sizes are smaller than C, pack the items into a minimum
number of bins whereby the sum of the sizes in each bin does not exceed its respective capacity C
[57]. Various literature indicates that the BPP, like all other related problems in this section, is NP-hard
[35–37]. Therefore, only approximation algorithms are suitable for solving large-scaled problems. In
the context of this research bins can be seen as maintenance opportunities which need to be filled with
their respective items (i.e. preventive maintenance tasks) [12]. This concludes that the BPP is similar
to this research objective; therefore, the solution techniques used for the BPP are examined.

On-line algorithms
In the BPP on-line algorithms, pack the items in the order they are detected which means that the
complete list of items is not known prior to packaging [57, 58]. This is somewhat conflicting to our
research objective; however, it must be noted that unscheduled maintenance is also not known prior
to packaging.
A classical approach for the BPP is to pack the bins each at a time according to the Next-Fit (NF)
approach. In this approach the first item is packaged into a bin, where after each successive item is
put into the same bin till it is completely full. Whenever the bin is full or it is not possible to put the
item in the current bin, the bin is closed and the item is allocated to a new empty bin. The above
mentioned procedure is executed till all items are allocated or all bins are full. A major disadvantage
of the NF approach is that it closes bins that could potentially hold later identified items [57].
In the Worst-Fit (WF) approach if the current item fits into the bin with the lowest nonzero level it is
placed in there. Otherwise, the item is placed into a new empty bin [59]. A modification of the WF
approach is called the Almost Worst-Fit (AWF), hereby the current item is placed in the bin with the
second lowest content. Only if the current item fits nowhere else it is placed in the bin with the smallest
content [57].
Two other classic approaches are the First Fit (FF) and Best-Fit (BF) approaches. In the FF approach
the current item is assigned to the leftmost nonzero bin capable of fitting the item. If such a bin is not
available the item will be put into a new empty bin [59]. The BF approach puts the item in the fullest
bin that has the required capacity left for the current item. As with the other approaches if no capacity
is available a new bin will be opened [36].

Off-line algorithms
In the BPP the off-line algorithms know the full list of items to be packed prior to the packaging process
[57]. This complies with our research wherein all preventive maintenance tasks are known beforehand.
The off-line algorithms mostly sort the specific list of items and then use a well-known classical on-line
algorithm.
A sorted list packed according to the NF approach is called the Next-Fit Decreasing (NFD) algorithm.
Baker and Coffman [60] proved that the Asymptotic Performance Ratio (APR) (i.e. the ratio between
the amount of bins used by an optimal algorithm and the proposed algorithm) of the NFD is slightly
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better than the FF and BD approaches. Sorted list packed according to the FF or BD approaches are
called respectively First-Fit Decreasing (FFD) and Best-Fit Decreasing (BFD). Both the FFD and BFD
approaches have a much better APR compared to their respective on-line algorithms [61–63].
Various other attempts were made to improve the APR. The paper of Garey and Johnsen [64] presents
the Modified First-Fit Decreasing (MFFD) algorithm. The MFFD algorithm first reorders the list of items
according to their size, just as has been done with the FFD. In addition to this each item is given a
specific type, which depends on the size of the item. For example group A is defined as items with
sizes that fall within (ኻኼ ,1] of the bin size. The MFFD starts with assigning these A items to the available
bins. Then the algorithm proceeds through the A-bins from left to right and if any unpacked B item
(i.e. item with the size (ኻኽ ,

ኻ
ኼ ]) fits within a specific bin it is placed there. This procedure is repeated

for the other item categories. In the last step of the algorithm the FFD approach is utilized to pack
any remaining items which did not fit in the available bins. The paper proves that the MFFD algorithm
guarantees an APR of ዁ኻዀኺ .
Dokeroglu and Cosar [37] proposed eight different parallel hybrid Grouping Genetic Algorithms (GGAs)
for solving the one-dimensonal BBP. According to the paper these algorithms take advantages of the
parallel computation techniques and obtain solutions for large-scale BPP instances. A special property
of the algorithms is that the initial population is partly produced by the BFD and FFD heuristics.

2.4. Mixed-integer linear programming
Mixed-Integer Linear Programming (MILP) is an exact method capable of finding an optimal solution
to an optimization problem when solved by a solver (e.g. CPLEX, Gurobi). Formulating a problem
into a MILP is mostly straightforward. It is, however, important to take care in constructing the MILP
since certain formulation attributes can have an impact on the effectiveness of a LP-based solver [65].
Almost all MILP solvers are based on branch-and-bound algorithms [66]. Main ingredients of MILP
solvers include, preprocessing phase, cutting plane generation, sophisticated branching strategies,
primal heuristics, and parallel implementation [67]. There are multiple free MILP solvers available
(e.g. BLIS, GLPK, lp_solve) as well as more powerful solvers that require a commercial license (e.g.
CPLEX, Gurobi, Lindo). Since most of the problems covered in this literature review are NP-hard the
MILP solvers, especially the non-commercial solvers, will most likely only be capable of solving small to
medium sized problems. In the literature study [6] conducted, prior to this research, MILP formulations
were solved by commercial/non-commercial solvers in the following papers [40, 47, 49, 50, 68, 69].
Table 2.2 shows an overview of other solution techniques found during the literature study including
their definition, main limitations and relevant papers.

2.5. Discussion literature review
Based on the conducted literature review it is recommended to first formulate the research problem
into a MILP formulation. After which a commercial solver (e.g. CPLEX, Gurobi) can be used to solve
the problem. If the problem is solved quickly, by a commercial solver, it is recommended to further
test the model capabilities in more restricted cases. In the end the model can be further improved by
decomposing the problem (e.g. clustering of tasks) or using special techniques (e.g. row generation,
column generation). The solution of the exact method can be used as reference solution for the to be
designed approximation algorithm. Most of the found literature, during this literature review, used a
hybrid algorithm consisting of features from different approximation algorithms. It is recommended to
try and formulate the task allocation problem as one of the found related problems (e.g. bin packaging
problem). After which a combination of known solution techniques, for the related problem, can be
used to solve the task allocation problem. Since long-term maintenance plans are affected by daily
operations, that lead to unscheduled maintenance required for the safe operation of aircraft, it is
required to be able to reoptimize the maintenance task schedule at an operational level (i.e. a short-
term time horizon of a couple of maintenance opportunities). Therefore, a model framework is required
that enables an optimization at the long-term horizon (i.e. tactical level) and an optimization at the
short-term horizon (i.e. operational level). This concludes the literature review, which may be seen as
preparation for obtaining the task packaging model applicable to aircraft maintenance.
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Algorithm Definition Main limitations Relevant papers

Genetic algorithm Algorithm based on concepts
of evolutionary biology. Con-
cepts of selection, mutation,
and cross over are used to
generate new populations.

Optimum parameter settings
unknown [70], prema-
ture convergence [71], for
complex problems a great
computational effort re-
quired [72], no guarantee
that the solution found is
optimal.

[24, 27, 37, 55, 73,
74].

Mixed-integer linear
programming

An exact method capable of
finding an optimal solution
by using a solver.

High amount of computa-
tional effort required for
solving large-scale problems,
commercial solvers have the
best performance.

[40, 47, 49, 50, 68,
69].

Tabu search A metaheuristic that contin-
ues the local search, when-
ever it reaches a local op-
tima, by allowing moves that
do not improve the solution.

Large number of iterations, a
lot of parameters to be deter-
mined, no guarantee that the
solution found is optimal.

[42, 55, 69, 75–77].

Ant colony optimiza-
tion

An algorithm that is based on
the behaviour of real ants.
The problem is formulated as
searching for the minimum
cost path in a graph.

Time to convergence is un-
certain, research is experi-
mental [78], no guarantee
that the solution found is op-
timal.

[46, 76, 79–81].

Evolutionary algo-
rithms

Algorithm that imitate bio-
logical principles of adaptive
selection inspired by nature.

Same limitations as the ge-
netic algorithm.

[29, 39, 42, 82, 83].

Branch-and-bound
algorithm

An algorithm that iteratively
builds a search tree of sub-
problems and is capable of
finding the exact solution.

Large-sized problems cre-
ate a very large tree, solv-
ing large-scaled problems re-
quire a large amount of com-
putational effort.

[12, 28, 48, 51].

Simulated annealing A randomized local search al-
gorithm based on the an-
nealing process of solids.

May require to much com-
putational time [84], tailor-
ing work required for the dif-
ferent classes of constraints
and fine-tuning the parame-
ters of SA can be rather del-
icate [85], and there is no
guarantee that the found so-
lution is optimal.

[51, 56, 86].

Particle swarm opti-
mization

An algorithm that mimics the
behaviour of flying birds and
the way they exchange infor-
mation.

The algorithm is not able to
work out the problems of
scattering and optimization
[72], and there is no guaran-
tee that a global optimal so-
lution is found.

[56].

Constrained orien-
tated programming

Basic idea is that the user
states the constraints upon
which a solver is used to find
a feasible solution [87].

Requires languages that sup-
port constraint programming
or have specific libraries.

[26].

Goal programming Some sort of linear program-
ming.

Difficult to set the appropri-
ate weights [88], no guaran-
tee that the obtained solu-
tion is Pareto optimal [89].

[53].

Table 2.2: Overview of the found solution techniques during the conducted literature study obtained from Witteman [6].





3
Research definition

3.1. Problem statement
Current approaches in aircraft maintenance scheduling is to utilize the maintenance opportunities effi-
ciently by appropriate grouping of maintenance tasks. This act of grouping maintenance tasks is called
task packaging. The packaging of tasks allows an efficient use of maintenance opportunities but leads
to waste of aircraft component life when tasks are performed before its due date. This approach is
an inefficient and time-consuming process that needs to be improved in order to enhance operational
efficiency. Long-term maintenance plans are affected by deviations from flight plans or unforeseen
events. This causes the need of frequently modifying or redoing the maintenance schedule [26]. The
problem described is twofold. Firstly, the creation of a maintenance schedule is time consuming and
may need to be redone multiple times depending on deviations from flights plans or unforeseen events.
Secondly, current approaches are not capable to deliver a maintenance schedule for restricted cases
(i.e. cases whereby available man-hours significantly constrain the problem). The goal should be
to develop a maintenance tasks packaging model that automatically generates aircraft maintenance
schedules which should be be better as the ones made by experienced schedulers.

3.2. Research framework
The objective of this research is as follows:
To develop a maintenance tasks packaging model for all the tasks required to ensure ongoing airwor-
thiness of the aircraft by developing a framework capable of delivering optimized schedules for the
allocation of maintenance tasks to the available maintenance opportunities.

In order to achieve the research objective, two main research questions were stated. The main
research questions are further split into sub questions, which together will provide the answer for each
corresponding main research question.

1. How can the modelling framework be designed?

(a) What are the main functions required for the model?

(b) What solution technique(s) will be used to solve the model?

(c) What are the results of simulating the model with data from an airline?

2. Is the final framework capable of delivering better quality schedules compared to the current
approach?

(a) Do the results of simulating the framework deliver the required features?

(b) Is the final framework acceptable in terms of computational time, optimization and assump-
tions?

13
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3.3. Model requirements
Achieving the research objective is only possible if the model requirements are known. In collaboration
with the European airliner, supporting this research, the following model requirements were set:

• All inputs to the models are provided in Excel files.

• The computational time of the tactical level models should be less than an overnight (i.e. approx-
imately 12 hours). The computational time of the operational level models should be less than
10 minutes.

• In order to not impose financial borders it is desired to deliver a model that runs on free software.

• The output of the model needs to be verified and validated.

These requirements will be incorporated in each of the models, which are programmed in Python
3.7 and were solved on an Intel Core i5 1.6 GHz laptop with 4GB ram.

3.4. Scope of the research
Narrowing the scope of this research is important for creating good research questions. The main focus
should be on the development of the tasks packaging model. In order to keep the main focus, as-
sumptions are necessary for problems not directly related to this research objective. The assumptions
mentioned in this section are valid for this research. However, it must be mentioned that during this
research some of the assumptions were eliminated. Overall, a model that have fewer assumptions is
more practicable for companies. Limitations for this research also lead to additional assumptions.

This research is subject to the following limitations/challenges:

• To not impose financial borders for companies it is preferred to not use commercial solvers in the
final model. Therefore, if possible only free software is used, such as the high-level programming
language Python. However, it must be noted that commercial software, such as CPLEX or Gurobi,
can be used during this research for assessing the quality of the final model.

• Due to the high competition in the aviation industry, it is very unlikely that any cost related
information about tasks can be obtained.

This research is subject to the following assumptions:

• Workforce

– It is assumed that estimated man-hours per task, as given in the provided excel sheet, is a
realistic representation of the actual time required to finish the task.

– It is assumed that engineers produce eight effective hours per workday.

• Available data

– It is assumed that total man-hours costs is a good indicator of other cost related to mainte-
nance tasks (i.e. tasks requiring more man-hours are more expensive than tasks with less
man-hours) [25].

– It is assumed that different tasks can be executed simultaneously on the same aircraft.

• Maintenance

– In order to obtain a feasible maintenance schedule it is necessary to take into account non-
routine maintenance. The non-routine rates are provided by the airline and are assumed to
be a realistic representation of the expected non-routine rates during maintenance.

– It is assumed that there are sufficient aircraft spare parts, maintenance tools and equipment
available.

• Location

– It is assumed that maintenance ties up only one single hangar. Therefore maintenance is
always executed at the same location.
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3.5. Relevance of the study
The findings of this study redound to the benefit of maintenance organizations and researchers con-
sidering that not much information is available on such a specific topic. This research is the first to
present an optimization model to solve the maintenance task packaging problem, being addressed at
the work shift level. Furthermore, it presents a bin-packaging approximation algorithm that can be
solved within minutes for the 45 aircraft fleet and a planning horizon of 4 years. The framework was
validated in practice and the results give insights on the potential benefit of using such framework to
solve this daily recurrent problem.





4
Research strategy

4.1. Data
The input data for the model is obtained from an airline which worked in close cooperation with this
research. The used data consists of five different data files: tasks information, maintenance opportunity
dates, amount of technicians, monthly utilization of each aircraft and non-routine rates. These files will
all be thoroughly explained in the upcoming subsections.

4.1.1. Task excel sheet
The main input for this research is the tasks information given for each aircraft in the fleet. These data
files will be more or less the same for each of the different aircraft, and therefore the data from one
aircraft is analyzed. The task excel file contains of a detailed task description for each of the A-check or
C-check tasks present in the excel file. The main information per task is its interval limit, last executed
date, required man-hours, skill types required, and a task reference number. When looking at the data
it becomes evident that a task can have up to three different limits, namely, a Flight-Cycles (FC) limit
(figure 4.1), a Flight-Hours (FH) limit (figure 4.2), and a Calendar-based (CAL) limit (figure 4.3). The
different colours in the figures indicate if there are multiple intervals for the specific task, as indicated
by the legend of the respective figure. Depending on the planning horizon considered some tasks need

Figure 4.1: Visualization of tasks having
at least a flight-cycle limit.

Figure 4.2: Visualization of tasks having
at least a flight-hour limit.

Figure 4.3: Visualization of tasks having
at least a calendar-based limit.

to be rescheduled multiple times and others do not need to be scheduled at all.

4.1.2. Maintenance opportunity dates
The maintenance dates are generated by a dynamic programming based approach as described in the
paper of Deng [90]. The approach aims at minimizing the total unused flight hours of a fleet and
considers aircraft type, status and operational constraints. The result is an optimized A- and C-check
schedule for each aircraft. The excel file used in this research contains the optimized A- and C-check
schedule for the entire fleet. An A-check maintenance opportunity will take one entire day, while C-
check maintenance opportunities take multiple days. The maintenance schedule is generated in such
a way that concurrent scheduling of C-checks are limited to three and A-checks to two. The available
man-hours, on the overlapping days, will need to be shared among the different aircraft. Figure 4.4

17
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shows a visualization of the generated maintenance schedule for the fleet during the considered time
horizon.

Figure 4.4: Scheduled maintenance opportunities fleet-wide.

4.1.3. Number of technicians
During this research historical data about the daily available technicians is used. The data comprises
of the amount of daily working technicians for the following different skill types: GR1, GR2, GR4,
ESHS, ICH, PINT, MAP, and NDT. By processing the data it is possible to estimate the available man-
hours per skill type during each of the maintenance days. The data makes a distinction between Light
Maintenance (LM) and Heavy Maintenance (HM) personnel. HM personnel is available to work on C-
check maintenance opportunities and LM personnel is available to work at the A-check maintenance
opportunities. Technicians will only work on weekdays, which means that no man-hours are available
on Saturdays and Sundays. It is worth mentioning that official holidays are also classified as weekend
days. The visualization of the average available man-hours per working day for LM is given in figure
4.5 and for HM in figure 4.6. Comparing these figures it becomes evident that heavy maintenance has

Figure 4.5: Daily available man-hours at LM. Figure 4.6: Daily available man-hours at HM.
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two additional skill-types namely: ESHS and PINT. This means that any task requiring the skill-types
ESHS or PINT need to be allocated to C-check maintenance opportunities.

4.1.4. Daily utilization aircraft
In order to calculate the due-dates of the given tasks, it is essential to have information about daily
utilization of the aircraft. The data contains an average daily flight-hours and flight-cycles utilization
for each month per aircraft. The average monthly utilization of aircraft 1 are visualized in figure 4.7.
From this figure it becomes evident that there is a small seasonal pattern which needs to be taken into
account during the simulation. A related point to consider is that the average utilization differs for each
of the considered aircraft. These values will be used during the simulation to determine the due-date
of tasks having a flight-hours or flight-cycles limit.

Figure 4.7: Average daily flight-hours and flight-cycles per month for aircraft 1.

