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Introduction

Maintenance is an important factor of airline operations by taking up 11.8% of ground time!. As a
result, several researches focused on optimization of maintenance schedules, with the aim of de-
creasing maintenance cost and increasing operational availability. However, despite having one ef-
ficient maintenance schedule, the reality within airlines is different due to disruptions taking place
daily. These come in the form of unanticipated maintenance tasks, maintenance slot adjustments
and resource availability alterations. As disruptions are inevitable, making one optimal long-term
schedule is not feasible. Maintenance schedules are required to be adapted continuously while aim-
ing to limit schedule changes and keeping the airline fleet in an airworthy state.

Within literature several approaches are already provided of disruption management for other air-
line departments such as network scheduling, passenger routing and crew pairing. However, for
airline maintenance scheduling such an approach is not yet addressed. Up until now maintenance
schedules are adjusted manually in case of disruptions.

This master thesis research focuses on scheduling and rescheduling of airline maintenance tasks in
a disruptive airline environment. Once a disruption occurs the goal is not to create a new feasible
maintenance schedule, as this would lead to a loss of taken preparations. Instead, maintenance
rescheduling should take place, which results in a limited amount of changes while a close to opti-
mal schedule is obtained. The goal of maintenance task rescheduling is therefore two folded:

* Creation of efficient maintenance schedules, such that operational availability of the aircraft
is increased.

 Creation of stable schedules, such that future disruptions cause a limited number of schedule
changes

This thesis research presents a decision support model for both of these scheduling objectives in
the disruptive airline scheduling environment. The research question is therefore formulated as
following:

To what extent can short- and long-term airline fleet availability be improved in a disruptive
environment by means of a decision support tool for optimization of maintenance task
rescheduling?

The remaining part of this thesis report outlines the development and performance analysis of the
decision support model. Chapter 2 provides a scientific paper which outlines related literature,
problem & model formulation, results and conclusions which can be drawn from this research. This

1Based on a long-term case study performed at a European airline



is followed by appendices which provide extra clarification regarding this research. Appendix A
outlines extra information regarding the model formulation and implementation for the case study.
Appendix B describes the verification procedure of the decision support tool. This is followed by
Appendix C which elaborates further on the development of the 10-days model. The sensitivity
analysis of the model is presented in Appendix D. At last, an analysis is performed on due tasks and
slot flexibility in Appendix E and F, respectively. In Appendix G additional data tables are provided
which have been used for the results provided in the scientific paper. In Appendix H and I a more
extensive literature study and report regarding research methodologies is attached.
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Airline maintenance task rescheduling in a disruptive environment

Paul J. van Kessel

Faculty of Aerospace Engineering, Delft University of Technology, HS 2926 Delft, The Netherlands

Abstract

Scheduling of airline maintenance tasks takes place in a disruptive environment. The stochastic arrival of
non-routine maintenance tasks causes schedules to be adjusted continuously. Within this research a mixed
integer linear programming model for airline maintenance task rescheduling in a disruptive environment is
presented. Task scheduling is constrained by the availability of machinery, material, method and manpower
(4M) requirements. Periodic workforce availability is included to satisfy task workforce requirements. The
model is innovative as it is capable of both creating and adjusting maintenance schedules continuously in a
disruptive environment. By means of the model a decrease in required ground time and schedule changes
can be achieved while the task utilization rate stays similar to manually created airline schedules. Secondly,
this model provides new opportunities to evaluate both the short- and long-term effects of disruptions as it
is able to evaluate a 120-days scheduling horizon.

Keywords: Airline maintenance, Task rescheduling, Disruption management, Linear programming

1. Introduction

Maintenance is an important factor of airline operations by taking up 11.8% of ground time'. As a result,
several researches focused on optimization of maintenance schedules, with the aim of decreasing mainte-
nance cost and increasing operational availability [10]. However, despite having one efficient maintenance
schedule, the reality within airlines is different due to disruptions taking place daily. These come in the form
of unanticipated maintenance tasks, maintenance slot adjustments and resource availability alterations. As
disruptions are inevitable, making one optimal long-term schedule is not feasible. Maintenance schedules
are required to be adapted continuously while aiming to limit schedule changes and keeping the airline fleet
in an airworthy state. Especially maintenance tasks which fall outside of letter checks and non-routine
maintenance tasks require manual scheduling. The tasks which require execution in the hangar form the
focus of this research. The case study of this research shows that these tasks have a significant impact on
maintenance scheduling with non-routine tasks arriving every 4 hours on average and requiring more than
17 hours of daily ground time for a fleet of 60 aircraft.?

Because of the unexpected arrival of new maintenance tasks, the schedule needs to be adjusted continuously
such that all tasks are scheduled ahead of their due date. This process currently takes place manually within
commercial airlines, which can result in sub-optimal schedules and decision making during disruptions. In
this paper the problem of scheduling and rescheduling of maintenance tasks is addressed, by means of an
innovative decision support model. Implementation of the model in the airline decision making process
contributes in an increase of both schedule efficiency (a reduction in ground time) and schedule stability (a
limited number of schedule changes during disruptions). For an airline this results in an increase in potential
revenue and a reduction of maintenance cost. At last, the model provides immediate insight in the long-term
consequences of disruptions, by creating a new long-term schedule at every disruption.

1Based on a long-term case study performed at a European airline
2Based on data provided for this research



The remaining part of this paper is structured as follows: First a comprehensive literature review is provided,
based on related work in section 2. Afterwards the problem formulation is specified in section 3. This is
followed by the model formulation and model results in section 4 and section 5 respectively. The paper ends
with conclusions and recommendations for future research in section 6.

2. Literature review

Maintenance scheduling in a disruptive environment combines two field of work, which already have been
widely discussed in literature: maintenance task scheduling and disruptive scheduling. This research aims
to combine both research fields to formulate a model, which should decrease the gap between scheduling
theory and real practice.

Task scheduling

Airline maintenance task scheduling can have several objectives, which depend on airline or Maintenance,
Repair and Overhaul (MRO) preferences. According to Knotts [10] the objective for airline maintenance
task scheduling depends on both direct and indirect maintenance costs. There is a trade-off between pro-
viding fleet availability and scheduling tasks to prevent them from going due. Qin et al. [20] argues that
an MRO business aims to minimize cost while maintaining their responsible fleet in maximum quality, best
lead times and according to safety requirements. Maintenance scheduling is bounded to constraints due to
resource availability. At last, Manalo and Manalo [16] aimed to create efficient maintenance task schedules
such that fleet availability is maximized.

However, maintenance scheduling is not a standalone problem and is dependent on other factors. Mainte-
nance schedules need to be made in collaboration with other airline departments such as flight scheduling,
crew pairing and passenger scheduling. In 1996, Clarke et al. [3] provided an innovative approach for fleet
scheduling in which additional constraints were added for maintenance scheduling and crew pairing. In
2003, Sriram and Haghani [25] elaborated more on maintenance scheduling, by evaluating maintenance op-
portunities for a 7-day interval whilst taking into account the flight schedule. This approach was limited to
scheduling of letter checks. This research was followed by Jiang [9] which extended the scope of task schedul-
ing by both considering letter checks on long-term and smaller checks on short-term. Research regarding
scheduling of letter checks continued over time. In 2020, Deng et al. [5] created a long-term scheduling
model for letter checks by means of dynamic programming. Aiming for interval optimization, a decrease in
the number of required checks can be achieved.

Several other researches focussed on airline maintenance task scheduling instead of letter checks and in-
dependently of other airline departments. Marseguerra and Zio [17] went in detail regarding maintenance
task scheduling independently of aircraft routing. Their approach aims to capture the stochastic element of
maintenance scheduling at which maintenance tasks arrive irregularly. An optimal solution was defined as
a combination of safety and economic factors. This research is followed up by Papakostas et al. [19] which
takes the availability of resources into account during maintenance scheduling. The objective is to schedule
tasks close to their due date with the aim of minimizing remaining useful life. An optimal schedule is defined
by a combination of cost, operational risk, flight delay and remaining useful life. Yuan et al. [29] continued
this area of research by studying the changing environments and circumstances during maintenance task
scheduling in detail. The research aimed to find the optimum sequence of task execution, whilst considering
the uncertain arrival of maintenance tasks. In 2019, Lagos et al. [12] created a maintenance task scheduling
algorithm which should prevent tasks from going due. A distinction is made between critical tasks (resulting
in an Aircraft On Ground) and non-critical tasks which obtain an extension. Scheduling is done by means
of an Integer Programming (IP) model in combination with a Markov decision process. As scheduling is
limited to a few days, an estimation of future costs is provided by means of rolling horizon and value func-
tion approximation. Result of this research are promising since this results in a robust schedule at which
unknown future tasks can be scheduled ahead of their due date.



Also, researches focussed specifically on the availability of resources during maintenance task scheduling.
In 2014, Schut [24] created a resource constrained scheduling model for maintenance task scheduling. Task
scheduling is constrained by the availability of manpower, machinery, material and method (4M). In the past,
several other researches performed detailed analysis on resource constraints for maintenance task scheduling.
Yang et al. [27] and Quan et al. [21] took the supply of workforce into account for task scheduling at line
maintenance. Samaranayake et al. [23] included a detailed availability of aircraft components and machinery
in the model decision process. Qin et al. [20] optimized maintenance schedules with respect to the hangar
and parking spot capacity.

Disruptive scheduling

Combining the literature mentioned above, plenty of aspects have been considered for airline maintenance
scheduling in the past. However, many authors acknowledged that the majority of research has been focused
on scheduling models, with little attention to schedule adjustments. [8, 18]. In 1981, Graves [8] was one
the first researchers to acknowledge that there is a gap between production scheduling theory and practice.
Clarke [4] confirmed this by concluding that airline scheduling has very little slack compared to what it used
to be and therefore the consequences of disruptions are more severe. Several researches already included
maintenance scheduling aspects within airline disruption management. Rosenberger et al. [22] included con-
straints for periodic maintenance requirements in an Aircraft Routing Problem (ARP). Abdelghany et al.
[1] modelled an ARP at which scheduled maintenance was included in the airline schedule. Maintenance
slots were not allowed to be adjusted in any form. Currently, one of the most in depth researches has been
performed by Liang et al. [13], at which maintenance scheduling flexibility is included to a limited extend
within the ARP. Maintenance slots can be swapped as long the maintenance task is executed ahead of the
number allowed flight hours, cycles or calendar days.