4.1.5. Non-routine rates
In the literature review it was already noted that non-routine maintenance can have a major impact
on a long-term maintenance schedule. Therefore, the airline provided non-routine rates, as given in
table 4.1, that need to be incorporated into the models. The ratio columns indicate the non-routine
rates that should be multiplied with the required man-hours of the task. After which the calculated
non-routine man-hours should be added to the required man-hours of the considered task.

4.2. Model framework - high level perspective
This section presents the high level perspective of the model. The model consists of a two-staged
approach capable of solving the task allocation problem for an entire fleet. The overall objective of the
model is to utilise the maintenance opportunities efficiently by appropriately allocating maintenance
tasks. The allocation of tasks should be done in such a way that remaining useful life of the tasks are
as low as possible. Since long-term maintenance plans are affected by deviations from flight plans or
unforeseen events. It becomes essential to have a model capable of delivering good results within a
reasonable amount of time. Given the size of the problem it is chosen to have a two-stage approach.
Consisting of an optimization on the tactical level and the operational level. The high level model
framework for this research is presented in figure 4.8.
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A-check tasks C-check tasks
Skill Block Skill Ratio Skill Block Skill Ratio

GR1 INSP GR1 0.18 GR1 INSP GR1 0.65
GR1 INSP GR2 0.01 GR1 INSP ESHS 0.41
GR1 INSP GR4 0.01 GR1 INSP ICH 0.37
GR2 INSP GR1 0.02 GR1 INSP MAP 0.26
GR2 INSP GR2 0.28 GR1 INSP PINT 0.31
GR2 INSP GR4 0.01 GR2 INSP GR2 1.38
GR4 INSP GR4 0.61 GR2 INSP ICH 1.95
ICH INSP ICH 2.39 GR2 INSP ESHS 0.6
ICH INSP MAP 0.05 GR2 INSP MAP 0.86

GR2 INSP PINT 0.54
GR4 INSP GR4 0.83
ICH INSP ICH 20.51
ICH INSP ESHS 3.20
ESHS INSP ESHS 1.62

Table 4.1: Non-routine rates per task category.

Figure 4.8: Model framework.

4.2.1. Tactical stage
At the tactical stage the problem will need to be decoupled for the operational stage. The outcome
of the tactical stage is the optimal distribution of available man-hours over each of the maintenance
opportunities days for the entire fleet. By having the available man-hours per maintenance opportunity
days it is possible to transform the task allocation problem, at the operational level, to an independent
problem for each aircraft considered. Main inputs required to obtain this output is the tasks information,
aircraft utilization, available labour and the maintenance schedule for the fleet. Any significant changes
in fleet size, average utilization of the aircraft, fleet modifications, non-routine maintenance tasks, and
to the maintenance schedule require a new optimization at the tactical stage. For practical reasons it
is decided to limit the computational time to 12 hours which is equivalent to an overnight.
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4.2.2. Operational stage
Since the results of the tactical stage will transfer the interdependent problem to an independent
problem it is possible to solve the task allocation problem, at the operational stage, for each aircraft
separately, thereby reducing the complexity of the problem considerably. Main input to the model at
the operational stage is the available man-hours for each of the maintenance opportunities days as
obtained from the solution at the tactical level. The proposed operational stage model consists of two
separate levels. At the first level the task allocation problem will be solved for the considered time
horizon. By inserting the actual utilization of the aircraft it is possible to better estimate the due-
date of each of the tasks. Furthermore, the first level model enables the addition of new non-routine
maintenance tasks or new tasks that were previously not considered. At the second level the solution
obtained from the first level will be used to determine the allocation of tasks down to shift level for the
first three upcoming maintenance opportunities. Therefore, the outcome of the second level will be a
distribution of tasks over each of the working shifts within the considered maintenance opportunities.
It is expected that the operational stage models will need to be solved prior to any check for that reason
the computational time of these models is set to a maximum of ten minutes.
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5
Task allocation model - tactical stage

This chapter presents the modelling framework for solving the task allocation problem at the tactical
stage. At the tactical stage the problem will need to be decoupled for the operational stage. The
outcome of the tactical stage is the optimal distribution of available man-hours over each of the main-
tenance opportunities days for the entire fleet.

5.1. Exact method - tactical stage
In this section the optimization model at the tactical stage is presented for the exact method. First the
formulation of the model is presented followed by a thoroughly explanation of the objective function
and its constraints. The section is concluded with a discussion of the model flow.

5.1.1. Mathematical formulation - fleet level
Sets

T: set of aircraft.
𝐼፭: set of tasks for aircraft t.
𝐾፭: set of time segments for aircraft t.
J: set of skills.
𝐼ፚ,፭: set of A-tasks for aircraft t.
𝐼፨,፭: set of remaining tasks for aircraft t.
𝐾፜,፭: set of time segments belonging to a C-check maintenance opportunities for aircraft t.
𝑁𝑑።,፭: set of linked tasks for aircraft t having a day interval limit.
𝑁𝑚።,፭: set of linked tasks for aircraft t having a month interval limit.
𝑁ℎ።,፭: set of linked tasks for aircraft t having a flight-hour interval limit.
𝑁𝑐።,፭: set of linked tasks for aircraft t having a flight-cycle interval limit.
O(i,t): set of time segments possible for scheduled task i of aircraft t.
I(i,t): set of time segments possible for rescheduled task i of aircraft t.
𝐷።,፭: set of tasks i having a due-date before or at the last day of the last maintenance
opportunity of aircraft t.
𝑃።,፭: set of time segments possible for task i of aircraft t.
𝐼፤,፭: set of tasks possible, of aircraft t, at time segment k.
𝐼𝑠𝑝፤,፭: set of inspection tasks, of aircraft t, possible at time segment k

Parameters

𝑏።,፭: maximum number of days between rescheduling task i for aircraft t.

25
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𝑚።,፭: maximum number of months between rescheduling task i for aircraft t.

𝑓ℎ።,፭: maximum number of flight-hours between rescheduling task i for aircraft t.

𝑓𝑐።,፭: maximum number of flight-cycles between rescheduling task i for aircraft t.

𝑐፤።,፭: cost of allocating task i to maintenance opportunity belonging to time segment k for
aircraft t.

𝐺𝑅፤፣ : amount of available man-hours of skill type j at time segment k.

𝐺𝑅፣።,፭: amount of man-hours of skill type j required for task i of aircraft t.

𝑑፤,፭: amount of days from the start of the simulation till maintenance opportunity belonging
to time segment k of aircraft t.

𝑚፤,፭: amount of months from the start of the simulation till maintenance opportunity be-
longing to time segment k of aircraft t.

𝑓ℎ፤,፭: amount of flight-hours from the start of the simulation till maintenance opportunity
belonging to time segment k of aircraft t.

𝑓𝑐፤,፭: amount of flight-cycles from the start of the simulation till maintenance opportunity
belonging to time segment k of aircraft t.

𝜋፣: non-routine factor of skill type j.

Decision variables

𝑥፤።,፭: 1 if task i is assigned to maintenance opportunity belonging to time segment k for
aircraft t, and 0 otherwise.

𝑚𝑖𝑛∑
፭∈ፓ

∑
፤∈ፊᑥ

∑
።∈ፈᑒ,ᑥ

𝑐፤።,፭ × 𝑥፤።,፭ +∑
፭∈ፓ

∑
፤∈ፊᑔ,ᑥ

∑
።∈ፈᑠ,ᑥ

𝑐፤።,፭ × 𝑥፤።,፭ (5.1)

∑
፤∈ፏᑚ,ᑥ

𝑥፤።,፭ = 1 ∀𝑖 ∈ 𝐷።,፭ ∀𝑡 ∈ 𝑇 (5.2)

∑
፭∈ፓ

∑
።∈ፈᑜ,ᑥ

𝐺𝑅፣።,፭ × 𝑥፤።,፭ +∑
፭∈ፓ

∑
።∈ፈ፬፩ᑜ,ᑥ

𝐺𝑅፣።,፭ × 𝜋፣ × 𝑥፤።,፭ ≤ 𝐺𝑟፤፣ ∀𝑘 ∈ 𝐾፭ ∀𝑗 ∈ 𝐽 (5.3)

1 ≤ ∑
፤∈ፎ(።,፭)

𝑑፤,፭ × 𝑥፤።,፭ − ∑
፤∈ፈ(።,፭)

𝑑፤,፭ × 𝑥፤።,፭ ≤ 𝑏።,፭ ∀𝑖 ∈ 𝑁𝑑።,፭ ∀𝑡 ∈ 𝑇 (5.4)

1 ≤ ∑
፤∈ፎ(።,፭)

𝑚፤,፭ × 𝑥፤።,፭ − ∑
፤∈ፈ(።,፭)

𝑚፤,፭ × 𝑥፤።,፭ ≤ 𝑚።,፭ ∀𝑖 ∈ 𝑁𝑚።,፭ ∀𝑡 ∈ 𝑇 (5.5)

1 ≤ ∑
፤∈ፎ(።,፭)

𝑓ℎ፤,፭ × 𝑥፤።,፭ − ∑
፤∈ፈ(።,፭)

𝑓ℎ፤,፭ × 𝑥፤።,፭ ≤ 𝑓ℎ።,፭ ∀𝑖 ∈ 𝑁ℎ።,፭ ∀𝑡 ∈ 𝑇 (5.6)

1 ≤ ∑
፤∈ፎ(።,፭)

𝑓𝑐፤,፭ × 𝑥፤።,፭ − ∑
፤∈ፈ(።,፭)

𝑓𝑐፤,፭ × 𝑥፤።,፭ ≤ 𝑓𝑐።,፭ ∀𝑖 ∈ 𝑁𝑐።,፭ ∀𝑡 ∈ 𝑇 (5.7)

𝑥፤።,፭ ∈ {0, 1} (5.8)
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5.1.2. Objective function
The objective function of the task allocation model concerns the minimization of the cost associated
with allocating all tasks to their optimal maintenance opportunity (equation 5.1). The calculation of the
tasks costs is based on the difference between Remaining Useful Life (RUL) of the respective task and
the day of the specific maintenance opportunity, amount of man-hours required to perform the task,
their respective skill type and the corresponding labour rates (equation 5.9). The formulation of the
cost is similar to the formulation used in the paper of Hölzel et al. [12].

𝑐፤። =
𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒። −𝑀0𝑑𝑎𝑡𝑒፤

𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒።
×𝑚𝑎𝑛 ℎ𝑜𝑢𝑟𝑠 × 𝑙𝑎𝑏𝑜𝑢𝑟 𝑟𝑎𝑡𝑒 (5.9)

Ideally additional tasks costs, such as material cost and cost for using special tools or equipment
should be added to the cost calculation. Given that this information is unavailable it is decided to
neglect these additional costs. Knowing these additional costs would produce a better solution than
the current approach since these missing cost could have an important contribution to the overall cost of
the tasks. Nevertheless, this will not impact the potential of the proposed model since these additional
costs can easily be added to the cost formulation.

5.1.3. Set of constraints
The first constraint type (equation 5.10) is referred to as the assignment constraint. Each task having
a calculated due-date before or at the last day of the last given maintenance opportunity must be
assigned to at least one of the possible maintenance opportunities. This constraint guarantees that
each task is allocated exactly once.

∑
፤∈ፏᑚ,ᑥ

𝑥፤።,፭ = 1 ∀𝑖 ∈ 𝐷።,፭ ∀𝑡 ∈ 𝑇 (5.10)

The maintenance opportunities schedule is generated in such a way that concurrent scheduling of C-
checks are limited to three and A-checks to two. The available man-hours on the overlapping days
will need to be shared among the different aircraft. The second constraint type (equation 5.11) makes
sure that the available man-hours per skill type is not exceeded on each of the time segments. The
definition of time segments will be explained in subsection 5.1.5.

∑
፭∈ፓ

∑
።∈ፈᑜ,ᑥ

𝐺𝑅፣።,፭ × 𝑥፤።,፭ +∑
፭∈ፓ

∑
።∈ፈ፬፩ᑜ,ᑥ

𝐺𝑅፣።,፭ × 𝜋፣ × 𝑥፤።,፭ ≤ 𝐺𝑟፤፣ ∀𝑘 ∈ 𝐾፭ ∀𝑗 ∈ 𝐽 (5.11)

The third constraint type (equations 5.12 - 5.15) ensures that the preceding relation between
scheduling and rescheduling the same task is not exceeded. This means that the interval between
the scheduled and rescheduled task may not be larger than its interval limits. Depending on differ-
ent interval limits, of the considered task, there can be up to four constraints of the third type per
task. Constraint 5.12 will be applied to linked tasks having an interval limit in days, constraint 5.13 to
linked tasks having an interval limit in months, constraint 5.14 to linked tasks having an interval limit
in flight-hours and constraint 5.15 to linked tasks having an interval limit in flight cycles. These third
type constraints are essential in order to keep the aircraft airworthy because each task needs to be
executed within the interval given [3].

1 ≤ ∑
፤∈ፎ(።,፭)

𝑑፤,፭ × 𝑥፤።,፭ − ∑
፤∈ፈ(።,፭)

𝑑፤,፭ × 𝑥፤።,፭ ≤ 𝑏።,፭ ∀𝑖 ∈ 𝑁𝑑።,፭ ∀𝑡 ∈ 𝑇 (5.12)

1 ≤ ∑
፤∈ፎ(።,፭)

𝑚፤,፭ × 𝑥፤።,፭ − ∑
፤∈ፈ(።,፭)

𝑚፤,፭ × 𝑥፤።,፭ ≤ 𝑚።,፭ ∀𝑖 ∈ 𝑁𝑚።,፭ ∀𝑡 ∈ 𝑇 (5.13)

1 ≤ ∑
፤∈ፎ(።,፭)

𝑓ℎ፤,፭ × 𝑥፤።,፭ − ∑
፤∈ፈ(።,፭)

𝑓ℎ፤,፭ × 𝑥፤።,፭ ≤ 𝑓ℎ።,፭ ∀𝑖 ∈ 𝑁ℎ።,፭ ∀𝑡 ∈ 𝑇 (5.14)

1 ≤ ∑
፤∈ፎ(።,፭)

𝑓𝑐፤,፭ × 𝑥፤።,፭ − ∑
፤∈ፈ(።,፭)

𝑓𝑐፤,፭ × 𝑥፤።,፭ ≤ 𝑓𝑐።,፭ ∀𝑖 ∈ 𝑁𝑐።,፭ ∀𝑡 ∈ 𝑇 (5.15)
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The last constraint (equation 5.16) makes sure that the decision variables will all be either 0 or 1,
thereby completing the mathematical formulation of the task allocation problem for the entire fleet.

𝑥፤።,፭ ∈ {0, 1} (5.16)

5.1.4. Processing data
An important aspect to speed-up the computational time is to appropriately preprocess the available
data. Appropriately preprocessing means analyze and restructure the given data such that later certain
queries to the data are answered quickly [91]. Fortunately the high-level programming language Python
has multiple free modules which are very well capable of processing large amount of data in a very
efficient way (e.g. pandas, NumPy). The proposed model makes use of three main sets of information
named as follows: horizon set, task set, and due-date set. The horizon set contains information about
the simulated flight-hours, flight-cycles, days, and the available man-hours for each day during the
time horizon as can be seen in figure 5.1. This set of information will be accessed for the calculation
of the due-date of each task and for the man-hours constraints.

Figure 5.1: Snapshot of horizon set.

The task set contains essential information about each considered task such as: man-hours required,
skill type required, interval limits and a reference task number as can be seen in figure 5.2. It is worth
mentioning that whenever a task is classified as A-check task it can be allocated to both A and C-check
maintenance opportunities. While on the other hand C-check tasks can only be allocated to C-check
maintenance opportunities. The task set will be accessed during calculation of the expected due-date,
the third constraint type, and for the assignment constraints.

The last main information set is the due-date set and contains information about the possible
maintenance opportunities for each of the considered tasks. In figure 5.3 the possible maintenance
opportunities are displayed with their corresponding task number. In this figure the ones indicate that
the task can be executed on the respective maintenance opportunity, while the zeros mean that this is
not possible. When looking at the figure it becomes visible that C-tasks will not be possible on A-check
maintenance opportunities. This set is directly linked to the decision variables, and will be accessed
for each of the constraints.

5.1.5. Model flow
The optimization model is an integer linear model in which the decision variables are binary. Based
on the decision variables it is possible to compute the optimal maintenance opportunity date for the



5.1. Exact method - tactical stage 29

Figure 5.2: Snapshot of task set.

Figure 5.3: Snapshot of due-date set.

allocation of all tasks. The flow diagram of the tactical stage model is presented in figure 5.5. For
practical reasons the task allocation problem, for the entire fleet, should be solvable within one night
(i.e. approximately twelve hours). Given this urgency it is important to save valuable computational
time. The model flow consists of two main loops: the scheduling loop and solve loop. The schedul-
ing loop will update the task and due-date sets with information about the scheduling and possible
rescheduling of each of the tasks. At each iteration, of the scheduling loop, the rescheduling problem
(i.e. the possible rescheduling of a task) is solved for the optimal case1 by calculating a new due-date
for each scheduled task. The new due-date is calculated from the last possible maintenance opportu-
nity. Whenever this due-date does not exceed the last maintenance opportunity date it is added to the
task set. This approach is visualized in table 5.1 where a single task is rescheduled in the scheduling
loop. The circled ones in bold represent the last possible maintenance opportunity, and from this day
a new due-date is calculated. For the visualized example five iterations are required to make sure that
the due-date of the task exceeds the last maintenance opportunity. Hence, the first task only needs
to be scheduled five times in total.