The researches described above aim to optimize both the ARP and maintenance schedule at once during
a disruption. A downside of the approaches is that maintenance scheduling relies on problem simplifying
assumptions since otherwise, the model would become too complex and solution times would be insufficient.
As a result, these models do not achieve the level of scheduling flexibility which is achieved by manual
scheduling. However, in literature more general task rescheduling models, which are suitable for implemen-
tation of maintenance task scheduling, are already addressed. Nof and Hank Grant [18] investigated the
schedule performance for a Job Shop Problem (JSP) in disruptive environments. Their approach focused
on the creation of robust schedules, such that when disruptions take place, only minor changes are required
due to the robustness. They conclude that rescheduling needs to take place often to remain adaptive to
changing circumstances. Yuan et al. [28] created a rescheduling JSP at which disruptions are included in
the form of unexpected arrival of new jobs. During a disruption, the sequence of tasks can be adjusted by
making use of a genetic algorithm. Deviations from the original schedule are aimed to be prevented.

In other industries very similar research has been conducted compared to aircraft maintenance reschedul-
ing. For the health care sector, Mahdi ValiSiar and Ramezanian [15] and Ballestin et al. [2] developed a
rescheduling approach for the assignment of patients to operating rooms. The health care sector is natu-
rally a disruptive environment with unexpected arrivals of patients and various levels of priorities. Mahdi
ValiSiar and Ramezanian [15] used a Mixed Integer Linear Programming (MILP) approach, which aimed to
reduce the waiting time of patients and minimize the number of tardy patients. Rescheduling was added in
the form of a minimal distance function, to minimize deviations from the current schedule. Ballestin et al.
[2], extended the MILP model and evaluated the results for different scheduling objectives. The scheduling
objective was extended by not only to considering the current planning phase but also the effect of the
current planning on the upcoming phases. Where the health care sector mostly has to cope with demand
disruptions, the construction sector has to deal with resource availability disruptions, at which scheduled
machinery or material arrives earlier/later than expected. Liu and Shih [14] provided a framework at which
the goal is to make the least amount of changes to the schedule and the product cost is minimized.



Based on the research approaches provided in this literature review, it can be concluded that detailed im-
plementation for airline maintenance task scheduling and rescheduling during disruptions, is currently not
addressed in literature. Regarding airline maintenance scheduling research has merely gone into maintenance
task scheduling together together with the corresponding requirements, such as 4M availability and preven-
tion of tasks from going due. These approaches mainly regard disruptions as out of scope. For other airline
departments, such as network operations, crew and passengers, extensive research has gone into recovery of
operations during disruptions. Also other areas of research, such as the health care and the construction
sector have similar methods already applied. This research therefore aims to connect both areas of research
by aiming to develop a model for continuous maintenance task rescheduling. This combines the concept of
task rescheduling and maintenance task scheduling in a commercial airline environment.

3. Problem formulation

Up until now task rescheduling takes place manually which can potentially introduce errors and inconsistent
decision making. The implementation of a model for maintenance task scheduling can assist a maintenance
scheduler in the decision-making process. Additional rescheduling options can be provided which difficult to
be considered by means of manual scheduling. Where a manual approach is only able to create a schedule for
the short-term, it is difficult to identify the underlying consequences for the long-term. According to both
Dhanisetty et al. [6] and Koornneef et al. [11], short-term decisions can influence the scheduling performance
on the long-term as well. The model considers both the short- and long-term, to prevent the postponement
of problems to the long-term.

To increase the scheduling performance and assist the maintenance scheduler, the model presented in this
paper aims for the following objectives:

1. Minimize maintenance ground time, to increase operational availability.
2. Limit number of rescheduling actions, to improve schedule stability.
3. Consider long-term consequences during scheduling.

3.1. Framework formulation

Based on the model objectives defined above, a framework is developed which captures the disruptive airline
environment by means of simulation. The remaining part of this section will cover the formulation of the
framework. To create a maintenance schedule and respond to disruptions, a maintenance scheduler makes
use of three inputs: the maintenance slot schedule, task backlog and resource availability. These inputs are
the same as for the framework provided in this paper and are defined in more detail as following:

1. Slot schedule: The maintenance slots schedule outlines ground time slots which are reserved to execute
maintenance. Each maintenance slots has a start date, end date and a designated aircraft type. A
maintenance slot needs to be allocated to an aircraft registration, To allocate tasks for execution.
Maintenance slots can be further subdivided in two categories

e Fixed slots: For fixed slots, the assigned aircraft is predefined and only additional maintenance
tasks can be assigned to the maintenance slots. Fixed maintenance slots are far ahead in the
future and are part of more extensive maintenance operations such as letter checks.

e Flexible slots: For flexible maintenance slots the aircraft registration is variable and a maintenance
scheduler is free to decide which aircraft to maintain.

2. Open tasks: This is the backlog of tasks which needs to be scheduled. Each task comes with its
own unique set of requirements. It has a due date, required turnaround time (method), workforce
(manpower) requirement and machinery & material requirements. To determine whether a task can
be executed in a maintenance slot, all 4M requirements need to be satisfied. Maintenance tasks can
be further subdivided in the following categories:



e Routine maintenance tasks: Routine maintenance tasks are prescribed by the aircraft manufac-
turer and conform regulations set by the European Union Aviation Safety Agency (EASA). These
tasks are provided in the Maintenance Planning Document (MPD) together with their execution
requirements. Airlines also have the opportunity to add additional tasks to the MDP. Once a
task is executed the interval is reset [7].

e MEL tasks: For non-routine maintenance tasks, procedures for fault restoration are described in
the Minimum Equipment List (MEL) [26]. The MEL states how many calendar days, cycles or
flight hours the aircraft is allowed to be operated without resolving the fault. For both items
stated in the MPD or in the MEL the aircraft will lose its airworthiness if the due date is exceeded.

e Adhoc tasks: These are non-recurring which only have to be executed once to make an alteration
on an aircraft. An aircraft remains in most cases airworthy after missing the due date of an
Adhoc task is exceeded.

e NSRE tasks: These tasks are referred to as Non Safety Related Equipment (NSRE). NSRE
tasks have no impact on the operating safety of the aircraft. NSRE tasks are created by the
airline itself. The airline describes for each NSRE tasks in how many days the fault should
be resolved. However, since this concerns requirements set up by the airline itself, the aircraft
remains airworthy after the due date has been exceeded. An example of an NSRE item can be
a broken In-flight entertainment system. This causes passenger inconvenience, so therefore the
goal should be to resolve the issue rather sooner than later. However, it is not a sufficient reason
to cancel a flight once the due date is exceeded.

3. Resource availability: Execution of a maintenance task requires the availability of resources. In the
form of maintenance slots, the resource requirement of ground time is provided. The remaining
resources which are required for task execution are:

e Material availability: If a task requires the availability of new material, this needs to be arranged
ahead of task execution. For a task an expected date of material availability is provided.

e Machinery availability: The execution of task can require special tools which need to be arranged
in advance. Similar to material availability an expected date of availability is provided.

e Workforce availability: The workforce availability is subdivided over multiple skills. While ma-
chinery, material and method are independent of other tasks scheduled in parallel, workforce
needs to be assigned specifically to a maintenance slots. A maintenance task can only be sched-
uled if the corresponding manpower requirements are satisfied by means of assigned workforce
to the corresponding maintenance slot. If maintenance slots are scheduled in parallel, workforce
can be divided over the active maintenance slots. The workforce allocation differs slightly for
fixed and flexible maintenance slots. Since fixed slots are part of a larger maintenance operation
and are often executed by a different airline department, a fixed amount of workforce hours can
be allocated to the slots, regardless of skill and workforce availability. For flexible slots, skilled
workforce needs to be allocated to a maintenance slot depending on availability.

The three inputs provided above are indicated on the left of Figure 1 which illustrates the framework out-
line. Besides the three inputs, a disruption forms the trigger for maintenance task rescheduling. Once a
disruption occurs, there is already an existing schedule in which tasks and manpower are allocated to slots.
The addition of a disruption can potentially result in a schedule infeasability. If so, the schedule requires
adjustments such that a feasible schedule is obtained again. The original maintenance schedule is the start-
ing solution to recover from the disruption. From here the goal is to create an optimal schedule, but with
a limited number of schedule changes. The formulation of the model for maintenance task rescheduling is
provided in detail in the next chapter. Output of the rescheduling model is a revised schedule which forms
the starting solution for the next disruption.
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Figure 1: Outline of maintenance task rescheduling framework

The formulated framework is able to cope with all kinds of disruptions which can occur within commercial
airlines, such as non-routine task arrival, network disruption and resource availability changes.

4. Model Formulation

Based on the framework outline provided in the previous section, in this section the model formulation will
be discussed in a few steps. The model is formulated as a Mixed Integer Linear Program (MILP). To define
the model formulation, this section is divided into five steps. Consecutively the model sets, parameters,
decision variables, scheduling objectives and constraints are discussed.

4.1. Sets

The model consists out of six sets. The tasks which should be scheduled by the model are represented by
the task group set, indicated by G. Tasks which should be executed simultaneously are grouped together
and form one element within the task group set. If there is a stand-alone task this will form a group on
itself. Out of task set G, a set of aircraft registrations with open maintenance tasks is obtained. This set is
designated by R. Each registration belongs to an aircraft sub type group. Maintenance slots are provided
within the model formulation by S.

For the current scheduling period, the time blocks in which workforce can be assigned to maintenance slots
is provided in the time block set (T"). Within the model formulation the scheduling horizon for workforce
assignment is split up in blocks of 30 minutes. At last, there is a set of task skills (7T'S) and workforce
skills (W.S). Task skills define which skills are required to execute a task. Workforce skills depend on the
certifications of the workforce. A task skill can potentially be performed by multiple workforce skills and a
workforce skill can have the authorization to perform multiple task skills. The model sets and subsets are
provided in Table 1.



Table 1: Defined sets for the rescheduling model

Sets Explanation

reR Set of aircraft registrations

r € Ry Set of aircraft registrations of the aircraft type of slot s

geaiG Set of task groups

g € Gpue Subset of tasks which go due in the current scheduling interval (Gpue C G)

g € Gpefer Subset of tasks which do not go due in the current scheduling interval (Gpefer C G)

g € GRoutine Subset of routine tasks (Groutine C G)

9 € GNon-routine | Subset of non-routine tasks (GNon-routine C G)

g€ G, Subset of tasks for aircraft registration r (G, C G)

g€ Gy, Subset of tasks for aircraft registration r, which is attached to maintenance slot s
(Gr, CGy)

tseTS Set of task skills

ws € WS Set of workforce skills

ws € WS, Subset of workforce skills which can execute task skill ts (WS, C W.S)

teT Set of time blocks within the current schedule interval

teTy Subset of time intervals during execution of maintenance slot s (Ts C T')

seS Set of maintenance slots within the current schedule interval

$ € Srized Subset of slots which the aircraft registration is fixed (Spized C S)

S € SFiezible Subset of slots which the aircraft registration is allowed to change (Sgiezipie C S)

s €S Subset of maintenance slots active at time interval ¢t (S; C S)

4.2. Parameters

Based on the properties of the sets described above, the parameters provided in Table 3 serve as input for
the model. Several parameters depend on the combination between a maintenance slots s and a task group
g. For each of the variables an explanation is provided together with the corresponding unit.

One important parameter to elaborate on is the coefficient for task type (Crype,q). This parameter denotes
the criticality of task group g based on the task type. The values for Crype 4 are determined based on the
impact on the aircraft airworthiness of the task and are displayed in the following table:

Table 2: Weighting factor for task type

Task type ‘ Crype,g

Routine 4
MEL 4
Adhoc 2
NSRE 1



Table 3: Defined parameters for the rescheduling model

Parameters Unit | Explanation

Current Date Date | Current date of scheduling

Ty, [] Original aircraft registration r assigned to maintenance slot s

Start, Date Start date of maintenance slots s

Arrival, Date | Arrival date of maintenance task group g

Due, Date Due date of maintenance task group g

Mavy ups Hours | Workforce available at time ¢ of workforce skill ws

DDy s [] 1 if the start date of slot s is before the due date of task g, 0 otherwise

Workforceg, i Hours | Workforce required for task group ¢ of task skill ¢s

Materialg s [-]

Machinery []

1 if the material availability date for task group g is available before the
start date of maintenance slot s, 0 otherwise.
1 the machinery availability date for task group g is available before the
start date of maintenance slot s, 0 otherwise.

TAT, [] 1 if the turnaround time required to execute task group g is shorter than
the duration of maintenance slots s, 0 otherwise.

AC-Type, [] 1 if the aircraft type of slot s matches with aircraft registration r, 0
otherwise

Durationg Hours | Duration of maintenance slots s

Max-Tasks [-] Maximum number task groups in a maintenance slot

Max-Workforces | Hours | Maximum number of workforce hours that can be attached to mainte-

10 Days due, []

CType,g
Wpur

WRES
WDEFER

[
[
Warounp [-]
[-]
[-]
[

WINTERVAL

nance slot s.

1 if task group g goes due in 10 days after the scheduling interval, 0
otherwise.

Task type coefficient of task group g

Weighting factor of task going due

Weighting factor of ground time

Weighting factor for rescheduling assigned aircraft registration
Weighting factor for task deferral

Weighting factor for task interval utilization

4.8. Decision variables

The decision variables for the maintenance task rescheduling model are provided in Table 4.

Table 4: Defined decision variables for the rescheduling model

Decision variable

Explanation

T.‘LS
AC,
WAs,t,ts,ws

ACclcan,r

1 if Task group g is assigned to slot s, 0 otherwise. If a task cannot be scheduled,
this is registered as deferred (s = ).

1 if aircraft r is assigned to slot s, 0 otherwise. If a slot is left empty, this is
registered as dummy slot (r = ().

Assigned workforce to maintenance slot s, at time ¢ for task skill ts of workforce
skill ws

1 if aircraft » has no open tasks in the coming 10 days at the end of the interval,
0 otherwise




4.4. Objective function

In Figure 2 the hierarchy of scheduling objectives is visualized, which corresponds to the scheduling objectives
which a maintenance scheduler keeps in mind. The main objective is to prevent tasks from going due.
Secondly, in general the goal of an MRO is to provide fleet availability towards the airline. Since the goal
is to create both efficient and stable maintenance schedules the third objective is set to the prevention of
schedule changes. Next, the objective is to schedule aircraft clean for a fixed number of days. The last
objective is to schedule maintenance tasks optimally with respect to their interval utilization. Besides task
interval utilization there is also an option for task deferral if the task is not scheduled within the current
scheduling interval. This is a function of task interval utilization or task execution based on how good of an
option task deferral is.

W= 10° Weooumn= 10° Wees= 0.4 W o= 10
Task Interval Utilization
round Tim Schedule ' v
Task execution Ground © . Aircraft health
Management Changes

Task Deferral

Figure 2: Hierarchy during task scheduling

The weighting factors displayed in Figure 2 are chosen based on the scheduling hierarchy such that they do
not coincide with each other. Only for ground time management and schedule changes there is a conflict
of interest. The value for Wrgg is therefore elaborated upon in the results section. Taking these schedul-
ing objectives together the goal is to minimize scheduling cost. The objective function can therefore be
mathematically formulated as following:

Min Y. Ty9-Wpur-Crype +
geGDue

> AC, s+ > AC.s-(1+ Wrgs, s)> - WarounD, s +

ses r€Rs

Z (1 - ACclean,r) . WCLEAN +

réR

> >, Tys - WINTERVAL Routine, g5 + > Ty,s - WINTERVAL Non-routine, g,s | - CTYPE +
s€S \ g€EGRoutine 9E€GNon-routine

>, Ty0-WpEFER, ¢ - CtyPE (1)
gEGDefer

In the upcoming subsections each scheduling objective and their weighting factor are discussed individually
together with additional formulation of the weighting factor.



4.4.1. Task scheduling

Task scheduling consists of two parts, task execution and task interval usage. The primary goal of mainte-
nance task scheduling is to schedule each task ahead of their due date. By exceeding the task due date, the
aircraft will be stranded on the ground as it is no longer airworthy. Letting a task go due has the highest
weighting in the model and is denoted by Wpy g and is the same for every task group g.

Wpue = 108 (2)

The second requirement, with lesser importance, is the moment in time at which the task is scheduled. For
each task, an arrival date is known. Depending on the task characteristics it receives a due date. Maintenance
tasks can be subdivided in two categories: routine and non-routine. For non-routine maintenance tasks it is
preferable to schedule them as far ahead of their due date as possible. This aims to keep the aircraft in good
shape, rather then waiting longer to resolve defects. Interval usage is taken into account in the objective
function for a non-routine maintenance task group g and maintenance slots s as following (WinTrrvAL = 1):

_ Starty — Arrival,

WINTERVAL Non-routine, g,s =

- W 3
Due, — Arrival, INTERVAL (3)

This will result in an increasing scheduling cost if the task allocation moves closer to the due date. For routine
maintenance, the goal is the other way around as it is preferable to schedule recurring tasks close to their due
date. This prevents the loss of unused interval and having to execute routine maintenance more often. For
routine maintenance task groups g and maintenance slot s the inverse relation can be used (Wintrrvar = 1):

Start, — Arrival
. WINTERVAL (4)

WINTERVAL Routi =1-
outine, 8,8 Duey — Arrival,

The model evaluates a maintenance schedule only for a fixed number of days within one horizon. For
some tasks the due date can be beyond the maximum scheduling date. As a result, there are also feasible
scheduling possibilities for a task outside of the current scheduling interval. If the task is not scheduled
in the current interval and the due date lies outside of the interval, a task can be registered as deferred
instead of due. The weighting of deferred tasks, Wpgrgg, is based on the mean value of Wy, for the
scheduling opportunities outside of the current interval. If there are no scheduling opportunities outside
of the current scheduling interval Wpprrr equals Wpyg. Wperrr for a maintenance task group g is
therefore formulated as following:

Mean(WinTERVAL, g,5), if Opportunities > 1

WDEFER, ¢ = { (5)

WpuE, otherwise

4.4.2. Ground time management
As long as all tasks are scheduled ahead of their due date, the aircraft will remain airworthy. In general,
the goal of an airline is to use their aircraft optimally such that the number of flights can be maximized.
Scheduling tasks ahead of their due date is an MRO objective. However, if the consequence of this is that
aircraft need to spend lots of time within in the hangar, an airline can still not make use of their aircraft
optimally. Besides maintenance task execution the goal is therefore to minimize the time an aircraft is
scheduled for maintenance. As a result, the operational availability of an aircraft should increase. The goal
of minimization of ground time is included in the objective function by minimizing the cumulative duration
of maintenance slots which are being used. The duration is multiplied by the weighting factor for ground
time (WGROUND = 105)

WaRrouND, s = Duration, - Wgrounp (6)
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4.4.8. Schedule changes

A schedule changes is defined as a change in assigned aircraft registration to a maintenance slot. The goal is
to limit these changes made to the original schedule once is disruption occurs. Since they have a knock-on
affect to other airline departments such as network scheduling. If there would be no restriction on the num-
ber of schedule changes, the schedule would be completely regenerated at the occurrence of a disruption.
However, in case of disruptive scheduling, the goal is to minimize the difference between the original and
rescheduled schedule. Reallocating tasks in between maintenance slots of the same aircraft registration is
not considered as a schedule changes as this does not affect other airline departments and they are still
executed according to airline regulations.

Once an aircraft registration has been assigned to a maintenance slot, it should preferably remain in that
position. However, for a schedule change the number of days of notice is of high importance. An aircraft
allocation change on the day of operation is more costly than an aircraft change a couple of days ahead.

The rescheduling cost as a function of the days of notice is illustrated in Figure 3. From T-10 days till T-3
days the rescheduling cost is set to 0, which means that there is no penalty involved in making a schedule
change. Aircraft allocation to flights is usually planned two or three days ahead. Schedule changes which
take place before an aircraft is assigned to flights should be non-restricted. By moving closer to the day
of operation consequences of schedule changes become more severe and therefore the rescheduling cost also
increases linearly from T-3 days to the day of operation.

-
n

—— Rescheduling cost

W g
o w o

[
o n o

Rescheduling cost multiplicator
I
n

=
n

=
o

=)

[

4 6 8 10
T minus

Figure 3: Maintenance slots rescheduling cost as a function of the days of notice

Within the objective function, Wgrgs for a maintenance slots s is defined as following (Wgrgs = 0.4):
Whras, s = max (3 — (Starts — Current Date),0) - Wrgs (7)

WrEs,s is multiplied by Wgrounp,s for every aircraft registration other than the aircraft registration origi-
nally scheduled for maintenance slot s.

4.4.4. Aircraft cleanliness

An aircraft is considered clean if there are no open tasks for a fixed number of days. For this research
the target number of clean days is set to a value of 10 days. This aims to minimize the required ground
time outside of the current scheduling interval. A sensitivity analysis on the number of target clean days is
provided in Appendix C.2. The objective of the model is to maximize the number of clean aircraft at the end
of the current scheduling interval. As this model is a minimization problem the number of non-clean aircraft
should be minimized. Therefore all dirty aircraft are multiplied with the aircraft cleanliness weighting factor
Werean.