A3.13 C5.1 A1.14 A2.14 A3.14 A4.14 A1.15 A2.15

𝑇𝑎𝑠𝑘1ኺ 1 1 0 0 0 0 0 0

𝑇𝑎𝑠𝑘1ኻ 0 1 1 1 0 0 0 0

𝑇𝑎𝑠𝑘1ኼ 0 0 1 1 1 0 0 0

𝑇𝑎𝑠𝑘1ኽ 0 0 0 1 1 1 1 0

𝑇𝑎𝑠𝑘1ኾ 0 0 0 0 1 1 1 1

Table 5.1: Illustration rescheduling an A-check task in the optimal loop.

The second loop is referred to as the solve loop. Within this loop the model is created and solved by
using a MILP solver. An important aspect of the model is the way overlapping maintenance opportunities
are handled. Overlapping maintenance opportunities are divided in time segments, whereby each time

1The case where unlimited amount of man-hours are available at each maintenance date
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segment is shared with one or more aircraft or only with itself (figure 5.4). Whenever a change is
made in the unique aircraft sharing a maintenance opportunity date a new maintenance opportunity
time segment is introduced to the model. This approach is much more efficient compared to a traditional
approach whereby a decision variable is assigned to each maintenance opportunity day. Given that
A-check maintenance opportunities consists of a single day they will always have one time segment.
Based on the results, obtained from the MILP solver, for each decision variable it is possible to say
whether new tasks need to be added or not. If new tasks need to be added the model will return to
the scheduling loop, otherwise the model terminates and outputs the solution. The final result of the
fleet allocation optimizer is a maintenance schedule with the lowest overall task cost.

Figure 5.4: Overlapping of maintenance opportunities.

Figure 5.5: Task allocation model flow.

5.1.6. Model variant 2
In order to solve more restricted cases, at a faster rate, it was decided to improve the model by
adding fictitious maintenance opportunities. This improved variant of the model has the same MILP
formulation and model flow, with the only difference being the incorporation of additional fictitious
maintenance opportunities. For each of the aircraft two fictitious A-check and two fictitious C-check
maintenance opportunities are added after the last given maintenance opportunity. Any task allocated
to these fictitious opportunities are given a cost coefficient of zero and will be removed from the final
solution. This feature is introduced to better handle restricted cases by increasing the chance that



5.2. Approximation algorithm - tactical stage 31

the model flow terminates in a single full iteration. Table 5.2 presents an illustration of rescheduling
the same task in the optimal loop of the model variant 2. In figure 5.6 it is visible that increasing the
Cfactor, a factor which makes the problem more restricted, affects the solution of the proposed exact
model variant 1. At a Cfactor of 2.5 and 3.0 the model requires a new full iteration and at a cfactor
of 3.5 there are two additional full iterations required to solve the tactical stage model variant 1. The
same situation will not require any additional iterations for the proposed exact method variant 2 as
can be seen in figure 5.7. Even in the case of a Cfactor equal to 3.5 there is no new iteration required
since the calculated due-date of the tasks allocated at maintenance opportunity A1.15 exceeds the last
non-fictitious maintenance opportunity. These figures clearly illustrate the effect of including fictitious
maintenance opportunities to the model. It is worth mentioning that the third constraint type will make
sure that the gap between the scheduled and rescheduled tasks are kept within its interval limits.

Figure 5.6: Tactical stage model variant 1: Rescheduling a task in more restricted cases.

Figure 5.7: Tactical stage model variant 2: Rescheduling a task in more restricted cases.

5.2. Approximation algorithm - tactical stage
Prior to this research a literature study was conducted in order to find approaches to solve the task
allocation problem. Based on the formulation of the bin packaging problem it became clear that the
task allocation problem can be seen as a bin packaging problem. In the context of this research
bins can be seen as maintenance opportunities which need to be filled with their respective items
(i.e. preventive maintenance tasks) [12]. A common strategy in bin packaging problems is to sort the
specific list of items and then use a well-known classical on-line algorithm. The proposed approximation
algorithm will use a similar approach. In order to assess the quality of the approximation algorithm
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A3.13 C5.1 A1.14 A2.14 A3.14 A4.14 A1.15 A2.15 Fict A1 Fict A2

𝑇𝑎𝑠𝑘1ኺ 1 1 0 0 0 0 0 0 0 0

𝑇𝑎𝑠𝑘1ኻ 0 1 1 1 0 0 0 0 0 0

𝑇𝑎𝑠𝑘1ኼ 0 0 1 1 1 0 0 0 0 0

𝑇𝑎𝑠𝑘1ኽ 0 0 0 1 1 1 1 0 0 0

𝑇𝑎𝑠𝑘1ኾ 0 0 0 0 1 1 1 1 0 0

𝑇𝑎𝑠𝑘1኿ 0 0 0 0 0 1 1 1 1 1

Table 5.2: Illustration rescheduling an A-check task in the optimal loop of model variant 2.

it is required to satisfy the same constraints and calculate the cost in the same way as was done
in the exact method. Therefore, the mathematical formulation for the model is equivalent to the
presented formulation for the exact method. In this section the optimization model at the tactical
stage is presented for the approximation algorithm. First the allocation sequence is presented followed
by a thoroughly explanation of how the algorithm deals with the constraints and the objective function.
The section is concluded with a discussion of the model flow.

5.2.1. Notation of the allocation loop input
Sets

T: set of aircraft.
𝐼፭: set of tasks for aircraft t (excluding rescheduled tasks) having a due-date before or at
the last day of the last maintenance opportunity of aircraft t.
𝐾፭: set of time segments for aircraft t.
𝐼ፀኻ,፭: subset of A-tasks for aircraft t classified as class 1.
𝐼ፀኼ,፭: subset of A-tasks for aircraft t classified as class 2.
𝐼ፀኽ,፭: subset of A-tasks for aircraft t classified as class 3.
𝐼ፂኻ,፭: subset of C-tasks for aircraft t classified as class 1.
𝐼ፂኼ,፭: subset of C-tasks for aircraft t classified as class 2.
𝐼ፂኽ,፭: subset of C-tasks for aircraft t classified as class 3.
𝐾፜,፭: set of time segments belonging to a C-check maintenance opportunities for aircraft t.

Parameters

𝑐፤።,፭: cost of allocating task i to maintenance opportunity belonging to time segment k for
aircraft t.
𝑝ኻ: penalty for class 1 items.
𝑝ኼ: penalty for class 2 items.

∑
፭∈ፓ

∑
፤∈ፊᑥ

∑
።∈ፈᐸᎳ,ᑥ

𝑐፤።,፭ + 𝑝ኻ +∑
፭∈ፓ

∑
፤∈ፊᑥ
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።∈ፈᐸᎴ,ᑥ

𝑐፤።,፭ + 𝑝ኼ +∑
፭∈ፓ

∑
፤∈ፊᑥ

∑
።∈ፈᐸᎵ,ᑥ

𝑐፤።,፭
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∑
፤∈ፊᑔ,ᑥ

∑
።∈ፈᐺᎳ,ᑥ
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፭∈ፓ

∑
፤∈ፊᑔ,ᑥ
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፭∈ፓ

∑
፤∈ፊᑔ,ᑥ

∑
።∈ፈᐺᎵ,ᑥ

𝑐፤።,፭
(5.17)

5.2.2. Order of allocating tasks
In order to successfully allocate all tasks the algorithm needs to know which tasks have a higher prior-
ity and must be allocated first. Therefore, the algorithm classifies tasks based on their tasks intervals.
The first class tasks consist of tasks having an interval which require them to be allocated at every
maintenance opportunity. Regardless of the approach used these tasks need to be allocated to their
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only possible maintenance opportunity. Therefore, these tasks will receive the highest penalty forcing
the algorithm to first allocate them to the maintenance opportunities. The second class tasks consist
of tasks that sometimes can be scheduled on multiple maintenance opportunities, but there are also
occasions where these tasks can only reach one maintenance opportunity. These tasks will receive the
second highest penalty. Each of the tasks that can be allocated to two or more maintenance opportu-
nities, at each occasion (i.e. the interval limits of the considered task are large enough to skip at least
one maintenance opportunity at each location in the given time horizon), are classified as class three
tasks and will receive no penalty. A visualization of the different classes for A-check tasks and C-check
tasks are presented in figure 5.9 and 5.10, respectively. Besides the constant penalty the task cost
consist of a variable part which is calculated in the same way as for the exact method which is pre-
sented in equation 5.9. The results of this calculation is a long list with tasks and their corresponding
costs. The mathematical notation of this list is presented in subsection 5.2.1.

Given that aircraft utilization differs per aircraft it is required to calculate the classes lower and up-
per limits for each aircraft separately. This means that there will be specific interval limits in flight
hours, flight cycles and calendar months for each of the classes per aircraft. For example when consid-
ering figure 5.8 the class one C-check tasks limit is 7,250 flight hours, 4,050 flight cycles and 35 months
since this is the required limit to bridge the gap between each C-check maintenance opportunity or
start/end point. The limit for the class two C-check tasks is set at the combination of the two highest
consecutive maintenance opportunities gaps, in the illustrated example this is the gap between C6.1
and the end of the time horizon. This means that tasks with intervals between the upper limit of class
1 tasks and 13,850 flight hours, 7,850 flight cycles, or 65 months will be classified as class two tasks.
Any tasks having intervals larger than the class two upper limits are class three tasks which will receive
no cost penalty. This same procedure also applies to A-check tasks.

Figure 5.8: Illustration of classes limit intervals for C-check tasks.

Figure 5.9: Visualization of classes for A-check tasks. Figure 5.10: Visualization of classes for C-check tasks.
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5.2.3. Set of constraints and objective function
The approximation algorithm has the same constraints as the mathematical formulation of the exact
method at the tactical stage. Whenever a task is allocated the algorithm will remove the allocated
task from the allocation list. This ensures that each task is allocated exactly once, which means that
the first constraint type (equation 5.10) is satisfied. Each of the time segments (i.e. bins) will have a
specific amount of available man-hours per skill type. Whenever the bin does not have enough man-
hours to allocate the task it will be closed, for the considered task, and the next bin will be considered.
This means that available man-hours on each of the time segments, for each skill type, will never be
exceeded. Thus, the second constraint type (equation 5.11) is also satisfied by the approximation
algorithm. Whenever a task is allocated the rescheduling problem for this same task is solved till its
due-date is beyond the end of the considered time horizon. This is equivalent to the third constraint
type (equations 5.12 - 5.15) of the exact method. Thus, each of the constraints considered at the
exact method are also covered within the approximation algorithm. Whenever a task is allocated the
cost of the task is calculated according to the cost formula (equation 5.9) and added to the objective
function list. This means that the penalties used for determining the allocation order of the tasks are
not included in the objective function list. This makes it possible to obtain the solution quality of the
approximation algorithm since the optimal solution is obtained from the exact method.

5.2.4. Fictitious opportunities
Without the fictitious maintenance opportunity the tactical stage model would only allocate tasks to
the last C-check maintenance opportunities if the calculated due-date of the task is before the end
of the time horizon. However, at some occasions the last C-check maintenance opportunity, given by
the maintenance schedule, is at the end of the time horizon. This means that less tasks will actually
be allocated than most likely would have happened when the maintenance schedule had an extended
time horizon with an additional planned C-check. To overcome this problem a fictitious maintenance
opportunity for a C-check is added to the given maintenance schedule for each non-phased out aircraft.
The fictitious maintenance opportunity is placed within the C-check tasks limit intervals from the last
scheduled C-check maintenance opportunity of the considered aircraft. Any C-check tasks that have a
calculated due-date before the fictitious C-check maintenance opportunity will need to be allocated.

5.2.5. Model flow
The flow diagram of the tactical level approximation algorithm is presented in figure 5.12. Before the
allocation loop starts the tasks list, consisting of the tasks for the entire fleet and their corresponding
task cost, is sorted by cost. This means that the tasks with the highest cost will be allocated first. A
potential problem with using a standard bin packaging approach is that it closes bins that could poten-
tially hold later identified items [57]. This problem becomes important when we look at the overlapping
maintenance opportunities within the fleet and is referred to as the bins sequence problem. The al-
gorithms tries to first fill the bins shared with no aircraft, since these bins does not affect any other
aircraft. The bins shared with one other aircraft are filled by selecting the bin with the most available
man-hours first for the considered skill type. This same procedure holds for aircraft that share the bin
with two other aircraft. This way the most restricted bins (i.e. bins shared among three aircraft) are
filled as last. When considering the maintenance overlaps illustrated in figure 5.11 it becomes clear
how the algorithm deals with the above mentioned problem. In the illustrated example the algorithm
will try, for aircraft one, to first fill bin one and bin five since these bins are not shared among other
aircraft. When these bins are full bin two and bin four will be used. If there is still tasks left for aircraft
one the last bin three, which is shared with two other aircraft is used. Whenever all tasks are allocated
the model terminates and outputs the solution. Whenever a task can not be allocated the model will
add fictitious man-hours to the best bin location and will add these man-hours to a feedback file. This
way it is possible to provide feedback to the user of the model about the constricted dates. The feed-
back can be implemented in the maintenance schedule by extending the maintenance opportunities
dates or adding additional man-hours to the restricted dates.
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Figure 5.11: Overlapping of maintenance opportunities with bins.

Figure 5.12: Approximation tactical stage model flow.





6
Task allocation model - operational

stage

This chapter presents a two-level modelling framework for solving the task allocation problem at the
operational stage. At the first operational level the task allocation problem will be solved for each
aircraft seperately. At this level it is possible to add additional maintenance tasks (e.g. non-routine
maintenance, modifications, deferred defects, incorporation of service bulletins (SB) or Airworthiness
Directives (AD)) that were not considered at the tactical stage. Furthermore, it is possible to input
the current utilization of the aircraft thereby correcting the small deviation obtained by assuming an
average flight-hours and flight-cycles utilization. The second operational level will allocate the tasks
down to shift level.

6.1. Exact method - operational stage level 1
In this section the optimization model at the first level of the operational stage is presented for the
exact method. First the formulation of the model is presented followed by a thoroughly explanation
of the objective function and its constraints. The section is concluded with a discussion of the model
flow.

6.1.1. Mathematical formulation - aircraft level
Sets

I: set of tasks.
K: set of maintenance opportunities (including fictitious).
𝐾፫: set of maintenance opportunities (excluding fictitious).
J: set of skills.
𝐼ፚ: set of A-tasks.
𝐼፨: set of remaining tasks.
𝐾፜: set of C-check maintenance opportunities (excluding fictitious).
𝑁𝑑።: set of linked tasks having a day interval limit.
𝑁𝑚።: set of linked tasks having a month interval limit.
𝑁ℎ።: set of linked tasks having a flight-hour interval limit.
𝑁𝑐።: set of linked tasks having a flight-cycle interval limit.
O(i): set of maintenance opportunities possible for scheduled task i.
I(i): set of maintenance opportunities possible for rescheduled task i.
𝑇።: set of tasks i having a due-date before the last day of the last fictitious maintenance
opportunity.

37
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𝑃።: set of maintenance opportunities possible for task i.
𝐼፤: set of tasks possible at maintenance opportunity k.
𝐼𝑠𝑝፤: set of inspection tasks possible at maintenance opportunity k

Parameters

𝑏።: maximum number of days between rescheduling task i.
𝑚።: maximum number of months between rescheduling task i.
𝑓ℎ።: maximum number of flight-hours between rescheduling task i.
𝑓𝑐።: maximum number of flight-cycles between rescheduling task i.
𝑐፤። : cost of allocating task i to maintenance opportunity k.
𝐺𝑅፤፣ : amount of available man-hours of skill type j at maintenance opportunity k.
𝐺𝑅፣። : amount of man-hours of skill type j required for task i.
𝑑፤: amount of days from the start of the simulation till maintenance opportunity k.
𝑚፤: amount of months from the start of the simulation till maintenance opportunity k.
𝑓ℎ፤: amount of flight-hours from the start of the simulation till maintenance opportunity k.
𝑓𝑐፤: amount of flight-cycles from the start of the simulation till maintenance opportunity k.
𝜋፣: non-routine factor of skill type j.

Decision variables

𝑥፤። : 1 if task i is assigned to maintenance opportunity k, and 0 otherwise.

𝑚𝑖𝑛 ∑
፤∈ፊᑣ

∑
።∈ፈᑒ

𝑐፤። × 𝑥፤። + ∑
፤∈ፊᑔ

∑
።∈ፈᑠ

𝑐፤። × 𝑥፤። (6.1)

∑
፤∈ፏᑚ

𝑥፤። = 1 ∀𝑖 ∈ 𝑇። (6.2)

∑
።∈ፈᑜ

𝐺𝑅፣። × 𝑥፤። + ∑
።∈ፈ፬፩ᑜ,ᑥ

𝐺𝑅፣።,፭ × 𝜋፣ × 𝑥፤።,፭ ≤ 𝐺𝑟፤፣ ∀𝑗 ∈ 𝐽, ∀𝑘 ∈ 𝐾፫ (6.3)

1 ≤ ∑
፤∈ፎ(።)

𝑑፤ × 𝑥፤። − ∑
፤∈ፈ(።)

𝑑፤ × 𝑥፤። ≤ 𝑏። ∀𝑖 ∈ 𝑁𝑑። (6.4)

1 ≤ ∑
፤∈ፎ(።)

𝑚፤ × 𝑥፤። − ∑
፤∈ፈ(።)

𝑚፤ × 𝑥፤። ≤ 𝑚። ∀𝑖 ∈ 𝑁𝑚። (6.5)

1 ≤ ∑
፤∈ፎ(።)

𝑓ℎ፤ × 𝑥፤። − ∑
፤∈ፈ(።)

𝑓ℎ፤ × 𝑥፤። ≤ 𝑓ℎ። ∀𝑖 ∈ 𝑁ℎ። (6.6)

1 ≤ ∑
፤∈ፎ(።)

𝑓𝑐፤ × 𝑥፤። − ∑
፤∈ፈ(።)

𝑓𝑐፤ × 𝑥፤። ≤ 𝑓𝑐። ∀𝑖 ∈ 𝑁𝑐። (6.7)

𝑥፤። ∈ {0, 1} (6.8)

6.1.2. Objective function and set of constraints
Both the objective function (equation 6.1) and the set of constraints (equations 6.2 - 6.8) of the
operational stage level 1 model are almost identical to the model formulation at the tactical stage,
with the only difference being that there is now a single aircraft considered. Therefore, information
regarding the objective function and the used constraints can be found in sections 5.1.2 and 5.1.3,
respectively.
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6.1.3. Model flow
The flow diagram of the operational stage model level 1 is presented in figure 6.1. The optimization
model is an integer linear model in which the decision variables are binary. Based on the decision
variables it is possible to compute the optimal maintenance opportunity date for the allocation of all
tasks. The task allocation problem, for one single aircraft, should be solvable within ten minutes. Given
this urgency it is important to save valuable computational time; therefore, the model consists of two
main loops: the scheduling loop and solve loop. These loops were already explained in section 5.1.5.
The model also incorporates two fictitious A-check and two fictitious C-check maintenance opportunities
in the same way as was done in section 5.1.6. It is worth mentioning that these fictitious maintenance
opportunities have an infinite man-hours capacity.