Werpan =10 (8)

11



4.4.5. Constraints
At last, the constraints regarding the allocation of workforce and allocation of tasks to maintenance slots
are defined as following:

Z Z MAS,t,ts,u)s S Mthws Yws € WS,t el (9)
SESt tsET Sy s

Z Z MAs,ts,ws,t > Z Workforceg,ts : Tg,s Vs € SFlexible, ts € T'S (10)
teT, wseW Sys geG

> AC <1 Vse S (11)
reER;

> > Workforceg s - Ty,s < Max-Workforce, Vs € Spixed (12)
ts€TS g€Gyp,
AC,, =1 Vs € Skixed (13)
Y Tys=1 Vge G (14)
seS

Z Tys < Max-Tasks - ACT,S Vs € SFlexible; T € Ry (15)
geG,

Y- Ty peter * 10 Days due, < Max-Tasks - (1 - ACgean,r) VreR (16)
g€eG,

S (1-DD,.) Ty.=0 Vge @ (17)
ses

S (1— TAT,,) - T,, =0 Vge @ (18)
seS

%(1 — Materialy s) - Ty,s = 0 Vge G (19)
%(1 — Methody s) - Ty,s =0 Vge G (20)
s%;s(l — Aircraft type, ;) - Ty s =0 Vge G (21)
> (1 — Infeasibley ;) - Ty s =0 Vg e G (22)
ses

For flexible slots, constraints (9) restrict the model such that the total allocated workforce of skill ws during
time block ¢ cannot exceed the available workforce for that skill & time combination. Constraints (10)
guarantee that the allocated workforce for maintenance slots s and task skill ¢s meet the workforce require-
ments of the allocated tasks. In constraints (11), at most one aircraft can be assigned to a maintenance
slot. Otherwise it should be registered as a "Dummy” slot (r = (}). For a dummy slot an artificial aircraft
is assigned at which no tasks can be assigned.

For fixed slots, constraints (12) and (13) are implemented. The set of constraints limit the number of
workforce hours which can be attached to a fixed maintenance slot. The second set of constraints fixes the
maintenance slot to a scheduled aircraft registration, since there is no change in registration allowed for
fixed slots.
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For constraints (14), every task group should be scheduled by the rescheduling model. A task group (g) can
be scheduled in any of the maintenance slots (s). If it is not possible to schedule the task group in any of
the slots the task should be deferred or due (s = (). Constraints (15) ensure that only a maintenance task
group ¢ can be added to a maintenance slot s if the corresponding aircraft registration r is assigned to it.
The constraints provided in (16) assure that an aircraft is registered as clean if there are no tasks going due
in the coming 10 days after the scheduling interval.

The last set of constraints are of identical form and provide constraints for the feasibility of the task-slot
combinations. Constraints (17) force that tasks must be scheduled ahead of its due date. Constraints (18),
(19) and (20) provide the remaining 4M constraints besides manpower. At last, constraints (21) only allows
tasks to be scheduled to slots with a matching aircraft type. Since the constraints from (17) till (21) are
all the same format, the matrices are first element-wise multiplied by each other, and then added as one
single constraint as can been seen at constraints (22). This reduces the number of constraints by a factor of
five, for this set of constraints. Additional clarification regarding the model implementation is provided in
Appendix A.

5. Results

The data for the results is provided by a European commercial airline. Over a period from 01-07-2019
till 01-12-2019 the final maintenance slot schedule, executed maintenance tasks and available workforce are
provided. The results analysis is divided into four parts. First, the setup of the simulation procedure is
discussed together with support of how this represents a disruptive airline environment. This is followed
by the model performance trade-off analysis, at which the rescheduling cost is determined by means of
a sensitivity analysis. Afterwards, a case study is performed to evaluate the performance of the model
compared to executed maintenance schedule of the commercial airline. The results analysis is concluded by
a stochastic disruption analysis to analyze the stability of the model. The model is verified based on slot
disruption, new task arrival and 4M availability changes. The results of the verification are presented in
Appendix B. The results analysis within this paper will focus solely on the stochastic arrival of new tasks
as this is the most common disruption. A sensitivity analysis on the model is provided in Appendix D.

5.1. Simulation procedure

In reality, a schedule is not made for a fixed number of days and then executed as planned. As explained in
section 1, maintenance schedules are continuously updated over time and are adapting to disruptions that
take place. In an airline maintenance environment, tasks arrive continuously and slots change dynamically.
For this analysis, a schedule is generated for a fixed number of days. Afterwards the scheduling horizon
shifts one day ahead, at which new tasks arrive and a new day becomes available at the end of the day.
Since the circumstances change daily, rescheduling actions will be required to keep the schedule in a feasible
state. This process is visualized in Figure 4

5 LI )
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Figure 4: Simulation procedure for model

13



Within the airline of the case study, maintenance schedules are created manually till 10 days ahead. For the
implementation within the current decision process, a 10-days model is created with a schedule horizon of
10 days and a clean target of 10 days. This corresponds to the approach used for manual scheduling. The
formulation of the 10-days model is further discussed in Appendix C.

The model is able to schedule for a longer interval than the conventional 10 days. This opens the opportunity
to evaluate the effect of scheduling on the long-term. A second model is therefore created in which the due
dates of all tasks lies within the scheduling interval. At most, this is equal to 120 days as this is the maximum
allowed interval for a non-routine maintenance task. Throughout the remaining part of this paper this is
referred to the 120-days model. For both the 10-days and the 120-days model there are no scheduling
opportunities beyond the scenario end date. This is indicated by the red line in Figure 4. The scheduling
opportunities are therefore equal for both models. To benchmark the performance of both models, the
results are compared to the final schedule produced by the airline. Since both the model and the airline
schedule made use of the same input data, the results can be quantitatively compared with each other. For
a lower bound reference a third model has been created with perfect information. Here all disruptions or
known in advance and the schedule is created in one iteration.

5.2. Performance trade-off

As explained in Subsection 4.4 the maintenance rescheduling model has multiple scheduling objectives.
There is a conflict of interest between aiming for minimum ground time and prevention of schedule changes.
This section will therefore focus on the trade-off between ground time minimization and schedule changes.
Based on the value of Wgrgg the relation between the two can be adjusted. A high value results in the
preference of preventing schedule changes, a low value prefers ground time minimization.

Total number of due tasks Total number of slot changes Ground time usage
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Figure 5: Number of due tasks, last-minute schedule changes and ground time for several values of Wges with full interval
analysis. T-0, T-1, T-2 refer to schedule changes made on the day of operation, the coming day and two days ahead respectively.

In Figure 5, the trade-off results are provided for the 120-days model. As expected, by increasing Wres, the
number of schedule changes decreases. However, by increasing from 1000 to 10000, a decrease in schedule
changes goes at the cost of tasks going due. Since the prevention of due tasks has the highest priority these
values are not feasible. Looking at the ground time required as a function of Wgrgg shows an initial increas-
ing trend followed by a decreasing trend by increasing Wres further. The initial increase in ground time is
due to the preference for avoiding schedule changes. This results in more slots to be used and consequently
more ground time is required. The decrease in ground time after passing Wgrgs = 1000 is caused by the
tasks going due. This causes less ground time to be required as tasks cannot be allocated to a maintenance
slot.

Choosing a parameter from the figure above is subjective as this is dependent on airline preference. As
mentioned in the introduction, there is a trade-off between fleet availability and schedule changes. Depending
on the airlines preference a high or low value for Wges can be chosen. For this paper, a value 0.4 is chosen
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for WRes. This means that making an schedule adjustment on T-2, T-1, T-0, is 40%, 80% and 120% more
expensive respectively, according to Figure 3. A value of Wres=0.4, is preferred as this yields in a decrease in
last minute schedule changes while the ground time does not yet increase steeply. The performance trade-off
for the 10-days model is provided in Appendix C. The number of due tasks, schedule changes and ground
time are displayed in Table 5 for the chosen value of Wges.

Table 5: Number of due tasks, schedule changes and ground time of both models

‘ WhRes ‘ Due tasks ‘ Schedule changes ‘ Ground time
120-days Model 0.4 0 15 865 Hours

10-days model 0.6 0 15 908 Hours

5.3. Case study

For the case study the performance of both models, the airline schedule and the model with perfect infor-
mation can be quantitatively compared with each other. In Table 6 the hours of ground time used and the
number of due tasks are given for each scheduling method. A significant decrease in required ground time
can be seen for each of the three models compared to the airline schedule. Due to the increased scheduling
horizon of the 120-days model, a decrease of 2.95% of ground time is achieved, compared to the 10-days
model. Secondly, the 10-days model achieves a 17.2% decrease in ground time with respect to the actual
schedule. Where the 10-days model uses maintenance slots of 4.62 hours on average, the airline schedule
makes use of slots with an average duration of 5.57 hours. This gives an indication the model is able to
schedule task more efficiently. However, the additional required ground time can also be partially caused by
additional operational constraints which are not included within the scope of the model.

However, the added value of the 120-days model is underlined by the decrease in number of ground time
slots while this was not a scheduling objective. This shows that the 120-days model is capable of merging
maintenance slots together. The scheduling horizon of 120 days does not go at the cost of computational
time. Where the 10-days model needs 6.9 seconds on average for scheduling, the 120-days model needs 48.1
seconds. This makes both models suitable for decision making during disruptions.

At last, the 120-days model can achieve scheduling results closer to the model with perfect information than
the airline schedule in terms of ground time. Only 6.68% more ground time is required for the 120-days
model compared to perfect information. This shows that the 120-days model is able to produce close to
optimal schedules with uncertain information.

Table 6: Number of due tasks and ground time usage for analyzed scheduling methods

Schedule method Due tasks | Scheduled tasks | Number of slots | Ground time

Airline schedule® 0 2549 475 | 2645.58 Hours
Perfect information 0 2549 451 | 1992.60 Hours
120-days model 5 2544 469 | 2125.75 Hours
10-days model 10 2539 474 | 2190.40 Hours

In exchange for a decrease in ground time, both models have tasks going due. This is caused by a lack
of scheduling flexibility in the maintenance slot schedule. During validation of these results, the airline
indicated that changes to the maintenance slot schedule are part of the solution space of the maintenance
schedulers. A maintenance scheduler can extend or split-up an existing maintenance slot or create a new
maintenance slot. As a result, new feasible scheduling opportunities for a task can be generated. This is
confirmed by an analysis of the adjustments made to the slot schedule by the airline. This shows that 30,

2Results obtained after maintenance slots adjustments by maintenance scheduler
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68 and 35 duration changes have been made in T-0, T-1 and T-2 respectively. Examples of maintenance
slot flexibility are provided in Appendix F. For both models, this is not part of the solution space.However,
the input for both models is a slot schedule which is fine-tuned according to the airline schedule. When the
model takes a different decision path as the airline, there is no longer a fine-tuned maintenance schedule
with the current task backlog. As a result, a task can be left without any feasible slots in which it can be
scheduled. A more elaborate explanation together with an example is provided in Appendix E.

As explained in the beginning of this section, aiming for minimization of ground time should not go at the
cost of an increase in last minute schedule changes. In Table 7 the number of schedule changes are provided.
A comparison to the airline schedule shows that both models require significantly less last-minute schedule
changes. The comparison gives an indication that the model produces more stable schedules. However, this
needs to be verified by means of live testing. Since the case study in which the model is evaluated does
not capture the full disruptive nature of an airline environment. Secondly, it can be concluded that the
implementation of the 120-days model does not result in an increase of schedule changes compared to the
10-days model.

Table 7: Number of schedule changes close to the day of operation for analyzed scheduling methods

Schedule method | T-0 | T-1 | T-2
Airline schedule 24 25 22
120-days model 12 10 16
10-days model 13 8 18

At last, the utilization rates of both routine and non-routine tasks are evaluated for the scheduling methods
in Table 8. It can be concluded that scheduling by making use of the model compared to the airline
schedule results in slightly better interval utilization for both routine and non-routine maintenance tasks.
A comparison between the 10-days model and the 120-days model shows that the additional decrease in
both ground time and schedule changes does not go at the cost of interval utilization. The 120-days model
is capable of achieving slightly better utilization numbers which are close to the numbers obtained for
perfect information. As expected, for perfect information the best task utilization results are obtained.
The non-routine task utilization goes from 56.1% to 53.4% by comparing the airline schedule with perfect
information. Since disruptions are known in advance, maintenance slots can be reserved which results in a
better non-routine task utilization.

Table 8: Task utilization for analyzed scheduling methods

Schedule method Routine utilization | Non-routine utilization
Airline schedule 0.760 0.561
Perfect information 0.778 0.534
120-days model 0.773 0.546
10-days model 0.777 0.549

5.4. Stochastic disruption analysis

In the preceding section it is shown that the model can achieve a decrease in ground time. It also showed to
added benefit of the 120-day interval with a further decrease in ground time and less due tasks with respect
to the 10-days model. However, these conclusions are based on the evaluation of a single scenario. This
section will provide an extended analysis of the model performance based on stochastic disruption analysis.
Non-routine maintenance scheduling has a stochastic nature as the arrival of new tasks is unknown. Mainte-
nance schedules should therefore have enough slack to cope with the irregular arrival of maintenance tasks.
For the model, the goal is to create a close to optimal schedule with incomplete information. In this section,
the unexpected arrival of tasks is simulated. To replicate a disruptive environment, a stochastic analysis is
performed on the arrival of non-routine maintenance tasks based on the task data provided by the airline.
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To find a suitable distribution for the arrival time in between non-routine maintenance tasks, the difference
in arrival time for consecutive non-routine maintenance tasks is analyzed. An analysis on the non-routine
task arrival revealed that the arrival of tasks are not independent of one another. A single failure can cause
consequential failures. Therefore, multiple tasks arrive shortly after each other on one aircraft registration.

To account for this, the simulated arrival of tasks has been subdivided into two parts. First the stochastic
arrival of tasks is determined by means of a distribution. Secondly, for each task arrival the number of tasks
arriving at once is determined. In Figure 6, the distribution of arrival times is provided by the blue line for
a historical set of non-routine tasks data. The historical distribution has been approximated by means of an
exponential distribution indicated by the orange line. Fitting the distribution yields in an arrival frequency
of A = 0.255[%}. To demonstrate that the fitted exponential line is a suitable distribution, a generated

set of arrival times is added in Figure 6 indicated by the green line. The generated set of data makes use of
the same mean arrival time and has the same size as the historical data.
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The second step is the stochastic generation of the number of tasks arriving at once. Lagos et al. [12]
approximated this by means of a Poisson distribution. However, since within the scope of this research only
non-routine maintenance which is executed within the hangar is considered, no suitable distribution could
be fitted on the historical data. Therefore, the number of tasks is determined by means of a weighted choice
between 1, 2, 3 or 4 tasks arriving simultaneously. In similar manner, the tasks should be assigned to an
aircraft registration. This is done by means of a weighted choice out of the available registrations. The
weights are determined based on the historic probability of non-routine tasks of the corresponding aircraft
registration. This is a valid assumption since there are specific aircraft registrations/types which require
more non-routine maintenance than others.

The required duration for execution of a maintenance tasks within a slot shows a lot of variance. In Figure 7,
the distribution of the maintenance task duration is plotted. To generate new task durations an exponential
distribution has been fitted on the data, resulting in a duration frequency of A = 0.272[ngr]. Again, a
generated sample of durations is shown in Figure 7 to indicate that this is indeed a suitable distribution.

The type of tasks are determined by means of a weighted choice, this determines both the task criticality and
available time interval. At last, the workforce requirements are taken as a sample from one of the historical
tasks. The sequence of task generation is summarized in Algorithm 1. The weights for determination of
number of tasks, task type and aircraft registration are provided in Appendix F.
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Algorithm 1 Stochastic creation of non-routine maintenance tasks

1: Generate arrival times based on exponential distribution of Figure 6
2: for each arrival time do:
3: Generate aircraft registration r based on weighted choice

4: Generate number of tasks based on weighted choice

5: for each task do:

6: Generate duration based on exponential distribution Figure 7
7 Generate workforce requirements based on historic sampling
8: Generate task type based on weighted choice

9: end for

10: end for

For stochastic disruption analysis, a scenario is created which runs from 01-07-2019 till 01-09-2019 and makes
use the maintenance slot schedule obtained from the case study. In total 20 scenarios are evaluated with
different sets of stochastic tasks. For each scenario only the non-routine tasks are replaced by stochastically
created tasks, while the routine tasks are identical for each scenario. Depending on airline fleet size and fleet
age the task arrival distribution can shift. Therefore, several disruption loads are evaluated for the arrival
time in between tasks. Starting from a disruption percentage of 50%, the time frequency of the arrival of tasks
is increased with steps of 25% till a frequency of 150%. The performance of both the 10-days and 120-days
model is compared to the model with perfect information. The 10-days model is included within the analysis
as this replicates the current manual decision making within an airline, with a scheduling horizon of 10 days.

Within Figure 8, the number of due tasks are displayed for an increasing disruption rate. In case of perfect
information, tasks go due because of a lack of scheduling opportunities. For tasks with a short interval
there is sometimes no suitable maintenance slot available, which causes tasks to go due even with perfect
information. This phenomenon is not observed for the case study provided in Subsection 5.3 as this main-
tenance slots schedule was fine-tuned to the task backlog. Within the case study each task had at least one
scheduling opportunity while for this analysis this is not necessarily the case. If there would be no feasible
scheduling opportunity for a task, a maintenance scheduler would manually create one. Furthermore, the
analysis shows that the 120-days model is able to prevent more tasks from going due compared to the 10-days
model. Even though the confidence intervals between the 120-days model and 10-days model coincide with
each other, an element-wise comparison for each scenario shows that the 120-days model has less or equal
due tasks in 97.5% of the scenarios.
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The decrease in number of due tasks goes at the cost of an increase in required ground time, as shown in
Figure 9. The 10-days model requires less ground time than the 120-days model. This can be explained
since more tasks are going due in the 10-days model and consequently this results in less tasks which are
scheduled. Thereby, less ground time is required. This explanation is also confirmed by the fact that the
10-days model requires less ground time than the perfect information model. Secondly, the decrease in
ground time can also be explained by the fact that an increase in disruption rate causes a more congested
schedule. Consequently, the benefit of scheduling in the long-term disappears as most maintenance slots
in the short-term need to be used anyway. Long-term scheduling, with the current scheduling hierarchy,
can even be worse than short-term scheduling. If schedule availability in the long-term is assumed while
this eventually result in a congested schedule as time progresses. However, this only becomes an issue by
increasing the disruption rate beyond values evaluated for this study.

Table 9: Average scheduling results for a disruption rate of 1

Schedule method ‘ Due tasks ‘ Scheduled tasks ‘ Ground time usage ‘ Number of slots

10-days model 66.91 (17.3%) 320.87 778.29 Hours 84.96
120-days model 62.70 (16.2%) 325.09 809.57 Hours 89.00
Perfect Information | 44.17 (11.4%) 343.61 806.19 Hours 87.17

For a disruption rate value of one, the average results are summarized in Table 9. By making use of the
120-days model a decrease of 1.1% in due tasks can be achieved. A larger scheduling interval provides more
insight into future scheduling opportunities and therefore results in less tasks going due. However, the gap
to perfect information remains 4.8%. Because of the lack of scheduling opportunities for some tasks, the
model with perfect information is able to use the available maintenance slots more efficiently and achieve
a reduction in due tasks. A comparison between the average ground time per executed task shows that
the 120-days model requires 2.6% more than the 10-days model. It is likely that the 10-days model would
require more ground time if there would be scheduling opportunities for the due tasks. This is because that
the 10-days model requires less ground time than a scenario with perfect information. Whether the 10-days
model would require more or less ground time compared to the 120-days model is a question which cannot
be answered.
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The difference in terms of schedule changes is provided in Figure 10. As expected, an increase in disruption
rate also increases the number of schedule changes. Both the 120-days model and 10-days model show
similar trends for all intervals. For T-0 and T-1 the disruption rate is slightly higher for the 120-days model.
Since the 120-days model prevents more tasks from going due tasks, this can cause an increase of last-minute
schedule changes. Also, for both models the absolute number of schedule changes is very small compared to
the length of the scheduling interval (2 months).

The results from this section show that the 120-days model is more stable than the 10-days model as less
tasks are going due with similar schedule changes. However, the 120-days model is not able to achieve a
decrease in ground time similar to the airline case study. Secondly, the performance of the model with
perfect information shows the need for a fine-tuned maintenance schedule. While for the airline case study
no tasks were going due, for the stochastic disruption analysis the 120-days model has to let 11.4% of the
tasks go due.