Figure 6.1: Exact method operational stage level 1 model flow.

6.2. Exact method - operational stage level 2
In this section the optimization model at the second level of the operational stage is presented for the
exact method. In the second level tasks will be allocated down to shift level. First the formulation of the
model is presented followed by a thoroughly explanation of the objective function and its constraints.
The section is concluded with a discussion of the model flow.

6.2.1. Mathematical formulation - shift level
Sets

I: set of tasks.

S: set of shifts.

J: set of skills.

𝐼፨: set of tasks that open access panels.
𝐼፜: set of tasks that close the access panels.
𝐼።፧፬፩: set of tasks labelled as inspection tasks.
𝐼፫: set of remaining tasks.
𝑁።: set of related tasks.
𝑂።: set of shifts possible for scheduled task i.
𝑅።: set of shifts possible for linked task with scheduled task i.
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Parameters

𝑡፬: shift number.
𝑐፬። : cost of allocating task i to shift s.
𝐺𝑅፬፣ : amount of available man-hours of skill type j at shift s.
𝐺𝑅።: amount of man-hours required for task i.
𝐺𝑅፣። : amount of man-hours of skill type j required for task i.
𝜋፣: non-routine factor of skill type j.

Decision variables

𝑥፬። : 1 if task i is assigned to shift s, and 0 otherwise.

𝑚𝑖𝑛∑
፬∈ፒ
∑
።∈ፈᑣ

𝐺𝑅።×𝑡፬×𝑥፬። +∑
፬∈ፒ
∑
።∈ፈᑠ

𝐺𝑅።×0.01𝑡፬×𝑥፬። +∑
፬∈ፒ
∑
።∈ፈᑔ

𝐺𝑅።×0.01𝑡፬×𝑥፬። +∑
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∑
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𝐺𝑅።×10𝑡፬×𝑥፬። (6.9)

∑
፬∈ፒ
𝑥፬። = 1 ∀𝑖 ∈ 𝐼 (6.10)

∑
።∈ፈ
𝐺𝑅፣። × 𝑥፬። + ∑

።∈ፈᑚᑟᑤᑡ

𝐺𝑅፣። × 𝜋፣ × 𝑥፬። ≤ 𝐺𝑟፬፣ ∀𝑗 ∈ 𝐽 ∀𝑠 ∈ 𝑆 (6.11)

∑
፬∈ፑᑚ

𝑡፬ × 𝑥፬። − ∑
፬∈ፎᑚ

𝑡፬ × 𝑥፬። ≥ 0 ∀𝑖 ∈ 𝑁። (6.12)

𝑥፬። ∈ {0, 1} (6.13)

6.2.2. Objective function
The objective function of the second stage of the operational level consists of the minimization of
cost. In order to meet the scheduled aircraft maintenance downtime it is important to identify non-
routine maintenance as early as possible. According to the research conducted by Michael Reopel [92]
ideally 90 per cent of the non-routine findings should be found within the first 10 per cent time of the
maintenance check. Most of the non-routine maintenance comes from findings during inspection tasks;
thus, these tasks will be given the highest variable part in the objective function (i.e. the assigned cost
to the inspections tasks will increase significantly by increased shift number). Each of the remaining
tasks will get a variable part which consists of the required man-hours and the shift number. This
variable part forces each of the tasks to be executed as soon as possible thereby minimizing the
maintenance downtime of the aircraft.

6.2.3. Set of constraints
The first constraint type (equation 6.14) is referred to as the assignment constraint. Each of the tasks
must be assigned to at least one of the available shifts during the considered maintenance opportunity.
This constraint guarantees that each task is allocated exactly once during the maintenance opportunity.

∑
፬∈ፒ
𝑥፬። = 1 ∀𝑖 ∈ 𝐼 (6.14)

There are three different shifts during a single working day, morning shift, afternoon shift and night
shift. In accordance with the approach of the airline the available man-hours are split over these shifts.
Each morning and afternoon shift receive 40 per cent of the available man-hours, respectively. The
night shift will get 20 per cent of the available man-hours on the respective day. The second constraint
type (equation 6.15) makes sure that none of the shifts exceed the available man-hours per skill type.
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∑
።∈ፈ
𝐺𝑅፣። × 𝑥፬። + ∑

።∈ፈᑚᑟᑤᑡ

𝐺𝑅፣። × 𝜋፣ × 𝑥፬። ≤ 𝐺𝑟፬፣ ∀𝑗 ∈ 𝐽 ∀𝑠 ∈ 𝑆 (6.15)

The third constraint type (equation 6.16) ensures that the preceding relation between tasks is not
violated. This includes tasks requiring the opening of specific access panels, these tasks can only be
executed after the specific panels have been opened. Furthermore, access panels will only be closed
after each of the tasks requiring these specific access panel is executed. Also tasks with the same item
numbers and large tasks that were broken down, as explained in the next subsection, that need to be
executed in series will be covered by this third constraint.

∑
፬∈ፒ
𝑡፬ × 𝑥፬። −∑

፬∈ፒ
𝑡፬ × 𝑥፬። ≥ 0 ∀𝑖 ∈ 𝑁። (6.16)

The last constraint makes sure that the decision variables will all be either 0 or 1 (equation 6.17)
thereby completing the mathematical formulation of the task allocation problem for the second level
of the operational stage.

𝑥፤። ∈ {0, 1} (6.17)

6.2.4. Model flow
The flow diagram of the exact method at the operational stage level 2 is presented in figure 6.2. Often
it is possible to maintain more than one system or component by opening the same access panel [4]. In
order to prevent the repetitive opening and closing of access panels an access panel loop is introduced
in the model. Within this loop access panels are grouped together in such a way that they will only
be opened and closed once during a maintenance opportunity. The third constraint (equation 6.16)
will make sure that the required access panels will be kept open until all tasks requiring those access
panels are executed. In order to allocate the tasks down to shift level it is required to break down
the large tasks into several elemental tasks. The model consists of a feature that breaks down large
tasks into smaller tasks requiring a maximum of four man-hours. According to the paper of Chen et al.
[69] breaking down large tasks is a common practise executed by aircraft maintenance managers. In
this way it is possible to complete each tasks by one technician within one shift. However, it must be
noted that some tasks can not be broken down to the elemental level, these tasks should be carefully
planned by the respective maintenance manager. Since such data is not available it is assumed that all
large tasks can be broken down to the elemental level.

6.3. Approximation algorithm - operational stage level 1
In this section the optimization model at the first level of the operational stage is presented for the
approximation algorithm. The mathematical formulation used for the exact method at the operational
level 1 will be equivalent to the one used for the approximation algorithm. First the allocation sequence
is presented followed by a thoroughly explanation of how the algorithm deals with the constraints and
the objective function. The section is concluded with a discussion of the model flow

6.3.1. Notation of the allocation loop input
Sets

𝐼: set of tasks (excluding rescheduled tasks) having a due-date before or at the last day of
the last maintenance opportunity.

𝐾: set of maintenance opportunities.
𝐼ፀኻ: set of A-tasks classified as class 1.
𝐼ፀኼ: set of A-tasks classified as class 2.
𝐼ፀኽ: set of A-tasks classified as class 3.
𝐼ፂኻ: set of C-tasks classified as class 1.
𝐼ፂኼ: set of C-tasks classified as class 2.
𝐼ፂኽ: set of C-tasks classified as class 3.
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Figure 6.2: Exact method operational stage level 2 model flow.

𝐾፜: set of C-check maintenance opportunities.
Parameters

𝑐፤። : cost of allocating task i to maintenance opportunity k.
𝑝ኻ: penalty for class 1 items.
𝑝ኼ: penalty for class 2 items.

∑
፤∈ፊ

∑
።∈ፈᐸᎳ

𝑐፤። + 𝑝ኻ +∑
፤∈ፊ

∑
።∈ፈᐸᎴ

𝑐፤። + 𝑝ኼ +∑
፤∈ፊ

∑
።∈ፈᐸᎵ

𝑐፤።

+ ∑
፤∈ፊᑔ

∑
።∈ፈᐺᎳ

𝑐፤። + 𝑝ኻ + ∑
፤∈ፊᑔ

∑
።∈ፈᐺᎴ

𝑐፤። + 𝑝ኼ + ∑
፤∈ፊᑔ

∑
።∈ፈᐺᎵ

𝑐፤።
(6.18)

6.3.2. Order of allocating tasks
The approximation algorithm, at the operational level 1, determines tasks priorities in the same way as
was explained in subsection 5.2.2. The mathematical notation for the tasks cost list, required during
the allocation loop, is presented in subsection 6.3.1.

6.3.3. Set of constraints and objective function
The approximation algorithm at stage 1 of the operational level is almost identical as the one presented
at the tactical level. With the exception that there is only one aircraft considered. Therefore, informa-
tion about how the algorithm satisfies all the constraints and the objective function can be found in
subsection 5.2.3.

6.3.4. Model flow
The model flow is exactly the same as the one presented at the tactical stage (figure 5.12). The calcula-
tion of the different class types is also in accordance with the approach explained at the approximation
algorithm tactical level section.
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6.4. Approximation algorithm - operational stage level 2
In this section the optimization model at the second level of the operational stage is presented for
the approximation algorithm. At this operational level tasks will be allocated down to shift level. This
section is concluded with a discussion of the model flow.

6.4.1. Notation of the allocation loop input
Sets

I: set of tasks.

S: set of shifts.

J: set of skills.

𝐼፨: set of tasks that open the access panels.
𝐼፜: set of tasks that close the access panels.
𝐼።፧፬፩: set of tasks labelled as inspection tasks.
𝐼፫: set of remaining tasks.
𝑁።: set of related tasks.

Parameters

𝐺𝑅።: amount of man-hours required for task i.
𝑐፬። : cost of allocating task i to shift s.
𝑝ኻ: penalty for access panel tasks.
𝑝ኼ: penalty for inspection tasks.

∑
።∈ፈᑠ

𝐺𝑅። + 𝑝ኻ + ∑
።∈ፈᑚᑟᑤᑡ

𝐺𝑅። + 𝑝ኼ∑
።∈ፈᑣ

𝐺𝑅። +∑
።∈ፈᑔ

𝐺𝑅። × 0.001 (6.19)

6.4.2. Order of allocating tasks
In order to successfully allocate all tasks the algorithm needs to know which tasks have a higher priority
and must be allocated first. Given that most tasks require access panels to be opened, the tasks for
opening access panels were given the highest penalty. This corresponds to reality where the first shift,
during a C-check, is mostly used to open the required access panels for the C-check maintenance
opportunity. Another important factor is to identify non-routine maintenance as early as possible.
Therefore, the inspections tasks will be given the second highest penalty. For practical reasons the
closing of access panels will be given a cost of 0.001, this forces the algorithm to allocate them as last.
The remaining tasks will receive no penalties. The mathematical formulation that creates the tasks
orientation list is given in subsection 6.4.1. The tasks orientation list is sorted by cost, and the task
with the highest cost will be allocated first.

6.4.3. Sets of constraints
The approximation algorithm at the operational level 2 has the same constraints as the mathematical
formulation of the exact method at this same level. Whenever a task is allocated the algorithm will
remove the allocated task from the tasks orientation list. This way each task is allocated exactly once,
which means that the first constraint type (equation 6.10) is satisfied by the algorithm. Each of the
shifts will have a maximum amount of man-hours, per skill type, that can be used. Whenever the shift
does not have enough man-hours to allocate the task it will be closed, for the considered task, and
the next shift will be considered. Thus, the second constraint type (equation 6.11) is also satisfied by
the approximation algorithm. Whenever a task is selected from the tasks orientation list it is checked
whether the considered task has any linked tasks. The algorithm will make sure that the linked tasks
that need to be executed prior to the considered task are first allocated, followed by the considered
task, and then the linked tasks that have to be executed after the considered task will be allocated.
These linked tasks consists of tasks with the same item number and large tasks that were broken down.
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The algorithm will make sure that the tasks will be allocated in the same or a later shift, thereby keeping
the allocation sequence of the tasks in the right order. For practical reasons it was decided that all tasks
that open the access panels where allocated first and the algorithm will make sure that the closing of
access panels tasks are done after or on the shift where the last task is allocated. Thereby ensuring
that the algorithm satisfies the third constraint type (equation 6.12). Thus, each of the constraints
considered at the exact method are covered within the approximation algorithm.

6.4.4. Model flow
The flow diagram of the operational stage level 2 approximation algorithm is presented in figure 6.3.
The model flow consists of two main loops: access panels loop and allocation loop. The access panels
loop is used to prevent the repetitive opening and closing of access panels by connecting tasks that
require the opening of the same access panels. In the allocation loop tasks are allocated in order of
cost. Whenever a task is selected, in the allocation loop, the algorithm will make sure that the linked
tasks (i.e. tasks that need to be executed in series or tasks that have been broken down in parts) that
need to be executed prior to the tasks are first allocated. Followed by the considered tasks, and then
the linked tasks that need to be executed after the considered tasks will be allocated. The algorithm
will make sure that the linked tasks will be allocated in the same or a later shift, thereby keeping the
allocation sequence of the tasks in the right order. After which the new highest task from the cost
list is selected and allocated in the same way. Whenever a task is allocated it is removed from the
task list to ensure that each task is allocated exactly once. As with the exact method, for the same
operational level, large tasks are broken down to elemental level to ensure that each of the tasks
can be allocated to the available shifts. Whenever a task can not be allocated the algorithm will add
fictitious man-hours to the last shift and will add these man-hours to a feedback file. This way it is
possible to provide feedback to the user of the algorithm about the additional required man-hours for
the considered maintenance opportunity of the considered aircraft. Since access panels tasks have the
highest constant penalty the model will first allocate each of those tasks. It is worth mentioning that
the algorithm will try to reduce the aircraft down time by trying to allocate the tasks to shifts as early
as possible just as the objective function of the exact method aims to do.
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Figure 6.3: Approximation operational stage level 2 model flow.
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Case study: European airline
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7
Results

In the first part of this research three models were developed: one model at the tactical stage and
two operational level models. These models will be tested with data from a European airline. The data
comprises of tasks information of 45 aircraft, maintenance opportunity schedule for the entire fleet,
historical data on available man-hours, non-routine rates and daily utilization for each of the considered
aircraft. The considered time horizon is around four years starting at September 2017 and ending at
December 2021. During this time horizon there are three aircraft, AC-24, AC-28, and AC-41, which will
be phased-out. This chapter presents results from executing the models with the airlines data. Each
of the exact models were coded in Python 3.7 and solved using the free academic license of Gurobi.
The models were solved on an Intel Core i5 1.6 GHz laptop with 4GB ram. The following sections will
provide insights in the problem size, computational time and solution quality, main solution parameters
and a discussion about the obtained results for each of the considered exact models.

7.1. Exact method - results tactical stage
This section presents the results of applying the airlines data on the proposed tactical stage exact
method variant 2. The considered fleet consists of 45 aircraft with three different aircraft types.

7.1.1. Problem size
The problem size, of the tactical stage model, is obtained from Gurobi and indicates that the model
has 1.15 million decision variables and 327,901 constraints. From which 103,779 are type 1 constraints
(equation 5.2), 6,912 are type 2 constraints (equation 5.3) and 217,210 are type 3 constraints (equa-
tions 5.4 - 5.7).

7.1.2. Computational time and solution
To solve the considered time horizon, for the entire fleet, the tactical stage model takes 1,300 seconds
on the mentioned laptop. The final objective function value is 599,026. More importantly, the wasted
RUL is equal to 31,016 years. The model indicates that 65,531 A-check tasks and 20,758 C-check tasks
have been allocated, this excludes the tasks that were allocated to fictitious maintenance opportuni-
ties. It is worth mentioning that these numbers represent the clustered tasks, the declustering of the
clustered tasks will be done at the operational stage level 2 model.