6. Conclusions and recommendations

The case study performed on the airline scenario showed that implementation of a model can aid to schedule
stability, as both models had less schedule changes compared to the airline case study. Secondly, the case
study demonstrated that a slight improvement can be realized in terms of both routine and non-routine task
utilization by means of the models. At last, it showed the value of scheduling with a larger horizon, since
this results in less due tasks, less ground time, decrease in number of slots and better task utilization.

The value of a 120 day scheduling horizon is further confirmed by the stochastic disruption analysis. With
stochastically generated tasks the 120-days model was able to prevent more due tasks compared to the
10-days model. Compared to perfect information, the model was capable of scheduling around 94.6% of
the tasks. Based on the model with perfect information it can be concluded from the stochastic disruption
analysis that maintenance slots flexibility is required to achieve a decrease in ground time and prevention of
due tasks. The stochastic disruption analysis also showed that schedule stability was preserved, by means
of limited schedule changes for a range of disruption rates.

Based on the case study, it can be concluded that by means of the 120-days model a 2.95% decrease of ground
time can be achieved. For an commercial airline a wide-body aircraft has a potential revenue of €200,000,-
per day. The achieved decrease in ground time would result in a yearly €1.29 million of additional potential
revenue for the airline case study. With the scope & assumptions of this research, a comparison between
the airline schedule and 10-days model shows that there is potential for a further decrease of 17.2% ground
time. This equates to an additional €9.10 million revenue. Further research needs to be done to confirm
the added benefit by means of live testing.

To conclude, the implementation of a model of task rescheduling with a 120 day scheduling interval can
result in a decrease of required ground time and thereby an increase in schedule efficiency. Based on the num-
ber of last-minute schedule changes it can be concluded that both models provide more schedule stability.
Furthermore, the 120-days model gets rid of uncertainty of task deferral and provides insight in the sched-
ule for both the short- and long-term. At last, it should be noted that both models had a limited number
of tasks going due. Therefore, at the current stage of development it is not able to replace manual scheduling.

The results of this research open up possibilities for further research. The stochastic disruption analy-
sis showed that adding slot flexibility is required to prevent to occurrence of due tasks. Expanding the
model formulation such that alterations can be made to the slot schedule can prevent the occurrence of un-
scheduled tasks. The addition of slot flexibility will be a challenge without sacrificing on computational time.
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Secondly, the data quality is currently insufficient to fully rely on a model for task scheduling in an airline
environment. It is an illusion that data quality will ever reach a level at which task scheduling can take place
autonomously. Expertise knowledge is required for task scheduling and therefore user input is one of the
key requirements for further model development. User input can also be used to address to problem of slot
flexibility in which the user interactively adjusts the maintenance schedule and the model schedules tasks.
This should prevent the model from letting tasks go due and the model would add in the decision process by
achieving a decrease in required ground time. A cooperation between the model and maintenance scheduler
would therefore result in more efficient and stable schedules.

At last, an increase of scope can be addressed in further research. For this research, only non-routine
and out of phase routine maintenance which is executed within the hangar is considered. In real practise,
line maintenance play are significant role as well as maintenance tasks can be interchanged in between the
two. Including line maintenance increases the model flexibility and opens up the opportunity for further
operational savings.
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Extended methodology

Within this chapter the methodology will be discussed in extended format. First the scope and
assumptions will be elaborated. This is followed by an extended explanation regarding the 4M’s
scheduling requirements and an overview of how scheduling regeneration is achieved. At last two
practical model implementations are discussed, with decreasing the model size and reservations for
workforce by progressing through time.

A.1. Scope & Assumptions

The scope of this research focuses on non-routine maintenance and out of phase tasks which can’t
be executed on line maintenance. These tasks arrive irregularly and need to be executed ahead
of their due date. Regarding aircraft types the scope is limited to wide body aircraft. A wide body
aircraft has at most one ground time interval at the home base per day, where a narrow-body aircraft
can have three or more opportunities. Disruptions therefore have a bigger impact on the wide body
fleet since these typically have a high utilization and less ground time at the airlines hub.

A.1.1. Maintenance slots

Regarding the allocation of aircraft registrations to maintenance slots, the assumption has been
made that there is freedom in the assignment of aircraft registrations to maintenance slots. There-
fore, network restrictions are considered out of scope. In reality, some schedule changes might be
restricted because of network limitations. Furthermore, maintenance slots can be scheduled in par-
allel, however the workforce availability is then shared between the parallel maintenance slots.

Maintenance schedule

PHMPS —
PHBVU —

PHBVN —_—
PHBVK —

PHBVD -

PHBVC —_—

PHBQM —

PHBAQI —

PHBQC —

PHBFY

PHBFT  +—
PHBFS — —
PHBFH-  +—— -

PHBFG —

PHAOA u
PHAKF 1

Aircraft registration

7/2/2019 12:00:00 AM  7/5/2019 12:00:00 AM  7/8/2019 12:00:00 AM

Figure A.1: Example of maintenance slot schedule
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As explained in the introduction, airline maintenance scheduling takes place in a dynamic environ-
ment. Therefore, maintenance slots also change in duration, both before and after the start of the
slot. For this approach, maintenance slots are considered fixed over time. An example of a main-
tenance slot schedule at which the slots are already allocated to maintenance slots is provided in
Figure A.1. For the slot schedule used for the airline case study, the start and end dates are the same
as during the start of the slot in reality. Two types of maintenance slots are included within the scope
of this research:

» Fixed maintenance slots: These slots consist out of letter checks at which larger maintenance
is scheduled. As a result, the aircraft registration is predefined and cannot be changed. De-
pending on the size of the letter check a fixed number workforce hours can be assigned. The
required turn-around time of a task is always assumed to be feasible.

 Flexible maintenance slots: These are slots which are created specifically for non-routine and
out-of-phase maintenance tasks. The slots require hangar availability and change dynami-
cally over time. Therefore aircraft registrations can be freely assigned to slots as long as the
aircraft type of the maintenance slot matches.

A.1.2. Maintenance tasks

Non-routine maintenance can be subdivided into two sub-categories. There are deferred main-
tenance tasks which have been found but not solved right away. Secondly, there are non-routine
maintenance which are executed right away. These tasks can be reported by the flight crew or they
can be found during execution of a maintenance task. For this analysis, only deferred maintenance
tasks are considered as these need to be scheduled in a maintenance slot. Faults which are found
during the execution of other maintenance tasks are considered out of scope and therefore also
don’t require any resources in this analysis. At last the arrival of tasks is rounded up to days, since
the model is only ran once per day.

A.2. 4M’s scheduling requirement

As described by Schut [8], the feasibility of the schedule can be checked by considering, the 4M’s
requirements for each scheduled maintenance task. The 4M requirement consists of the availabil-
ity of Material, Machinery, Method and Manpower. In case of airline maintenance, there is also a
subdivision of workforce for each required skill level. If all 4M’s are available, maintenance can be
performed during the scheduled time interval. If not, there is a schedule infeasability and the main-
tenance task should be rescheduled. Because of a disruption, the 4M availability can change and
cause infeasibilities to the maintenance schedule.

The availability of machinery, material and method can directly be obtained from the data. How-
ever, there is uncertainty in the arrival date of material and machinery. Within the data it can only
been seen if it is currently available or not. However if it is currently not available, there is no indi-
cation of future availability. To account for this, the following two assumptions are applied:

e If material is indicated not to be present, the assumption is made that it will be present on the
day of actual task execution. Otherwise, the material is assumed to be present starting from
the arrival date.

e If machinery is indicated not to be present, the assumption is made that it will be present on
the day of actual task execution. Otherwise, the machinery is assumed to be present starting
from the arrival date.

To satisfy the manpower requirement is more complicated as there is a discrepancy between the
skills of the available workforce skills and the skills required to perform maintenance tasks. In order
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to check for workforce availability a similar approach as Yang et al. [9] is used. A Linear Program (LP)
model assigns workforce to maintenance tasks which aims to meet all maintenance requirements.
Each task requires one or more task skills. A mechanic should have the authorization for this task
skill to execute the task. However, a mechanic can have the authorization to perform multiple task

skills.

Workforce is available 24/7 throughout the weeks. However, the availability of workforce differs per
day and shift. Within Figure A.2 the availability of workforce subdivided per task skill level is dis-

played.

] s Bl
B2
T
=] . MA
[}
= i mm CMM
m
=
m
o
o
2
E-
=
N
[T
[
wu
F=]
E_
=
=
S BESDESDESDESBESOE D E
meEe L m e £ m e L m e £ me £t m e £ m e L
oz o foes oz foeg o 2o 2
[ T IR - ¥ =R T BV | =R S | <R | -
e - e - e s A== |y B T = -~ S
T =2 T AT W N T W MmO ow T W i T W e
= — ~ 'l < ) =)

Morning, evening and night shift per day of the week

Figure A.2: Number of available workforces subdivided on workforce skill level for shifts throughout the week

To summarize the 4M’s requirements are formulated as indicated in Table A.1.

Table A.1: Formulation of 4M requirements within the analysis

4M’s Explanation
Method Estimated duration should be smaller than duration of maintenance slot
Machinery | Available for a slot which start after ETA of all required machinery
Material Available for a slot which start after ETA of all required material
workforce | Workforce of required task skill should be allocated to maintenance

slot to satisfy workforce skill requirements.

A.3. Schedule regeneration
In order to be able to come up with a good rescheduling solution, the model needs to be capable of

regenerating the original schedule and consider it to be feasible.

In theory, the original schedule should be adhering to the same constraints as the rescheduling
model. However, in reality constraints are accidentally violated. This can happen for multiple rea-
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sons such as insufficient data quality or one-time exceptions which are allowed by the maintenance
facility. For example, in some occasions tasks which require 8 hours of execution were placed in a
slot of 6 hours. This can for example be done when the workforce is already familiar with executing
this maintenance task. In order to determine exceptions which are granted, constraint violations of
the original schedule should be determined. The schedule infeasibilities from the regular schedule
are provided to the rescheduling models as allowed constraint violations. The verification process
is visualized in Figure A.3. The regular maintenance schedule check is running separately from the
rescheduling model. The output of the schedule check is provided as input for the rescheduling
model.

Disruption .
changes
i Maintenance
—4 Task rescheduling schoduls tpdate
______ Maintenance ] :
schedule

o
Schedule check }—» Adjust task
requirements

Figure A.3: Flow of maintenance task rescheduling

Schedule infeasibilities can come in the form of 4M’s or due date violation. The due date, machinery;,
method and material constraints can be evaluated independently from each other. For manpower
this is not an option as maintenance slots can run in parallel. The available workforce can therefore
be allocated to one of the two slots. To check for workforce availability a MILP is created which is
explained more elaborately in the following subsection.

A.3.1. Workforce shortage model

The workforce model is a stripped-down version of the rescheduling which aims to minimize the
shortage of workforce in the current schedule. The task allocation to maintenance slots is fixed
and is equal to the original schedule. Within the model, workforce can be assigned to maintenance
slots per time block of 30 minutes. If there are multiple maintenance slots scheduled in parallel, a
subdivision of allocated workforce can be made. Workforce can only be allocated to a maintenance
slot and skill up until the required amount of workforce for that slot.

Sets

There are four sets of variables of the workforce model. The first set consist of the maintenance slots
in which tasks are scheduled. Currently the duration of a single time block is set to 30 minutes. A
slot is set to be active during a time block if the start time of the time block is between the start time
and end time of the maintenance slot.

For required skills there are two different kinds of sets. The first set consists of all task skill variables.
Within this set all skills are included which can be required to execute a maintenance task. The
other set consists of the workforce skills. Each workforce skill level is allowed to execute several
task skills. Some task skills can only be executed by external workforce. Since the availability of
external workforce is not known, this can’t be solved during the workforce check. Therefore, the
allocated workforce for a task skill which can only be executed by external workforce is set to 0 and
will therefore form a shortage.
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Table A.2: Sets for workforce shortage model

Sets Explanation

tseTS Set of skills required for tasks
wse WS | Set of workforce skills

teT Set of time blocks within the current schedule interval

teTs Subset of time blocks which during maintenance slot s (T, < T)
SES Set of maintenance slots within the current schedule interval
SES; Subset of maintenance slots active at time interval t (S; < S)

Parameters

Within the workforce model there are two parameters. One is the availability of workforce for each
combination between time block ¢ and each workforce skill ws. Secondly, there is the required
workforce for all combinations between maintenance slots s and task skills ¢s. These values are
determined based on a summary made of the tasks scheduled within a maintenance slot.

Table A.3: Parameters for workforce shortage model

Parameters | Unit Explanation

Wavy s Hours | Workforce available from at time ¢ of workforce skill ws
Wredqp,s Hours | Workforce required for slot s of task skill s
Decision variables

The rescheduling model is stripped down such that there are only two remaining decision variables
in the model formulation. They are provided in Table A.4. First decision variable is the assignment
of available skilled workforce to task skill requirements of a maintenance slot. Second decision
variable is the shortage of task skills for each maintenance slot. Both variables are modelled as
positive continuous variables.

Table A.4: Decision variables of rescheduling model

Decision variable
WA 1 15,ws Assigned workforce to maintenance slot s, at time ¢ for task skill #s of workforce skill ws
WSy, 15 Shortage of workforce for slots s of task skill s

Objective function

The objective is to minimize the shortage of hours of task skills ts for each maintenance slots s. If
there are no schedule infeasibilities, then the objective function is equal to 0. Within the model all
maintenance shortages are weighted equally. It could be the case that some task skill or slot has a
higher priority. This can easily be added to the model formulation but is currently left out of scope.
The objective function is therefore formulated as following:

min ) ) WSps (A.1)
beBtseTS
Subject to
YooY WAp s ws < Wavy, s VYwse WS, teT (A.2)
SeS; tSeETS s
WSgrs+ Y. D WAg g uws, = Wreqg V'S € Spiexible, 1S € TS (A.3)

teTy wseW Sy
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WA 1, ¢5,ws € 10, R+} VseS,Vie T,Vtse TS,Ywse WS (A.4)
WS ;s €{0,R+} VseSVtseTS (A.5)

The constraint provided in Equation A.2, guarantees that the allocated workforce of workforce skill
ws during time block ¢ cannot exceed the available workforce for that skill & time combination.
Secondly, the constraint given in Equation A.3 forces that the allocated workforce for maintenance
slot and task skill meets the required number of workforce hours. If not, this will be registered as
workforce shortage. Based on the workforce shortage in the regular schedule, the task workforce
requirements are adjusted as described in the following subsection.

A.3.2. Task alteration

Based on the schedule infeasibilities which occur in the actual schedule, the properties of tasks need
to be altered. The output provided by the model described in subsection A.3.1 indicates a shortage
of workforce per maintenance slots s and task skill zs. In case of a shortage, all tasks g scheduled
within maintenance slot s and requiring ¢s are updated as following:

Workforceg ;s new = Workforceg, 15 or - ————— (A.6)

Where WS; ;s is the workforce shortage and Wreq , is the required workforce for maintenance slots
s and task skill ¢s. Besides a shortage in workforce there can also be a constraint violation in any
of the other 4M’s requirements or due date restrictions. If a task violates the constraint regarding
due date, machinery availability or material availability this is considered as an infeasability. The
task slot combination of the original schedule is considered to be feasible scheduling option as an
exception.

If the method constraint is violated for a task, this means that the prescribed TAT to execute the task
is larger than the duration of the maintenance slot. In this case the required TAT is adjusted to the
duration of the maintenance slot, such that the task can also be placed in another maintenance slot
of equal or longer duration. The required TAT of a task is adjusted during the schedule check by
taking the minimum value out of the scheduled duration and the slot duration:

TAThew = min(TAT,,, Durationy) (A.7)

A.4. Decrease model size

In order to decrease the problem size, and model creation time, only decision variables are created
if they are feasible. Especially the assigned workforce variables can really become extensive in the
number of variables, since it is including every combination between four sets. To decrease the
number of variables Algorithm 1 can be used at which only workforce assignment variables are cre-
ated which are feasible. This means that a decision variable will only be created if a maintenance
slot s is active at time block ¢ and that workforce skill ws is allowed to perform task skill ¢s. There is
a slight difference in the algorithm between the schedule check model and the rescheduling model.
For the schedule check there is an additional requirement in which task skill ¢s should be required
by at least one task scheduled within maintenance slot s. For the rescheduling model the variable
is created for every task skill s, since it is unknown which tasks will be scheduled in a maintenance
slot. For the rescheduling model the logic is provided in Algorithm 2.

For the rescheduling model the problem size can be decreased further by adding only feasible reschedul-
ing possibilities. Constraints (22) in the Thesis paper forces that all infeasible decision variables
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Algorithm 1 Creation of workforce assignment variables - [Schedule check]

1: for each maintenance slot s do:

2 for each time block ¢ of which the start time is between the start and end time of block s do
3 for each maintenance task skill ¢s required for tasks within slot s do:

4: for each workforce skill which can perform ws do:

5 Add variable MAy, ; ;5,5 to model

Algorithm 2 Creation of workforce assignment variables - [Rescheduling model]

1: for each maintenance slot s do:

2 for each time block ¢ of which the start time is between the start and end time of slot s do:
3 for each maintenance task skill s do:

4: for each workforce skill which can perform ws do:

5 Add variable MAy, ; t5,,,s to model

should be equal to zero. However, since it is already known upfront whether a decision variable is
feasible or not, they can already be omitted during the model creation. Constraints (22) of the model
formulation in the paper no longer has to be added to the model. For the model this yields in a sig-
nificant reduction of the model creation and solving time. Regarding task allocation to maintenance
slot there are only combinations provided which are feasible according to the due date, arrival date,
machinery, method, material and aircraft type constraints.

A.5. Workforce reservations

Maintenance slots can have durations of multiple days, depending on the required turnaround time
of the scheduled tasks. During maintenance scheduling, not only tasks scheduled in the future
should be considered. Task scheduled in the past can also have their influence on the current day of
operation. The execution of tasks requires the allocation of workforce. In case of maintenance slots
with multiple days of duration, task scheduled in the past can require part of the available workforce
capacity of the current day of operations. Once a maintenance slot is started the allocation of work-
force and task to slots is considered final. If a slot requires workforce in the second day of the slot,
a reservation is placed in the workforce availability for the days to come. This prevents the model
from using the same workforce multiple times.



Model verification

The verification performed in this chapter, serves as a way to verify whether the model is imple-
mented correctly and behaves as expected. The verification is split up in two parts. First the model
is verified whether it is capable of regenerating the original schedule. Secondly, the model is veri-
fied by means of disruption scenarios. In collaboration with a European airline, a set of disruption
scenarios is provided to see if the model makes the correct schedule adjustments.

B.1. Schedule verification

For this research data are provided by a commercial airline and thereby the original schedule exe-
cuted during 2019 can be obtained. As explained in section A.3, the original schedule should be con-
sidered as being feasible. The first step in the verification procedure is therefore to verify whether
the rescheduling model is capable of regenerating the original schedule without any constraint vio-
lations.

Within this section a comparison will be made between the airline schedule and a model with per-
fect information. As both schedules receive identical inputs the rescheduling model with perfect
information should produce identical or better results compared to the airline schedule. The veri-
fication of results is performed on the airline schedule which runs from 01-07-2019 till 01-09-2019.
Inputs for the model are the tasks executed within the time interval, the used maintenance slots and
the workforce availability per shift subdivided on skill level.

Table B.1: Rescheduling model verification with comparison between regular schedule and model output

Scenario ‘ Number of tasks ‘ Number of slots ‘ Ground time
Airline schedule 1682 202 1904.3 Hours
Perfect information | 1682 197 1797.55 Hours

The scheduling results for the airline schedule and the perfect information model are provided in
Table B.1. It can be concluded that the model is indeed able to schedule all tasks without any con-
straint violations. Secondly, the model is also able to achieve a slight decrease in required ground
time and number of maintenance slots. The improvement in performance is also confirmed by an
improvement in task utilization for the model compared to the airline schedule. The results for this
are shown in both Figure B.1 and Table B.2. The model is capable of scheduling non-routine tasks
earlier in their interval, while for routine maintenance tasks it is able to schedule them slightly closer
to the due date. This results in an increase of interval utilization for routine maintenance tasks and
results in the long-run in less maintenance interventions.

33
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Scenario

‘ Non-routine utilization ‘ Routine utilization

Airline schedule
Perfect information

0.596388
0.522424

0.820214
0.838194

Table B.2: Rescheduling model verification with comparison between regular schedule and model output
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Figure B.1: Cumulative distribution plot interval utilization
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At last, the utilization of each task type is provided in Table B.3. It can be seen that the utilization
numbers of task types with a high value for Wr. ¢ result in slightly higher utilization numbers.
This can be concluded by comparing MEL C tasks with NSRE 10 and MEL D with NSRE 120. Both
tasks have an identical interval but differ in criticality. Tasks with a higher criticality are scheduled
first. This is as expected since the model gives priority to scheduling tasks with a higher priority. It
can also be seen that tasks with a larger schedule interval achieve the best utilization numbers. As
there are more scheduling opportunities for tasks with a larger interval it is also as expected that
they can be scheduled more optimally with respect to their interval.