7.1.3. Visualization solution parameters
The main parameters visualized in this subsection are the wasted RUL in years, number of tasks al-
located and man-hours per skill type used during the considered time horizon for each considered
aircraft. Figure 7.1 presents the wasted RUL in years for each of the considered aircraft. From the
analysis of the figure it becomes clear that on average, per aircraft, 689 years of RUL is wasted. When
analyzing the data of the average RUL values for A-check and C-check tasks, the C-check tasks waste
205 days RUL and the A-check tasks waste 19.3 days RUL on average. The total amount of tasks
allocated, per aircraft, are presented in figure 7.2. This data indicates that 24 per cent of the allocated
tasks are C-check tasks and 76 per cent of the tasks are A-check tasks. The figures also clearly shows
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Figure 7.1: Exact method: RUL wasted during considered time horizon per aircraft tail number.

that the phased-out aircraft (i.e. AC-24, AC-28, AC-41) receive significant less tasks than the other
aircraft. The last main solution parameter is the distribution of man-hours per skill type as presented

Figure 7.2: Exact method: Number of tasks allocated during considered time horizon per aircraft tail number.

in figure 7.3. Results indicate that the GR2 skill type is the most restricted skill type. When we analyze
the average man-hours required per A-check tasks and C-check tasks, we can observe that on average
an A-check tasks takes 0.57 man-hours and a C-check tasks takes 3.43 man-hours. Thus, the C-check
tasks comprise the majority of man-hours used despite their much lower per cent of the total allocated
tasks.



7.1. Exact method - results tactical stage 51

Figure 7.3: Exact method: Total amount of man-hours per skill type used during considered time horizon per aircraft tail
number.

7.1.4. Output tactical stage
The output of the tactical stage model is an excel file consisting of the used and remaining man-hours
per maintenance time segments for each considered aircraft. This file will be used as input to the
operational level stage 1 model. A snapshot of the excel file can be seen in Appendix A.

7.1.5. Discussion results
The analysis of the results suggest that C-check tasks waste 205 days RUL on average. This is caused
by the way the maintenance schedule is generated and due to operational constraints imposed by
the airline. The dynamic programming based approach, used to generate a maintenance schedule,
will schedule a new C-check block before an aircraft reaches its minimal C-check task intervals: 7,500
flight-hours, 5,000 flight-cycles or 24 months. This means that the maintenance schedule is optimized
only for tasks having the minimal C-check task intervals. Given that the calculation of the tasks costs
is based on the RUL and man-hours it may be concluded that C-check tasks contribute a major part of
the final objective function value. Therefore, the C-check tasks should be the primary focus in order
to reduce the objective function value of the task allocation problem. Since the man-hours of a C-
check task can not be adjusted the only way to reduce the objective function value is to reduce the
RUL of C-check task by a better distribution of the C-check maintenance opportunities. The proposed
distribution would be to split-up the C-check in two blocks as can be seen in figure 7.4.

Figure 7.4: Visualization split C-check maintenance concept.
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In order to support this new approach the tasks with a flight-hour limit between 7,500 and 15,000
were grouped in the following categories:

• Group 1: Tasks having a flight-hour limit interval between 7,500 and 9,000 flight-hours

• Group 2: Tasks having a flight-hour limit interval between 9,001 and 10,500 flight-hours.

• Group 3: Tasks having a flight-hour limit interval between 10,501 and 12,000 flight-hours.

• Group 4: Tasks having a flight-hour limit interval between 12,001 and 13,500 flight-hours.

• Group 5: Tasks having a flight-hour limit interval between 13,501 and 15,000 flight-hours.

The distribution of tasks that fall in the mentioned groups, for the entire fleet, are presented in figure
7.5. From this figure it becomes visible that the maintenance schedule is only optimized for the group 1
and group 5 tasks. Due to operations constraints the gap between two consecutive C-checks is mostly
around 7,000 flight-hours. This means that in most cases group 2, group 3 and group 4 maintenance
tasks will be performed at a C-check maintenance opportunities which is placed around every 7,000
flight-hours. The results of this approach is that those tasks will waste up to 40 per cent of their RUL.
It is expected that the proposed split C-check maintenance approach will allocate tasks, belonging to
group 2 and 3, to the second part of the split C-check thereby reducing the wasted RUL significantly.
Unfortunately, the proposed split C-check approach could not be tested due to the extra days needed
to prepare the maintenance tools for checks in this test case. Splitting C-check approach will incur
more days spent on preparation, therefore increasing the elapsed time of each C-check.

Figure 7.5: Number of allocated tasks per group.

7.2. Exact method - results operational stage level 1
This section presents the results of applying the proposed operational level 1 model to data from a
single aircraft. The main input to the model will be the obtained man-hours distribution per aircraft
from the tactical stage solution.

7.2.1. Problem size and computational time
It was decided to choose AC-16 as the one to indicate the problem size. The problem size is obtained
from Gurobi and indicates that the model has 31,580 decision variables and 8,487 constraints. From
which 2,621 are type 1 constraints (equation 6.2), 200 are type 2 constraints (equation 6.3) and
5,666 are type 3 constraints (equations 6.4 - 6.7). To solve the considered time horizon for AC-16 the
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operational model level 1 takes 60 seconds on the mentioned laptop. The final objective function value
is equal to 41,554.

7.2.2. Visualization solution parameters
The results of applying the model to AC-16 are presented in figure 7.6, in which the number of al-
located tasks1 per maintenance opportunities are given. It is important to notice that the first five
maintenance opportunities remain empty because the tasks excel file, provided by the airline, was
updated on the 13th of August 2018. The results indicate that the C-check maintenance opportunities
receive significantly more tasks than A-check maintenance opportunities. Furthermore, a visualization

Figure 7.6: Amount of tasks allocated per maintenance opportunity for aircraft 16.

of the man-hours constraints is given in figure 7.7 till 7.11. In these figures the red transparent bars
indicate the maximum available man-hours for each of the eight different skill types per maintenance
opportunity. When we compare the used man-hours with the available man-hours we can observe that
A-check maintenance opportunities have plenty of man-hours remaining. The C-check maintenance
opportunities seem to be a bit more restricted (i.e. less remaining man-hours available). When we an-
alyze the difference in the available man-hours and the used man-hours per skill type, we can observe
that in most occasions the skill type GR2 is the most restricted skill type. This is especially visible in
the last C-check maintenance opportunity of AC-16. It was mentioned in section 4.1.3 that A-check
opportunities are not allowed to use skill types ESHS and PINT. However, the tasks excel file, provided
by the airline, indicates that there are a few A-check tasks that require the skill type ESHS. Therefore,
the model used the available man-hours of skill type ESHS and PINT at the specific day from the HM
department.

In addition, the model was executed separately for each aircraft in the fleet. Figure 7.12 displays
the final objective function values for each of the aircraft.

7.2.3. Output operational level 1
The output of the operational level 1 model is an excel file consisting of the allocated tasks per main-
tenance opportunity. In the next operational level these tasks will be allocated down to shift level. A
snapshot of the excel file can be found in Appendix B.

1The visualized tasks are not decoupled yet, this will happen at the last operational level model.
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Figure 7.7: Used man-hours for the first set of A-checks. Figure 7.8: Used man-hours for the second set of A-checks.

Figure 7.9: Used man-hours for the third set of A-checks. Figure 7.10: Used man-hours for the last set of A-checks.

Figure 7.11: Used man-hours for the C-checks.

7.2.4. Discussion results
The analysis of the results suggest that there is a significant difference in the final objective function
value among some of the aircraft. Especially, aircraft 15,16,17,18,19 and 26 have a significant higher
objective function value compared to the average. This is caused by either one of the following reasons:
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Figure 7.12: Exact method: Objective function value per aircraft tail number.

there are more C-check maintenance opportunities scheduled, the placement of some of the mainte-
nance opportunities of these aircraft were done much earlier than their C-check minimum intervals
due to requirements from the airline, or the aircraft reached a certain age whereby tasks need to be
executed more frequently. The analysis of the results suggest that the airline has plenty of man-hours
remaining on each of the maintenance opportunities. Hence, the capabilities of the models in more
restricted cases should be tested. This is done in the sensitivity analysis chapter. In section 9.1 the
available man-hours per maintenance opportunity are decreased by a constant factor. Furthermore, in
section 9.2 the man-hours required for the C-check tasks were slowly increased by a constant factor.

7.3. Exact method - results operational stage level 2
This section presents the results of applying the proposed operational stage level 2 model on data
of aircraft 16. The model was run twice, with different starting dates, to indicate the problem size
differences between A-check and C-check maintenance opportunities. It is worth mentioning that the
exact man-hours distribution per time segment, obtained from the solution at the tactical level, is used
for the man-hours constraints of each of the shifts.

7.3.1. Problem size
The problem size for C-check maintenance opportunity C6.1, of aircraft 16, is obtained from Gurobi
and indicates that the model has 11,691 decision variables and 1,223 constraints. From which 433
are type 1 constraints (equation 6.10), 216 are type 2 constraints (equation 6.11) and 574 are type 3
constraints (equation 6.12). The task allocation problem, for one C-check, was solved in 35 seconds
by Gurobi. For the A-check maintenance opportunity A4.14 the model has 492 decision variables and
318 constraints. From which 164 are type 1 constraints, 24 are type 2 constraints and 133 are type 3
constraints. The task allocation problem, for one A-check, was solved in 5 seconds by Gurobi.

7.3.2. Visualization solution parameters
The results of running the operational level 2 model for maintenance opportunity A4.14 are presented
in figure 7.13, in which the number of tasks per shift are given. At the operational level 1 it was given
that 91 tasks were allocated to maintenance opportunity A4.14. However, figure 7.13 indicate that
there are 164 tasks allocated this is caused by the fact that the tasks at the level 1 stage were not
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decoupled, while the solution from the level 2 model decoupled the tasks. Also, 13 additional tasks
were added for opening and closing access panels as can be seen in table 7.1. The used man-hours per
skill type per shift are presented in figure 7.14 where it is indicated that there are plenty of man-hours
remaining at each of the shifts. This is expected given that maintenance opportunity A4.14 had plenty
of man-hours remaining at the operational level 1 solution.

Figure 7.13: Amount of tasks allocated per shift. Figure 7.14: Visualization man-hours used per shift.

# Task Panels Linked task #

138 825 17, 19, 82, 97
139 841 102
140 831 100
141 316AR, 315AL 66, 122
142 714, 713 48, 52, 81, 88
143 832 101
144 842 103
145 826 18, 20, 21, 84, 85, 98
146 437AL, 438AR, 452AR, 451AL 39, 68, 74, 132
147 448AR, 447AL, 461AL, 462AR 12, 40, 69, 75, 133
148 827 99
149 152KW, 151KW 22
150 744, 734, 196BB, 195BB, 197CB, 197FB, 147EB 41, 42, 43, 44, 46, 47, 53, 54, 56, 83, 95, 96

Table 7.1: Added access panels tasks and tasks numbers linked to it.

7.3.3. Output operational stage level 2
The output of the operational stage level 2 model is an excel file consisting of the tasks, with their
corresponding task information, allocated to each of the shifts. This file can directly be used by the
maintenance manager to distribute the tasks, for each shift, among the available workforce per shift.
A snapshot of the excel file can be seen in Appendix C.

7.3.4. Discussion results
The results indicate that there are additional tasks, for the opening and closing of access panels,
inserted which were previously not considered. The total man-hours required for these tasks are
around 4 per cent of the total man-hours during A-check maintenance opportunities and 3 per cent
of the total man-hours during C-check maintenance opportunities. Given the low per cent of required
man-hours for these additional tasks it was decided to not include those at earlier levels of the task
allocation framework, because this would explode the problem size. A possible solution to tackle this
problem is to deduct a constant amount of man-hours at each of the maintenance opportunities at the
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tactical stage model and operational level 1 model. This is a reasonable approach since the used man-
hours for opening and closing of access panels is more or less the same at most of the maintenance
opportunities. Given that the exact level stage 2 was solely used to indicate the performance of the
approximation algorithm, at this same stage, this factor was not included. The approximation algorithm
does have the possibility to add fictitious man-hours, which is reasonable since airlines are flexible in
their use of personnel. It is worth mentioning that this problem only occurs in very restricted cases
(i.e. almost all man-hours during a maintenance opportunity are used), which did not happen for each
of the considered aircraft during this case study.





8
Validation and Verification

This chapter will present the verification and validation for each of the proposed exact and approxima-
tion models. Given that there were plenty of man-hours remaining, at each maintenance opportunity,
it was possible to verify the approximation models by comparison with the obtained solutions from the
exact methods.

8.1. Exact method: Tactical stage model
This section deals with the verification and validation of the exact model for the tactical stage of the
task allocation framework.

8.1.1. Verification
An elemental way to check if the model corresponds to the mathematical formulation is to check the
model size. The total amount of decision variables for the tactical stage model should equal the sum
of the possible maintenance opportunities for each task having a calculated due-date before the last
maintenance opportunity of the corresponding aircraft. The total amount of constraints consist of three
different types. For each of the allocated tasks there should be an assignment constraint present. The
second constraint type should be equal to the amount of considered time segments, for the entire fleet,
times the eight different skill types. The preceding relation between scheduled and rescheduled tasks
should incorporate a constraint for each of the interval limits of the considered tasks. Therefore, the
expected model size is as follows:

• Problem size: |𝐾| = number of aircraft considered, |𝑇፤| = Number of tasks having a calculated
due-date before the last maintenance opportunity day for aircraft k, |𝑂(𝑖)፤| = Maintenance op-
portunities possible for task i of aircraft k, |𝐺𝑅| = Amount of different skill types, |𝑍| = Amount of
different maintenance time segments, |𝑆፤| = Amount of linked tasks for aircraft k, |𝑄፤| = Amount
of different tasks intervals within the linked tasks for aircraft k.

– Constraints: ∑፤∈ፊ(|𝑇፤| + |𝑆፤| ×|𝑄፤|) + |𝐺𝑅| ×|𝑍|
⋄ 103, 779 + 217, 210 + 6, 912 = 327, 901

– Variables: ∑፤∈ፊ ∑።∈ፈ |𝑂(𝑖)፤|
⋄ 1, 154, 822

In the results section 7.1 it was mentioned that there are 327,901 constraints from which 103,779
are type 1 constraints (equation 5.2), 6,912 are type 2 constraints (equation 5.3) and 217,210 are
type 3 constraints (equations 5.4 - 5.7). It was also mentioned that a total of 86,289 tasks were
allocated, which seems incorrect since there are 103,779 constraints of type 1. However, it must be
noted that any tasks allocated to the fictitious maintenance opportunities have been removed from
the final solution. Running the model again, now without removing the tasks allocated to the fictitious
maintenance opportunities, resulted in a total of 103,779 allocated tasks, which is exactly the same as
the amount of type 1 constraints. The number of second constraint types should equal the amount of
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different maintenance time segments times the available skill types. During the considered time horizon
there are 155 different time segments for C-checks maintenance opportunities and 709 time segments
for A-check maintenance opportunities. This means that there should be (155 + 709) × 8 = 6, 912
constraint of type 2, since there are eight different skill types. In order to verify the third constraint
type it is necessary to obtain the amount of different interval limits for each of the rescheduled tasks,
including those allocated to the fictitious maintenance opportunities. Figure 8.1 gives an overview of
the amount of interval limits for the tasks that need to receive type 3 constraints. The results suggest
that there should be 108,605 (1×50, 275+2×6, 623+3×15, 028) different constraints of type 3. This
is exactly half the amount of type 3 constraints used in the Gurobi model. This is caused by the fact
that it was not possible to present both an upper and lower bound for each of the type 3 constraints.
Therefore, the Gurobi model will have a constraint for the upper bound and another one for the lower
bound for each type 3 constraint. Thus, it may be concluded that the expected amount of constraints,
for each constrain type, is met. The total amount of decision variables should be equal to all 1’s within
the due-date sets for each of the considered aircraft. Summing these values led to 1.15 million decision
variables which is equivalent to the amount mentioned in the results section.

Figure 8.1: Amount of interval limits for tasks having a linked constraint.

In addition, the second constraint type can be verified by plotting the available man-hours against
the used man-hours for each of the maintenance days. Given that the problem size is large, it is only
possible to visualize the second constraint type by taking a snapshot of the problem as can be seen in
figure 8.2. In this figure there are seven time segments, which are shared among five aircraft. The
obtained results of the tactical stage model indicates the used man-hours per skill type, per aircraft,
for each of the time segments as presented in figure 8.3. In the figure there are eight different bars
per time segment given, these bars represents the different skill types in the following sequence: GR1,
GR2, GR4, ESHS, PINT, MAP, and NDT. As with the earlier presented figures the red transparent bars
indicate the maximum available man-hours. When we analyze the figure it becomes evident that only
time segment 1,2 and 6 use the full capacity of skill type GR2 during the time horizon. Thus, the
maximum available man-hours, per skill type, is not exceeded on each of the time segments.

8.1.2. Validation
No similar studies, examples or test cases from the airline could be compared. Therefore, expert
opinion is used for validation of the model. The validation of the model is led by an expert of the
airline with respect to the task allocation for the entire fleet. The expert has successfully validated the
model by controlling a subset of the tasks allocated. It is worth mentioning that it was not possible to
compare the obtained solution with the current maintenance schedule of the airline since the airline
does not have results for a time horizon beyond a few months.
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Figure 8.2: Snapshot of maintenance overlap between aircraft.

Figure 8.3: Man-hours per skill type used per time segment.

8.2. Exact method: Operational stage level 1 model
This section deals with the verification and validation of the exact model for the operational stage level
1 of the task allocation framework.

8.2.1. Verification
An important step in the verification of the operational stage model level 1 is to see if the problem size
is exactly as expected. For this model the total amount of decision variables should be equal to the
sum of the amount of possible maintenance opportunities for each of the tasks. When looking at the
amount of constraints it is important to look at the different constraints separately. For each of the tasks
scheduled there should be an assignment constraint present (i.e. type 1 constraint). This means that
the amount of scheduled tasks should equal the amount of assignment constraints. Given that there
are eight different skill types, there need to be eight man-hours constraints (i.e. type 2 constraint)
for each maintenance opportunity. The preceding relation between scheduled and rescheduled tasks
should incorporate a type 3 constraint for each of the interval limits of the considered tasks. This results
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in the following problem size for the task allocation model of one single aircraft:

• Problem size: |𝑇| = Number of tasks having a calculated due-date before the last maintenance
opportunity day, |𝑂(𝑡)| = Maintenance opportunities possible for task t, |𝐺𝑅| = Amount of dif-
ferent skill types, |𝑍| = Amount of different maintenance opportunities, |𝑆| = Amount of linked
tasks, |𝐼| = Amount of different tasks intervals.

– Constraints: |𝑇| + |𝐺𝑅| ×|𝑍| + |𝑆| ×|𝐼|
⋄ 2, 621 + 25 × 8 + 2, 833 + 5, 666 = 8, 487

– Variables: sumፓ |𝑂(𝑡)|
⋄ 31, 580

The problem size will be verified with the results obtained from solving the operational level 1 model
with AC-16 as presented in section 7.2. In this section it was mentioned that there are 31,580 decision
variables and 8,487 constraints. From which 2,621 are type 1 constraints (equation 6.2), 200 are type 2
constraints (equation 6.3) and 5,666 are type 3 constraints (equations 6.4 - 6.7). In order to verify the
first constraint type it is necessary to look at the total amount of allocated tasks. At the final solution
there are 2,343 tasks allocated, which seems to be incorrect since there are 2,621 type 1 constraints.
However, as with the tactical level model, the tasks allocated to the fictitious maintenance opportunities
were removed. Thus, in order to verify the first constrain type the model was run again now without
removing the fictitious maintenance opportunities. The results of this new run are visualized in figure
8.4, where the amount of tasks allocated to each of the maintenance opportunities are given. From the
analysis of this figure it becomes evident that there are 278 tasks allocated to fictitious maintenance
opportunities. This means that a total of 2, 343+278 = 2, 621 tasks were allocated which is equal to the
amount of constraints of type 1. The second constraint type should equal the amount of maintenance
opportunities (i.e. excluding fictitious maintenance opportunities) times the different skill types. There
are 25 real maintenance opportunities for AC-16 as can be seen in figure 8.4. Furthermore, there
are eight different skill types which means that there should be 25 × 8 = 200 constraints of type 2.
The Gurobi model confirms that this is indeed the number of constraints used in the model. In order
to verify the third constraint type it is necessary to search the interval characteristics of each of the
allocated tasks. Figure 8.5 indicate that there are 1277 tasks with a single interval limit, 166 tasks
with two interval limits and 408 tasks with three interval limits. Thus, the results suggest that there
should be 1 × 1, 277 + 2 × 166 + 3 × 408 = 2, 833 constraints of the third type. Which is exactly half
the amount of type 3 constraints used in the Gurobi model. This is caused by the fact that it was
not possible to present both an upper and lower bound for each of the type 3 constraints. Therefore,
the Gurobi model will have a constraint for the upper bound and another one for the lower bound per
type 3 constraint. This concludes that the expected amount of constraints, for each constraint type, is
met. The total amount of decision variables should be equal to all 1’s within the due-date set for the
considered aircraft. Summing these 1’s led to a total of 31,580 decision variables. Which is equivalent
to the amount of decision variables mentioned in the results sections. Thus, it may be concluded that
the problem size is exactly as expected.

8.2.2. Validation
The first operational level model uses the same code as the tactical stage model, with the only difference
being that there is a single aircraft selected. Therefore, the model validation was already done at section
8.1.2, where an expert of the airline successfully validated the tactical stage model.

8.3. Exact method: Operational stage level 2 model
This section deals with the verification and validation of the exact model for the operational stage level
2 of the task allocation framework.

8.3.1. Verification
An important step in the validation of the operational stage model level 2 is to see if the problem
size is exactly as expected. The total amount of decision variables should be equal to the sum of the
amount of possible shifts for each of the allocated tasks at the considered maintenance opportunity.
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Figure 8.4: Amount of tasks allocated per maintenance opportunity (including fictitious maintenance opportunities) for aircraft
16.

Figure 8.5: Amount of different interval limits for the allocated tasks.

When looking at the amount of constraints it is important to look at the different constraints separately.
For each of the tasks scheduled there should be an assignment constraint present. This means that
the amount of scheduled tasks should be equal to the amount of assignment constraints. Since there
are eight different skill types available during each of the shifts, there need to be eight man-hours
constraints per shift. The preceding relation between tasks should be incorporated. This means that
any task that require the opening or closing of access panels and tasks that should be executed in
series should receive a constraint of the third type. Therefore, the expected model size is as follows:

• Problem size: |𝑇| = Number of scheduled tasks, |𝑆| = Number of shifts, |𝐺𝑅| = Amount of
different skill types, |𝐾| = Amount of linked tasks.
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– Constraints: |𝑇| + |𝑆| ×|𝐺𝑅| + |𝐾|
⋄ 168 + 3 × 7 + 133 = 322

– Variables: |𝑇| ×|𝑆|.
⋄ 164 × 3 = 492

In the results section 7.3 it was mentioned that there are 492 decision variables and 318 constraints
from which 164 are type 1 constraints (equation 6.10), 24 are type 2 constraints (equation 6.11) and
133 are type 3 constraints (equation 6.12). According to the problem size the amount of decision
variables should equal the number of tasks allocated times the number of shifts. The results of the
operational level 1 model indicate that 138 tasks are allocated1 to maintenance opportunity A4.14. This
means that there should be 138 × 3 = 414 decision variables, which is 78 less than the number of
decision variables used in the Gurobi model. This difference is caused by the additional tasks which
were added in the access panel loop. In this case 26 tasks have been added, 13 for opening the access
panels and 13 for closing them, as was shown in table 7.1. Adding these tasks result in a total of 164
tasks. Given that there are three different shifts, during maintenance opportunity A4.14, there should
be 3 × 164 = 492 decision variables. Which is exactly the same amount as used in the Gurobi model.
When considering the type 1 constraints, there should be 164 assignment constraints, one for each
of the allocated tasks. The results indicate that there are indeed 164 constraint of type 1 present in
the model. Given that there are three shifts and eight different skill types there should be 3 × 8 = 24
constraints of type 2, which is equivalent to the amount of constraints of type 2 used in the Gurobi
model. Furthermore, there are 47 tasks that need to be executed in series and 43 tasks that can only
be executed if the access panels are open. Tasks that are related to the opening of access panels will
receive two linked constraints, one to ensure that the access panels are opened before the tasks are
executed and another one to make sure that the panels are only closed if each of the tasks requiring
those access panels is executed. This means that there should be 47 + 43 × 2 = 133 constraints of
the third type, which is equal to the amount of constraints of type 3 used in the model. Hence, it is
concluded that the expected amount of constraints, for each constraint type is met.

8.3.2. Validation
Given that the problem size of the considered maintenance opportunity A4.14 is limited it was possible to
manually validate the model. The first thing to validate is that the correct access panels are selected for
each of the tasks that require the opening of access panels. Each of the allocated tasks to maintenance
opportunity A4.14 were checked and the ones requiring the opening of an access panel are displayed
in table 8.1. In order to prevent the repetitive opening or closing of access panels it is essential to find
tasks that require the same access panels. The results of this is displayed in table 8.2, in which there
are twelve additional tasks created each for the opening of specific access panels group. The linked
tasks numbers in the last column of table 8.2 will all receive two linked constraints, one to ensure that
the access panels are opened prior to the execution of the respective tasks and another one to make
sure that the access panels are closed after each of the tasks is executed. In addition, the main thing
to validate is that each of the tasks scheduled at the operational level 1 are allocated to shifts at the
operational level 2. The output of the operational level 1 indicates that 138 tasks were scheduled on
A4.14, while the output of the operational level 2 model indicates a total of 168 allocated tasks. This is
caused by the fact that there are 13 new tasks created for opening access panels and 13 to close access
panels. In addition, it was checked that the same unique tasks reference numbers, from operational
level 1, were also present in the solution of the operational level 2.

8.4. Validation approximation algorithms
The case study results indicate that the man-hours are not the main constraint to the problem, for each
of the maintenance opportunity dates. This makes it possible to validate the approximation algorithms
by comparison with the solutions from the exact methods. Each of the approximation models should
give the same solution and parameters as the exact models for the data used during the case study.
The approximation algorithms were solved on an Intel Core i5 1.6 GHz laptop with 4GB ram. This
laptop was also used for the exact methods.

1Including the decoupled tasks
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# Task Panels #Task Panels # Task Panels

12 448AR 48 713, 714 88 714, 713
17 825 52 713, 714 95 734
18 826 53 734 96 744
19 825 54 744 97 825
20 826 56 744 98 826
21 826 66 316AR, 315AL 99 827
22 152KW, 151KW 68 438AR, 437AL 100 831
39 437AL 69 447AL, 448AR 101 832
40 447AL 74 437AL 102 841
41 196BB, 195BB, 197CB, 197FB, 734 75 447AL 103 842
42 197FB, 196BB, 744 81 714, 713 122 315AL
43 744, 196BB, 197FB 82 825 132 438AR, 437AL, 451 AL, 452AR
44 744, 734 83 147EB, 734, 744 133 416AL, 448AR, 462AR, 447AL
46 734 84 826
47 744 85 826

Table 8.1: Tasks that require the opening of access panels.

# Task Panels Linked task #

138 825 17, 19, 82, 97
139 841 102
140 831 100
141 316AR, 315AL 66, 122
142 714, 713 48, 52, 81, 88
143 832 101
144 842 103
145 826 18, 20, 21, 84, 85, 98
146 437AL, 438AR, 452AR, 451AL 39, 68, 74, 132
147 448AR, 447AL, 461AL, 462AR 12, 40, 69, 75, 133
148 827 99
149 152KW, 151KW 22
150 744, 734, 196BB, 195BB, 197CB, 197FB, 147EB 41, 42, 43, 44, 46, 47, 53, 54, 56, 83, 95, 96

Table 8.2: Additional opening access panels tasks, including linked tasks numbers.

8.4.1. Approximation algorithm: Tactical stage
To solve the considered planning horizon, for the entire fleet, the tactical stage approximation model
takes 840 seconds on the mentioned laptop. The solution indicates that 65,531 A-check tasks and
20,758 C-check tasks have been allocated. The number of tasks allocated, to each aircraft, is exactly
the same as the solution from the exact method. An illustration of the distribution of A-tasks and
C-tasks per aircraft is given in figure 8.6. The total man-hours used, for the entire fleet, corresponds
to a total of 221,574 man-hours. A distribution of the man-hours per skill type for each aircraft is given
in figure 8.7. The distribution per aircraft as well as the total man-hours used is identical with the
solution from the exact method. This concludes, that the output of the approximation tactical stage
model, which is the available man-hours for each skill type per maintenance time segment, is exactly
the same as the solution from the exact method. The only difference between the two models is the
final objective function value, which is just 167 higher for the approximation algorithm compared to
the solution of the exact method. This difference corresponds to 0.02 per cent which is negligible and
was therefore not investigated.

8.4.2. Approximation algorithm: Operational stage level 1
Since there is no additional input at the operational level 1 (e.g. additional tasks or utilization correction)
the man-hours distribution per time segment, obtained from the tactical stage solution, is used as only
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Figure 8.6: Approximation algorithm: Number of tasks allocated during considered time horizon per aircraft tail number.

Figure 8.7: Approximation algorithm: Number of tasks allocated during considered time horizon per aircraft tail number.

new input. The operational level 1 model was run for each of the aircraft and the corresponding RUL
wasted and the objective function values were compared to the results from the exact method as can
be seen in figure 8.8 and 8.9, respectively. The figure indicates that the calculated objective function
value, for each aircraft, is equivalent to the ones presented for the exact method. In addition, the
number of tasks allocated and man-hours used per skill type for each of the aircraft was exactly the
same as the solution of the exact method. This can be expected since there was a surplus of man-hours
available on each of the maintenance opportunities.
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Figure 8.8: Comparison RUL wasted per aircraft obtained from exact method and approximation algorithm solution.

Figure 8.9: Comparison of objective function values obtained from exact method and approximation algorithm solution.

8.4.3. Approximation algorithm: Operational stage level 2
The first thing to check at the operational stage level 2 model is that the correct access panels will be
opened. The results of executing the approximation operational level 2 model, on data of aircraft 16,
indicate that for maintenance opportunity A4.14 13 groups of access panels need to be opened. The
different groups of access panels that need to be opened, according to the model, are given in table
8.3. These are exactly the same as the ones presented in the solution of the exact method. Another
important thing to confirm is that the amount of tasks as well as the unique tasks reference numbers
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are equal to the ones presented in the solution of the exact method. The results of the approximation
model indicate that there are 164 tasks allocated, with the same unique reference tasks numbers as the
ones presented for the exact method solution. The last main thing to check is if the tasks that represent
a series need to be executed in the right sequence. These tasks all received a linked constraint in the
exact model. The approximation algorithm will allocate tasks with a linked constraint at the same or a
later shift. Results indicate that each of the linked tasks were allocated in the right sequence to shift
1 of maintenance opportunity A4.14. This concludes that the model at the operational level 2 was
successfully validated.

# Task Panels #

138 825
139 841
140 831
141 316AR, 315AL
142 714, 713
143 832
144 842
145 826
146 437AL, 438AR, 452AR, 451AL
147 448AR, 447AL, 461AL, 462AR
148 827
149 152KW, 151KW
150 744, 734, 196BB, 195BB, 197CB, 197FB, 147EB

Table 8.3: Newly inserted opening access panels tasks.

8.5. Incorporation models into AIRMES
The AIRMES project is a European Union funded research project that focuses on optimizing end-to-end
maintenance activities within an operator’s environment. The proposed approximation algorithms are
successfully integrated with the AIRMES tool as can be seen in Appendix E and F. On Wednesday 27th
of March 2019 a successful live demo was given to stakeholders of the AIRMES project. In the demo
the results of the models were shown using data of 55 different aircraft, a 4 year planning horizon and
an updated task excel file that was aligned with the current operation of the fleet.
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Sensitivity analysis

A sensitivity analysis is conducted to seek how some of the key parameters and assumptions associated
with the case study affect the results of the proposed models. Each of the exact models were coded in
Python 3.7 and solved using the free academic license of Gurobi. The approximation algorithms were
coded and solved with Python 3.7. The computational times are obtained by solving the models on an
Intel Core i5 1.6 GHz laptop with 4GB ram.

9.1. Tactical stage models: Reduced man-hours factor
In the results chapter it was already noticed that each of the maintenance opportunities had a surplus
in man-hours. In order to assess the behaviour of the model, under more restricted cases, the available
man-hours was slowly reduced. In this section results will be presented from simulating the tactical
stage model with reduced man-hours, by slowly reducing a factor, that is multiplied with the available
man-hours at both the A and C check maintenance opportunities, from 0.6 to 0.4.

9.1.1. Results
Figure 9.1 presents the results of simulating different man-hours factors, for the exact method and
approximation algorithm, between 0.6 and 0.4. In this figure each of the round points indicate a
decrease of the man-hours factor with 0.1. Based on the results it may be concluded that the objective
function value starts to decrease below a man-hours factor of 0.58. This means that below this factor
parts of the time segments reach their full man-hours capacity. The consequence of this is that some of
the tasks will be allocated to earlier maintenance opportunities than originally intended at higher man-
hours factors. If one compares the solution quality of the approximation algorithm to the reference
solution (i.e. solution of the exact method), there is a small difference obtained which slowly increases
to 4.9 per cent at a man-hours factor of 0.4. It is relevant to mention that the approximation algorithm
used a few A-check fictitious man-hours for the case of a man-hours factor of 0.41 and 0.40. The
computational time required to solve the approximation algorithm behaves linear and takes only 948
seconds for a man-hours factor of 0.4. This is already lower than the time required to solve the
man-hours factor of 0.6 with the exact method, which takes 1,213 seconds. The computational time
required to solve the exact method shows a strong increasing trend that starts at 1213 seconds for a
man-hours factor of 0.6 and ends up with an astonishing 24,614 seconds for a man-hours factor of
0.4. This means that the exact method takes almost 26 times longer to find a solution compared to
the approximation algorithm for a man-hours factor of 0.4. The obtained simulation results visualized
in figure 9.1 are presented in Appendix G.

Figure 9.2 presents, for three different man-hours factors, the RUL wasted per aircraft as obtained
from the approximation algorithm solution. The obtained results of the man-hours factor of 0.35
required 96 fictitious C-check man-hours and 6 fictitious A-check man-hours. The figure shows that
decreasing the available man-hours has as affect that more RUL is wasted for most aircraft. This means
that decreasing the available man-hours has as direct affect that more tasks will need to be executed on
an earlier maintenance opportunity than originally intended at a man-hours factor above 0.58. In order
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Figure 9.1: Comparison models tactical level with decreased man-hours factor from 0.6 to 0.4.

to visualize the man-hours constraints a snapshot of overlap among aircraft is analysed. Figure 9.3
illustrate a snapshot of the maintenance schedule where five different aircraft are linked in seven time
segments. In this figure there are eight different bars per time segment given, these bars represents
the different skill types in the following sequence: GR1, GR2, GR4, ESHS, PINT, MAP, and NDT. The
available man-hours (i.e. red transparent bars) and the used man-hours (i.e. legend colours for each
aircraft), for a factor of 0.42, per time segments are presented in figure 9.4. This figure confirms that
skill type GR2 is the most restricted skill type. Within time segments 1,2,3,4,5 and 6 the maximum
man-hours capacity of skill type GR2 was used. This means that there will be tasks, requiring skill type
GR2, that are allocated at an earlier maintenance opportunity compared to the case of a man-hours
factor above 0.58. The exact method solution show similar results for this same situation as can be
seen in appendix D.

9.1.2. Discussion of results
The results indicate that decreasing the amount of man-hours available affect the wasted RUL for most
of the aircraft. In figure 9.4 it can be seen that AC-5, AC-16, and AC-17 used all their man-hours of
skill type GR2 during their time segments. The affect on the RUL becomes visible in figure 9.2 wherein
AC-5, AC-16, and AC-17 show a significant increase in RUL wasted. Overall, the results indicate that
both models are capable of providing solutions even for cases where tasks are allocated to earlier
maintenance opportunities than originally intended at non-restricted situations.

9.2. Tactical stage models: Increased man-hours factor for C-
check tasks

From the solutions, obtained in the case study, it was observed that C-check maintenance opportunities
are more restricted than A-check maintenance opportunities. In order to further assess the capabilities
of the tactical level models it was decided to increase the man-hours required for C-check tasks. For
this experiment the non-routine rates, as obtained from the airline, are excluded and replaced with a
factor that is multiplied with each of the C-check tasks. By slowly increasing this so called ’cfactor’ it is
possible to assess the capabilities and quality of the tactical level models.

9.2.1. Results
Figure 9.5 presents the results of simulating cfactors, from 2.0 to 4.0, for the proposed tactical level
models in chapter 5. If one compares the solution quality of the approximation algorithm to the ref-



9.2. Tactical stage models: Increased man-hours factor for C-check tasks 71

AC
 1

AC
 2

AC
 3

AC
 4

AC
 5

AC
 6

AC
 7

AC
 8

AC
 9

AC
 1

0
AC

 1
1

AC
 1

2
AC

 1
3

AC
 1

4
AC

 1
5

AC
 1

6
AC

 1
7

AC
 1

8
AC

 1
9

AC
 2

0
AC

 2
1

AC
 2

2
AC

 2
3

AC
 2

4
AC

 2
5

AC
 2

6
AC

 2
7

AC
 2

8
AC

 2
9

AC
 3

0
AC

 3
1

AC
 3

2
AC

 3
3

AC
 3

4
AC

 3
5

AC
 3

6
AC

 3
7

AC
 3

8
AC

 3
9

AC
 4

0
AC

 4
1

AC
 4

2
AC

 4
3

AC
 4

4
AC

 4
5

Aircraft number

0

200

400

600

800

1000

1200

1400

1600

1800
W

as
te

d 
RU

L i
n 

ye
ar

s
Factor = 1.0
Factor = 0.42
Factor = 0.35

Figure 9.2: Approximation algorithm: Wasted RUL per aircraft tail number under various conditions.

Figure 9.3: Snapshot of maintenance overlap between aircraft.

erence solution (i.e. solution Exact method variant 2), there is a small error obtained which slowly
increases by increasing cfactor up to a 1% difference for the case of a cfactor of 3.5. The fictitious
maintenance opportunities of the second variant of the exact method results into slightly better solu-
tions than the first variant of the exact method for restricted cases with a cfactor of 2.5 and above. It
was observed that the computational time of the approximation algorithm behaves linear with increas-
ing cfactor. On the other hand the exact methods show a strong increasing trend especially at higher
cfactors. If one compares the computational time of the approximation algorithm to the reference
solution, exact method variant 2, the computational time of the exact method is already more than
twice as high for a cfactor of 2.0 and increases up to six times as high for a cfactor of 3.5. It is relevant
to mention that the second variant of the exact method has a lower computational time for restricted
cases than the first variant of the exact method. Each of the models have been tested up to a cfactor
of 4.0, only the approximation algorithm was not able to provide a solution, without using fictitious
man-hours, for cases with a cfactor higher than 3.5. The obtained simulation results visualized in figure
9.5 are presented in Appendix H.
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Figure 9.4: Approximation algorithm: Man-hours per skill type used per time segments for the man-hours factor equal to 0.42.

Figure 9.5: Comparison models tactical level with increased cfactor from 2.0 to 4.0.

9.2.2. Discussion of results
It was observed that the approximation algorithm was not able to provide a solution, without using
fictitious man-hours, in the case of a cfactor above 3.5. In reality airlines will try to execute their
tasks at their last possible maintenance opportunity, which corresponds to the situation of a cfactor
between 2.0 and 2.5. Results of cfactors above 2.5 causes the execution of tasks before their optimal
maintenance opportunity which will be avoided by most airlines. Therefore, it may be concluded that
the approximation algorithm is capable enough of handling real life situations. Results suggest that the
solution quality of the exact method variant 2 are slightly better for cfactor values above 2.5. This was
expected since the fictitious maintenance opportunity give the second variant model more freedom
to choose which tasks to add in the solve loop compared to the first variant of the exact method.
Furthermore, the computational time of the second variant model is lower than the first variant model
for restricted cases. This is caused by the fact that the fictitious maintenance opportunities will increase
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the change of solving the problem without using additional iterations.

9.3. Tactical stage models: Allow small C-check tasks into A-
check maintenance opportunities

Results clearly indicated that A-check maintenance opportunities have much more man-hours remaining
than C-check maintenance opportunities. Therefore, it might be interesting to allocate some of the
smaller C-check tasks into A-check opportunities. It is expected that this will lead to a decrease in
the objective function caused by a decrease of the average RUL value of C-check tasks. It is worth
mentioning that small C-check tasks, that require skill types ESHS or PINT, will not be allowed on A-
check maintenance opportunities. In this section results of simulating the models with allowing small
C-check tasks at A-check maintenance opportunities will be presented. Various scenarios were tested
whereby the limit of man-hours C-check tasks, to be allowed on A-check maintenance opportunities,
was changed from 0 to 2.5.

9.3.1. Results
It was mentioned in subsection 7.1.3 that for the case study data the average RUL wasted per C-check
task was 205 days and per A-check task 19.3 days. Figure 9.6 presents the average RUL wasted per
C-check tasks and per A-check tasks for the various maximum C-check tasks man-hours limits that were
allowed on A-check maintenance opportunities. When analyzing the results it is clearly visible that the
average RUL wasted per C-check task shows a decreasing trend. At a C-check tasks man-hours limit
of 2.5 the average RUL wasted, in days, of a C-check tasks is 132. This is an improvement of 42 per
cent compared to the situation where no C-check tasks are allowed during the A-check maintenance
opportunities. Furthermore, figure 9.7 presents the average RUL wasted in years, per aircraft tail
number, for the different limit C-check man-hours. For each of the aircraft tail numbers, except two of
the phased-out aircraft, the average wasted RUL in years will decrease when the C-check man-hours
limit is increased. The solutions from the approximation algorithm show similar results.

Figure 9.6: Exact method: Average wasted RUL in days for increased C-check task man-hours limits.
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Figure 9.7: Exact method: Average wasted RUL in years per aircraft tail number for various C-check task man-hours limits.

9.3.2. Discussion of results
The results indicate that C-check tasks will have a lower average wasted RUL when some of the C-check
tasks are allowed on A-check maintenance opportunities. This was expected given that the maintenance
schedule is optimized for C-check tasks that have interval limits around the minimal C-tasks intervals
7,500 flight-hours, 5,000 flight-cycles or 24 months and their consecutive intervals.

9.4. Approximation tactical stage model: Maintenance schedule
During the case study results were obtained by executing the tactical stage model on a maintenance
schedule with a planning horizon of 4 years. The model was also tested for different maintenance
schedules with a 3, 4, 5 and 6 years planning horizon. Appendix I presents the computational times
required to solve the different planning horizons with the approximation algorithm at the tactical stage.
The results indicate that the approximation algorithm has a linear time behaviour when the planning
horizon is extended.

9.5. Operational stage level 1 model: Reduced man-hours factor
Since the tactical stage, of the model framework, will transfer the interdependent problem to an inde-
pendent problem it is possible to solve the task allocation problem, at the operational stage level 1, for
each aircraft separately, thereby reducing the complexity of the problem considerably. The output of
the tactical stage will be used as main new input at the operational stage level 1 model. In this section
the effect of reducing the man-hours with a factor of 0.6 and 0.4 will be presented for the operational
stage level 1 model.

9.5.1. Results
The operational stage level 1 model was tested with the excel file obtained from simulating the tactical
stage model with a man-hours factor of 0.6 and 0.4. The average computational time of the approx-
imation operational stage level 1 model was around 30 seconds, while the exact method took around
90 seconds. Given that there is no additional input inserted in the operational level 1 model (e.g. addi-
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tional tasks, utilization correction) the solution quality difference, on average per aircraft, between the
exact method and approximation algorithm remains the same as the tactical stage model. A snapshot
of the maintenance schedule (figure 9.3) was investigated in section 9.1. In which it was indicated
that reducing the man-hours factor to 0.4 results in a restricted situation for AC-5, AC-16 and AC-17
(as can be seen in figure 9.4). Therefore, the approximation operational level 1 model was solved for
AC-5, AC-16 and AC-17 with a man-hours factor of 0.6 and 0.4. Results of the man-hours distribution
for the C-checks are presented in figure 9.8 till 9.13. Each of the figures indicate that no restriction in
man-hours occur when a man-hours factor of 0.6 was used. However, the figures show that a man-
hours factor of 0.4 results in a restricted situation. Whereby, tasks are allocated to an earlier C-check
maintenance opportunity than originally planned. Table 9.1 presents simulations results of using the
man-hours factor of 0.6 and 0.4 for the approximation algorithm. The following is observed:

• AC-5: At the restricted maintenance opportunity C12.1 a total of 188.78 required man-hours of
skill type GR-2 (which corresponds to 58 per cent of the total used man-hours at the man-hours
factor of 0.6) could not be used, when considering a man-hours factor of 0.4, and was therefore
shifted to an earlier maintenance opportunity.

• AC-16: At the restricted maintenance opportunity C7.1 + A1.17 a total of 466.11 required man-
hours of skill type GR-2 (which corresponds to 26.5 per cent of the total used man-hours at the
man-hours factor of 0.6) could not be used, when considering a man-hours factor of 0.4, and
was therefore shifted to an earlier maintenance opportunity.

• AC-17: At the restricted maintenance opportunity C7.1 + A3.16 a total of 521.93 required man-
hours of skill type GR-2 (which corresponds to 28 per cent of the total used man-hours at the
man-hours factor of 0.6) could not be used, when considering a man-hours factor of 0.4, and
was therefore shifted to an earlier maintenance opportunity.

Furthermore, the simulations results from executing the exact method with a man-hours factor of 0.6
and 0.4 are presented in table 9.2. From the comparison of these tables it may be concluded that the
amount of skill type GR-2 man-hours used at the considered C-checks, for each aircraft, is almost equiv-
alent for both models. The only difference can be found in the total amount of tasks allocated to the
specific C-check maintenance opportunities. As expected the exact method, for restricted cases, seems
to be more capable of determining which tasks to allocate to the restricted maintenance opportunities.

Figure 9.8: AC-5 results with a man-hours factor of 0.6 Figure 9.9: AC-5 results with a man-hours factor of 0.4

9.5.2. Discussion of results
The presented results confirm that both the exact and approximation algorithm are capable of allocating
a large portion of the required man-hours to an earlier maintenance opportunities in restricted cases
(i.e. up to 58 per cent for AC-5). The presented results for a man-hours factor of 0.4 show that the
exact method of the operational stage level 1 model performs better than the approximation algorithm.
However, it must be noted that the 0.4 man-hours factor leads to an unrealistic situation where a
significant amount of man-hours required at unrestricted situations (i.e. AC-5 58 per cent, AC-16 25
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Figure 9.10: AC-16 results with a man-hours factor of 0.6 Figure 9.11: AC-16 results with a man-hours factor of 0.4

Figure 9.12: AC-17 Results with a man-hours factor of 0.6 Figure 9.13: AC-17 results with a man-hours factor of 0.4

AC MO MH factor GR2 available Approximation algorithm: GR2 used # tasks allocated

AC-5 C11.1 + A4.25 0.6 1926.8 77.5 118
AC-5 C11.1 + A4.25 0.4 994.3 274.9 162
AC-5 C12.1 0.6 339.4 321.6 308
AC-5 C12.1 0.4 123.84 123.82 263
AC-16 C6.1 0.6 841 237.79 199
AC-16 C6.1 0.4 828 701.6 299
AC-16 C7.1 + A1.17 0.6 1790 1759.8 622
AC-16 C7.1 + A1.17 0.4 1294.4 1293.69 520
AC-17 C6.1 0.6 1432.35 164.4 166
AC-17 C6.1 0.4 954.5 678.7 275
AC-17 C7.1 + A3.16 0.6 1916.4 1857.6 654
AC-17 C7.1 + A3.16 0.4 1336.8 1335.67 540

Table 9.1: Approximation algorithm: Solutions obtained from using a man-hours factor of 0.6 and 0.4

per cent and AC-17 28 per cent), were allocated to earlier maintenance opportunities. This is especially
undesired during C-check maintenance opportunities since the gap between two C-checks is around 2
years.

9.6. Operational stage level 2 model: Reduced man-hours factor
As was explained earlier, in the discussion section of section 7.3, the operational stage level 2 models
introduce a small amount of additional tasks to open and close specific access panels. This leads to
problems if the full man-hours capacity of a specific skill type is used during a maintenance opportunity.
Therefore, it was recommended to already reserve some of the man-hours for opening and closing of
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AC MO MH factor GR2 available Exact method: GR2 used # tasks allocated

AC-5 C11.1 + A4.25 0.6 1926.8 77.5 118
AC-5 C11.1 + A4.25 0.4 994.3 280 159
AC-5 C12.1 0.6 339.4 321.6 308
AC-5 C12.1 0.4 123.84 123.84 266
AC-16 C6.1 0.6 841 237.79 199
AC-16 C6.1 0.4 828 700 235
AC-16 C7.1 + A1.17 0.6 1790 1759.8 622
AC-16 C7.1 + A1.17 0.4 1294.4 1294 581
AC-17 C6.1 0.6 1432.35 164.4 166
AC-17 C6.1 0.4 954.5 678.4 195
AC-17 C7.1 + A3.16 0.6 1916.4 1857.6 654
AC-17 C7.1 + A3.16 0.4 1336.8 1336.8 614

Table 9.2: Exact method: Solutions obtained from using a man-hours factor of 0.6 and 0.4

access panels at the tactical stage model. Results presented in this section did not reserve any man-
hours during the tactical stage model. Therefore, only the results of the approximation algorithm at
the operational stage level 2 are presented for various man-hours factors.

9.6.1. Results
The approximation algorithm at the operational stage level 2 was executed for the restricted C-check
maintenance opportunity of AC-5 (figure 9.14 and 9.15), AC-16 (figure 9.16 and 9.17) and AC-17
(figure 9.18 and 9.19) with a man-hours factor of 0.8 and 0.6, respectively. Each of the figures clearly
indicate that the downtime of the aircraft is shorter when a man-hours factor of 0.8 is used. This
makes absolutely sense since more man-hours are available at higher man-hour factors. The figures
also confirm that the man-hours factor of 0.6 corresponds to the situation where each of the shifts use
all their GR2 skills for AC-5 and AC-16. The maintenance downtime of each aircraft would be much
lower if there would be more man-hours of skill type GR2. For example when considering figure 9.16
the shifts 9 till 59 are used to allocate tasks that only require skill type GR2 and any tasks that may not
be executed earlier due to the linked constraints with the allocated GR2 tasks. This means that during
these shifts there is plenty of man-hours remaining of the other skill types.

Figure 9.14: AC-5 results with a man-hours factor of 0.8 Figure 9.15: AC-5 results with a man-hours factor of 0.6

9.6.2. Discussion of results
The results indicate that the approximation algorithm is capable of allocating the tasks to the available
shifts within seconds. It was shown in the results that a lower man-hours factor results in a reduced
aircraft downtime. Furthermore, the results confirm that the GR2 skill type is the most constricted skill
type. Therefore, the recommendation would be to certify some of the engineers, currently certified
with skill type GR4, ESHS, PINT or MAP, with skill type GR2. This allows for a better match between
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Figure 9.16: AC-16 results with a man-hours factor of 0.8 Figure 9.17: AC-16 results with a man-hours factor of 0.6

Figure 9.18: AC-17 results with a man-hours factor of 0.8 Figure 9.19: AC-17 results with a man-hours factor of 0.6

skill types demand and available man-hours per skill type. This better match between demand and
available man-hours per skill type will result in a lower overall aircraft maintenance downtime.

9.7. Approximation algorithm operational stage level 2: Addi-
tional constraint

The third constraint type (equation 6.12) of the shift level model ensures that any preceding relation
between tasks is not violated. Among these tasks are large tasks that are broken down into smaller
tasks, requiring a maximum of four man-hours, and tasks that need to be executed in series. The
third constraint type made sure that these tasks would be executed within the same or a later shift
depending on the man-hours available during that shift. The results of the model indicated that most of
those tasks would be allocated to the same shift. The intention was that those tasks should be spread
over the different shifts so that just one or two technicians could work on part of those tasks per shift.
In order to accomplish this the following change was made for C-check maintenance opportunities:

• Any task that is broken down to smaller tasks or tasks that need to be executed in series may
only be allocated to the same shift if the sum of the allocated preceding tasks of the task did not
exceed eight man-hours at the considered shift. Otherwise the task is allocated to the next shift.

The change was implemented into the approximation algorithm of the operational stage level 2.
The improved algorithm was tested on the restricted maintenance opportunity of AC-5, AC-16 and
AC-17 with a man-hours factor of 0.8. Results indicate that more of the reserved shifts during the
considered checks are used (figures 9.20, 9.22, 9.24) compared to the original results (figures 9.14,
9.16, 9.18). Furthermore, the man-hours distribution during the maintenance overlap between AC-5,
AC-16 and AC-17 was obtained for the restricted skill type GR2. The considered planning horizon starts
from 2020-04-21 and stops at 2020-05-19. These days cover the overlap situation, as was presented
in figure 9.3, of the three considered aircraft. The considered C-check, C12.1, of AC-5 starts 7 days
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after 2020-04-21 and ends at 2020-05-12. Figure 9.21 presents the used man-hours of skill type GR-
2 for AC-5 during the considered planning horizon. The results indicate that the C-check is done 4
days earlier than planned. The considered C-check, C7.1 + A1.17, of AC-16 starts at the start of the
planning horizon and ends at 2020-05-14. Figure 9.23 presents the used man-hours of skill type GR-2
for AC-17 during the considered planning horizon. The results indicate that the C-check can be finished
exactly in time. The considered C-check, C7.1 + A3.16, of AC-17 starts 3 days after 2020-04-21 and
ends at 2020-05-19. Figure 9.25 presents the used man-hours of skill type GR-2 for AC-17 during the
considered planning horizon. The results indicate that the C-check can also be finished exactly in time.
The total man-hours distribution during the planning horizon for skill type GR1 and skill type GR2 are
presented in 9.26 and 9.27, respectively. From these figures it may be concluded that the skill type
GR2 is the most restricted skill type.

Figure 9.20: New AC-5 results with man-hours factor 0.8 Figure 9.21: Man-hours distribution per day for AC-5 and skill
type GR2.

Figure 9.22: New AC-16 results with man-hours factor 0.8 Figure 9.23: Man-hours distribution per day for AC-16 and skill
type GR2.
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Figure 9.24: New AC-17 results with man-hours factor 0.8 Figure 9.25: Man-hours distribution per day for AC-17 and skill
type GR2.

Figure 9.26: Combined man-hours distribution skill type GR1. Figure 9.27: Combined man-hours distribution skill type GR2.
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10
Discussion and conclusions

In the research framework the following research objective was stated: To develop a maintenance
tasks packaging model for all the tasks required to ensure ongoing airworthiness of the aircraft by
developing a framework capable of delivering optimized schedules for the allocation of maintenance
tasks to the available maintenance opportunities.
In order to achieve the research objective, two main research questions were developed. The main
research questions were further split into sub questions, which together provide the answer for each
corresponding main research question.

1. How can the modelling framework be designed?

(a) What are the main functions required for the model?

(b) What solution technique(s) will be used to solve the model?

(c) What are the results of simulating the model with data from an airline?

2. Is the final framework capable of delivering better quality schedules compared to the current
approach?

(a) Do the results of simulating the framework deliver the required features?

(b) Is the final framework acceptable in terms of computational time, optimization and assump-
tions?

1a: What are the main functions required for the model?
By studying the current approaches of solving the task allocation problem it was possible to understand
the requirements necessary for the model. Literature indicated that long-term maintenance plans were
frequently affected by deviations from flight plans or unforeseen events. This causes the need for fre-
quently modifying or redoing the maintenance schedule [26]. Therefore, the first main requirement of
the model was that it should be capable to reoptimize at the operational level. Furthermore, literature
indicated that the due-date of each task should be an important criterion in deciding which tasks to
allocate to which maintenance opportunity. This is a very important requirement because an aircraft
is essentially not airworthy when any of the tasks reaches their due-date.

In addition, the airline supporting this research also included a few requirements. To ensure that
the model does not impose financial burden for the airline it is required to create models that run on
free software. In order to make the models useful for the airline they required a maximum compu-
tational time of 12 hours for the tactical stage model and 10 minutes for the operational stage level
models. In addition, the airline requested that the solution quality of the approximation algorithm
should be known. Therefore, the last main requirement was that the approximation algorithm should
be validated by comparing its solution with an optimal solution obtained from an exact method.

1b: What solution technique(s) will be used to solve the model?
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The literature study, conducted prior to this research, was concluded with a proposed approach to solve
the task allocation problem. It was recommended to first formulate the problem as a MILP formulation.
After which a commercial solver (e.g. CPLEX or Gurobi) should be used to solve the problem. The solu-
tion from this exact method could then be used as reference solution for the approximation algorithm.
Based on the literature findings it was recommended to formulate the task allocation problem as a bin
packaging problem, after which a combination of well-known bin packaging solution techniques could
be used to solve the problem.

The proposed approach was successfully followed throughout this research. Each of the exact models
were presented as a MILP formulation, and were solved with the commercial solver Gurobi. Obtained
results were useful for understanding the main characteristics of the task allocation problem and to
benchmark the solution quality of the approximation algorithms. This knowledge was used to formu-
late the task allocation problem as a bin packaging approach. Three approximation algorithms that
use a combination of well-known bin packaging solution techniques were proposed to solve the task
allocation problem down to shift level.

1c: What are the results of simulating the model with data from an airline?
From the simulation of the tactical stage models, with the airlines data, we retrieve excellent solution
quality for both the exact and approximation model. Both models’ output provide similar results, which
is expected since the airline had a surplus in man-hours for each of the maintenance days. This re-
search was initiated because the airline was not able to make a maintenance program for a considered
time horizon beyond 1 year. The tactical stage models were successfully tested for a time horizon of 4
years. This is a major improvement for the airline and allows them to better estimate the man-hours
required for the upcoming years.

Since the results of the tactical stage model will transfer the interdependent problem to an inde-
pendent problem it is possible to solve the task allocation problem, at the operational stage, for each
aircraft separately, thereby reducing the complexity of the problem considerably. The simulation of
the operational stage level 1 models, with the airlines data, resulted in similar outcomes for both
the approximation and exact model. The model will allow the airline to add additional maintenance
tasks (e.g. non-routine maintenance, modifications) without influencing the other aircraft in the fleet.
Furthermore, it is possible to input the current utilization of the aircraft thereby correcting the small
deviation obtained by assuming an average flight-hours or flight-cycles utilization. This will lead to an
improved RUL of the tasks and ensures that none of the tasks exceed their due-date. The simulation
of the operational stage level 2 models resulted in solving the task allocation problem down to shift
level. The results of this last operational level is an excel file with the distribution of tasks over each
of the working shifts for the upcoming maintenance opportunity. This file can directly be used by the
maintenance manager to distribute the tasks, for each shift, among the available workforce per shift.

Overall the obtained results confirm that the proposed models are very well capable to solve the task
allocation problem with the airlines data, being solved down to shift level. The benefits of the air-
lines are numerous. Firstly, the time consuming job of creating a maintenance program, for an entire
fleet, is fully automated by the proposed model framework. Secondly, the models will allow the airline
to adequately react to cases were aircraft deviate from their flight plan or in the case of unforeseen
events (e.g. non-routine tasks, required modifications, additional maintenance opportunities). Lastly,
the tactical stage model allows the airline to test new maintenance concepts. This was tested in the
sensitivity analysis chapter where results indicated the effect of allocating small C-check tasks to A-
check maintenance opportunities.

2a: Do the results of simulating the framework deliver the required features?
The first main requirement of the framework was that it should be able to reoptimize at an operational
level. The operational stage level 1 model enables the user to reoptimize the task allocation problem
for a considered aircraft within a minute. The second requirement was that the due-date should be
an important criterion to determine the best maintenance opportunity location for each task. The due-
date is used as an important criterion for calculation of the task cost used in the objective function.
In addition, the operational level 1 model enables the user to correct the flight-hour and flight-cycle
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simulation with the real utilization of the considered aircraft. This enables the user to very accurately
calculate the due-date of tasks having a flight-hour or flight-cycle limit for a short term horizon.

2b: Is the final framework acceptable in terms of computational time, optimization and
assumptions?
The computational time requirement, set by the airline, was a maximum of 12 hours for the tactical
stage models. Results indicated that the approximation algorithm, even for restricted cases, remains
within the area of 900 seconds. The computational time of the exact method, at the tactical stage,
shows a strong increasing trend when the problem becomes more restricted. However, results indicate
that the computational time, for a restricted case where the man-hours factor is equal to 0.4 (i.e. the
available man-hours at each of the maintenance days is multiplied with 0.4), is approximately 7 hours.
This means that the optimal solution could still be found in a reasonable amount of time. The compu-
tational time requirements, set by the airline, was a maximum of 10 minutes for the operational stage
models. Both the approximation operational stage level 1 and the operational stage level 2 model have
a computational time of approximately 30 seconds. The exact method operational stage level 1 was
solved in a few minutes. The models at the operational stage level 2 show similar computational results.

The optimization results indicate that the approximation algorithm is capable of finding the optimal
solution for non-restricted cases. The model was further tested for more restricted cases. Results
indicate that the approximation algorithm of the tactical stage model, for the most restricted tested
case, was 4.9 per cent worse than the optimal solution. In this situation a significant amount of tasks
are allocated to their non-optimal maintenance opportunity, which is an unwanted scenario for most
airlines. It is expected that most airlines will try to avoid this situation by hiring additional maintenance
personnel, shifting tasks to line maintenance or subcontracting the tasks to third party MRO suppliers.
Therefore, it may be concluded that the optimization results, for normal conditions, deliver the desired
quality.

During this research it was assumed that engineers produce eight effective man-hours per day. This
assumption was further tested in the sensitivity analysis where the man-hours factor was reduced to
0.4. This corresponds to 3.2 effective man-hours per workday. Results indicate that the models were
still capable of finding a solution for the mentioned situation. Another main assumption was that any
task can be executed simultaneously on the same aircraft. In reality this is not always possible, how-
ever such information was not available for this research. The output of the last operational level model
enables the maintenance manager to identify such tasks and to allocate them accordingly. Therefore,
it may be concluded that the main assumptions made during this research are acceptable.

Final remarks
The task allocation framework and its corresponding models show significant improvements compared
to current approaches of solving the task allocation problem for an entire fleet. The research objective
was to develop a maintenance tasks packaging model for all the tasks required to ensure ongoing
airworthiness of the aircraft. It may be concluded that this objective is not entirely met. The devel-
oped framework and its corresponding models were only tested for all A and C-check tasks for each
aircraft as provided by the airline. However, the computational results of the tactical stage approxi-
mation algorithm is much lower than expected and it might therefore be capable in solving the task
allocation problem for all tasks necessary to ensure ongoing airworthiness for an entire fleet. Overall,
this research can be seen as an important first step in solving the task allocation problem for an entire
fleet. In addition, the model framework enables the user to gain better insights into the distribution of
man-hours per skill type over a time horizon of 4 years. This enables the airline to better adapt their
recruitment process to future needs. Also, the outcome is a fully automated process that enables the
airline to react adequately to deviations from flight plans or unforeseen events. In the next chapter
recommendations will be given on how the obtained results, during this research, can be further im-
proved.
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Novelty of the research
The author of this thesis claims the following about his research:

• This research is the first to present an optimization model to solve the task allocation problem,
being solved at the work shift level.

• This research is the first to propose a MILP formulation of the task allocation problem that deals
with maintenance tasks individually.

• This research is the first to present an approximation algorithm to solve the task allocation problem
and to benchmark its performance using a MILP formulation, solved with a commercial solver.
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Recommendations

The recommendations for improving the results of this research are as follows:

• The exact model at the tactical stage shows positive results for the fleet of 45 aircraft. It may
be expected that the problem becomes more difficult for larger fleets or cases where more than
three aircraft compete for the same man-hours at a specific day. Therefore, it is recommended to
further improve and extend the model for larger fleet sizes. I would like to advise researchers to
use parallel programming in the scheduling loop, of the exact method at the tactical stage, and
to implement enough fictitious maintenance opportunities in order to ensure that the problem
can be solved in a single iteration.

• The performance of the approximation algorithms could be improved by further subdividing the
defined classes. Furthermore, the final solution obtained by the approximation algorithms could
be further improved by using a genetic algorithm or any other approximation algorithm that is
capable of searching possible swaps of tasks that improve the found objective function value.
It is expected that especially the solution quality of the model at the operational stage level 1
benefits from this.

• The current approach does not reserve man-hours for the opening or closing of access panels
at the tactical stage models. This means that in restricted cases, the operational level 2 solution
requires fictitious man-hours. Therefore, it is recommended to reserve a subset of man-hours
for the opening or closing of access panels at each maintenance opportunity. It is advised to find
the average required man-hours for opening and closing of access panels at both A and C-check
maintenance opportunities. These numbers should then be subtracted from the available man-
hours at the tactical stage model and operational level 1 model for each of the A and C-check
maintenance opportunities.

• The output of the tactical stage model is the amount of man-hours required per aircraft and
per maintenance time segment. Currently, the remaining man-hours, for each time segment,
will be divided equally between the aircraft competing for the respective time segment. It is
recommended to look further into the distribution of remaining man-hours to perhaps decrease
the average maintenance downtime of the fleet.

• The approximation algorithm, at the tactical stage, can be used to test new maintenance strate-
gies. This was indicated in the sensitivity analysis chapter, where results of allocating small
C-checks tasks to small A-/C-check maintenance opportunities were presented. The approxima-
tion algorithm at the tactical stage has a very reasonable computational time and is therefore
especially useful for trying new maintenance approaches. For example, an approach that con-
siders each of the overnight stays, at the home base, as maintenance opportunity could be
implemented.

• During this research the main assumption made was that each of the tasks can be executed
simultaneously. However, to which extent this assumption holds in practice is unknown. There-
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fore, before using the proposed operational stage level 2 model it is recommended to further
research this assumption and its effects on the outcome of the models.

• Another limitation of this study is that it is assumed that spare parts, tools and equipment are
always available. However, in reality this will not always be possible. Therefore, it is recommended
to further investigate how this assumption affects the final results.

• The operational stage level 1 model enables the user to insert additional tasks and to correct the
flight-hours and flight-cycles utilization. To what extent these additional options affect the overall
solution quality of the entire fleet is unknown. Therefore, it might be interesting to see how the
addition of new tasks and utilization correction influence the solution quality of the entire fleet.

• The model at the operational stage level 2 was used to prove that the model framework works.
The model was aimed at reducing the aircraft downtime by preventing the repetitive opening
of access panels and by allocating inspection tasks as early as possible. However, reducing the
aircraft maintenance downtime is a study on its own. Therefore, it is recommended to further
extend the model at the operational stage level 2 with the latest research on this subject.
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90 A. Tactical stage output file

Figure A.1: Screenshot of tactical stage output excel file.
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Operational stage level 1 output file
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Figure B.1: Screenshot of operational stage level 1 output excel file.



C
Operational stage level 2 output file
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Figure C.1: Screenshot of operational stage level 2 output excel file.



D
Exact method solution

Figure D.1: Exact method: Man-hours per skill type used per time segments for the man-hours factor equal to 0.42.
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98 E. AIRMES maintenance schedule overview

Figure E.1: AIRMES screenshot maintenance schedule overview.
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99



100 F. AIRMES task function

Figure F.1: AIRMES screenshot with task planning function.



G
Sensitivity 1 results

# Factor EXACT: OBJ value time (s) Approx: OBJ value time (s)

0.6 599,026 1,213 599,193 845
0.59 599,026 1257 599,193 846
0.58 599,026 1,249 599,195 850
0.57 599,101 1,269 599,359 855
0.56 599,596 1,274 599,885 870
0.55 599,927 1,282 600,609 880
0.54 600,381 1,286 601,752 885
0.53 600,815 1,296 602,988 890
0.52 601,389 1,300 604,623 900
0.51 601,761 1,305 606,621 905
0.50 602,350 2,517 609,394 910
0.49 603,143 2,724 611,858 915
0.48 605,671 2,725 615,400 920
0.47 610,319 3,448 619,077 925
0.46 613,193 4,975 624,849 930
0.45 616,107 5,235 631,183 932
0.44 619,021 5,880 636,840 935
0.43 622,177 6,757 643,181 939
0.42 625,870 15,321 650,198 942
0.41 630,367 20,906 658,539 945
0.40 635,627 24,614 667,593 948

Table G.1: Sensitivity analysis 1 simulation results tactical level models.
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Sensitivity 2 results

# Factor EXACT V2: OBJ value time (s) EXACT V1: OBJ value time (s) Approx: OBJ value time (s)

2.0 540,708 1,175 540,709 950 543,410 540
2.1 566,989 1,178 566,991 952 569,755 545
2.2 593,234 1,180 593,274 954 596,041 546
2.3 619,515 1,181 619,539 955 622,372 547
2.4 645,830 1,185 645,834 958 648,697 549
2.5 673,130 1,189 673,139 960 676,149 550
2.6 700,827 1,350 700,862 1,100 705,019 551
2.7 728,575 1,500 728,600 1,350 734,642 554
2.8 756,303 1,690 756,316 1,500 764,593 560
2.9 784,078 1,720 784,172 1,750 795,916 565
3.0 815,213 1,843 815,291 2,200 829,060 568
3.1 849,219 1,900 849,433 2,300 864,072 569
3.2 883,269 1,953 883,582 2,520 898,861 571
3.3 925,760 2,400 928,513 2,900 937,221 572
3.4 973,580 2,893 978,858 3,200 980,646 574
3.5 1,012,888 3,000 1,020,496 3,800 1,025,637 577
3.6 1,055,468 3,100 1,063,267 4,100
3.7 1,098,023 3,250 1,107,573 4,200
3.8 1,142,943 3,300 1,153,038 4,500
3.9 1,186,136 3,500 1,200,535 4,780
4.0 1,229,905 3,600 1,244,906 4,900

Table H.1: Sensitivity analysis 2 simulation results tactical level models.
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I
Different maintenance schedules

Figure I.1: Computational times for different planning horizon lengths.
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