Table B.3: Task utilization subdivided on task type

Task type | Utilization Wry,. Interval (days)
Routine 0.84 4 -
MELA 0.69 4 1
MELB 0.74 4

MEL C 0.52 4 10
MEL D 0.24 4 120
Adhoc 0.53 2 -
NSRE 5 0.68 1 5
NSRE 10 0.68 1 10
NSRE 20 0.51 1 20
NSRE 120 0.35 1 120
NSRE Man 0.37 1 -
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B.2. Disruption analysis

Airlines operate in a disruptive environment. Because of disruptions maintenance slots schedules
need to be adjusted continuously and new tasks arrive irregularly. In order to implement the model
for maintenance task scheduling, it needs to be verified whether it takes the correct decisions at
the occurrence of disruptions. A set of disruption scenarios has been set up which occur during
commercial airline operations. The disruption scenarios can be divided in three categories: slot
changes, task changes and 4M’s availability changes. For each of those categories one or more spe-
cific disruption scenarios is provided:

1. Slot changes

1.1. Cancellation of maintenance slot
1.2. Decreasing duration of maintenance slot
1.3. Merge two maintenance slots together as one

1.4. Rescheduling maintenance slot from day to night
2. 4M'’s availability changes

2.1. A decrease in B1 workforce availability
3. Task changes

3.1. Addition of task on aircraft registration with scheduled maintenance slot
3.2. Addition of task on aircraft registration without scheduled maintenance slot

3.3. Addition of task on aircraft registration in between two scheduled maintenance slots

Within the disruption verification scenarios there is little scheduling flexibility as the scheduling
horizon only runs over a period of one week. Therefore, there are only between 2 and 5 mainte-
nance opportunities for each aircraft type. A single disruption is therefore likely to cause a task
going due or deferral. The scenarios provided in this chapter therefore only serve as a way to verify
whether the decision making is as expected. The results of the disruption scenarios are presented in
Table B.4. Within the disruption scenarios only a change in workforce availability is considered out
of the 4M’s requirements. However the other requirements have still been verified by means of unit
test which are not provided in this report. Secondly, the influence of the machinery and materials
constraints is further verified in section D.2 by means of constraint relaxation.

Within Table B.4 the model solution is provided for disruption scenarios as defined in the enumera-
tion above. Each of the scenarios runs from 01-07-2020 till 10-07-2020. In the experiments column a
short description is provided of the disruption which is provided to the model. For each disruption
the number of task changes, block changes, task deferral and due tasks is provided together with a
short-written explanation of this disruption. In Figure B.2 the allocated workforce with respect to
the available workforce is displayed, for experiment 2.1. In Figure B.3 task rescheduling is displayed
for two disruption scenarios. A green bar (positive) denotes an increase in the number of tasks al-
located to maintenance slots or number of due or deferred tasks. A red bar (negative) denotes a
decrease in total number in one of those categories. For each scenario, the total numbers indicated
by the red and green bars should equal each other.
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Figure B.2: Effect on workforce scheduling after capacity decrease
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(a) Slot cancellation (b) Task rescheduling because of task arrival
Figure B.3: Visualization of task rescheduling because of disruptions
The outcome of the disruption scenarios has been verified with maintenance schedulers from a

commercial airline. Hereby it is acknowledged that the rescheduling solutions provided by the
model are both logical and feasible.
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Experiments

Table B.4: Verification of individual disruption scenarios

Task
changes

Block
changes

Deferred
tasks

Due
tasks

Model solution

1.1: Maintenance slot cancel-
lation on 07-07-2019

12

0

1

6

5 tasks can be placed in a fixed main-
tenance slot on 02-07-2020.
space for these tasks one NSRE task is de-
ferred from this maintenance slot. Fur-
thermore, 6 tasks go due as no suitable
replacement slot is available The results
of task rescheduling are displayed in Fig-
ure B.3a

To make

1.2:  Shortening of mainte-
nance slot duration from 8 to 6
hours

Within this maintenance slot a task was
scheduled with a required TAT of 7 hours.
Since the execution of this task is no
longer feasible this task is deferred.

1.3: Merger of two mainte-
nance slots on 07-07-2019

22

One of the aircraft remains attached to
the slot, while for the other aircraft reg-
istration some tasks can be placed in in
a maintenance slot of 02-07-2019. How-
ever, this slot does not meet the schedul-
ing requirement for all tasks and there-
fore 7 tasks go due.

1.4: Change of start and end
date of maintenance slot from
09:00 till 14:00 to 00:00 till 05:00

During the night there is no workforce
availability for workforce skill B1. Since
the execution of task requires the Bl
workforce skill, this task can no longer be
scheduled in this maintenance slot and is
registered as due.

2.1: Bl workforce availability
for the evening shift on 04-07-
2020 is change from 3 till 2

As can be seen in Figure B.2a all avail-
able B1 workforce of the afternoon shift
was originally allocated. The decrease
in availability causes the allocated work-
force to shift to the morning shift as can
be seen in Figure B.2b. Therefore, no task
rescheduling is required.

3.1: Task arrival on 01-07-2019

For the same aircraft registration there
was already a scheduled slot for 05-07-
2020, the task is added to this slot.

3.2: Task arrival on 05-07-2019

There are no scheduling possibilities for
this task. Because of the remaining inter-
val outside of the scheduling horizon the
task is registered as deferred.

3.3: Task arrival on 03-07-2019

The task is placed in a fixed mainte-
nance slot on 08-07-2019.
sult, the workforce requirements mainte-
nance slot now exceeds the available ca-
pacity. This causes three routine main-
tenance tasks to be brought forward to
a maintenance slot on 01-07-2019. The
task changes are also visualized in Fig-
ure B.3b

As a re-




10-days model development

The 10-days model has been included in the results analysis of the paper to indicate the difference
between long-term and short-term scheduling. Extensive effort has been put in the development
of the 10-days model as the goal is to achieve an increase in schedule efficiency and robustness.
For the 10-days model there are two main differences with respect to the 120-days model. One is
the option to defer tasks instead of scheduling. The addition of the deferral action is explained in
section C.1. Secondly, the aircraft cleanliness constraint is added to the model formulation. The
influence of this constraint is elaborated upon in section C.2.

C.1. Defer cost estimation

For the 10-days model the interval of maintenance task schedulingis set to 10 days. This is similar to
the horizon currently used for manual scheduling within airlines. For short term maintenance tasks
such as Cat B faults this is not a problem since the tasks due date lies within the current schedul-
ing interval. However, for less critical tasks, such as Cat D faults (120 days), there is also an option
to perform maintenance outside of the current scheduling interval. In this case, the model has to
choose between scheduling now or deferring an item to execute it at a later stage. Deferring an item
adds uncertainty to the scheduling process as it is not guaranteed that a task can be executed. To
make matters more complex, for recurring maintenance tasks it can actually be favorable to defer a
task by aiming to increase the task interval utilization. Deferring maintenance also brings in an ex-
tra risk. If in the upcoming days, there will be no opportunity to schedule the task it will eventually
go due.

In the remaining part of this section several defer cost estimation methods will be discussed. This
is concluded by a quantitative comparison between the estimation methods, provided in subsec-
tion C.1.4

C.1.1. Average upcoming task scheduling objective

Even though the 10-days model only schedules for a period of 10 days, it is able to evaluate the
maintenance slots schedule for an interval of 120 days. Based on the task characteristics, feasible
future slots are determined. If a slot is feasible then the scheduling objective in terms of utilization
for this slot can be calculated by Equation C.1 and Equation C.2 for non-routine and routine main-
tenance tasks respectively.

W Start; — Arrivalg C.D)
UL ™ Due ¢ — Arrivalg )

Startg — Arrivalg
Wyrn=1- ———— (C.2)
Dueg — Arrivalg
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Based on the feasible maintenance slots outside of the current scheduling interval, the average
scheduling objective is taken as deferral cost. Since the expectation is that the maintenance task
will be scheduled, the expected scheduling cost should equal the average scheduling objective. If
there are no feasible scheduling opportunities in case of deferral, the defer cost should equal the
cost of letting a task go due.

Mean(Wytr), if Opportunities = 1
WDEFER = . (C.3)
Wpuk, otherwise

C.1.2. 90% interval upcoming task scheduling objective

This defer cost estimation method is a variant of the defer method provided in the preceding sub-
section. For the method described in the previous section only the average objective function value
was included. However, once a task comes closer to its due date, the risk increases that a task even-
tually goes due. Within this approach, once a task exceeds a utilization of 90%, a defer penalty is
activated. This penalty is half of the due penalty (10%) and therefore discourages to exceed the task
utilization above 90%. Wpgrgr is therefore defined as following.

Mean(Wyrr), if Utilization < 0.90 and Opportunities = 1
WoErer = { Wbug, Utilization > 1 (C.4)

%WDUE; otherwise

C.1.3. Myopic policy

With the myopic policy all tasks are aimed to be scheduled as quick as possible. Therefore, a high
scheduling penalty is set on deferring a task. If the model is able to schedule the task within the
current interval it will do so. If not, there is only a distinction between a task going due after deferring
or not. For the myopic policy the deferral cost is therefore formulated as following:

Wpug,  Utilization = 1

WDEFER = { (C.5)

% Wpug, otherwise

C.1.4. Results

In Figure C.1 the results are provided for the deferral methods described above. As expected, the my-
opic policy results in the lowest number of due tasks. Since all tasks are encouraged to be scheduled
as soon as possible this leads to less tasks going due. The consequences of this policy are also clearly
visible in terms of the number of ground time and task utilization, provided in Figure C.2. The re-
quired ground time is significantly higher and the utilization decreases for both types of tasks. For
non-routine this is beneficial however for routine maintenance a utilization of 65% requires routine
tasks to be executed more often and consequently also requires more ground time.
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Figure C.1: Number of due tasks, schedule changes and ground time usage for different deferral methods
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Figure C.2: Task utilization of routine and non-routine maintenance tasks for different deferral methods

A comparison between the average scheduling objective defer strategy and the strategy with the
additional penalty for utilization above 90% shows some interesting differences. The addition of
the penalty for exceeding 90% of task utilization causes one task less to go due. Besides this, it was
also expected that this policy would greatly impact the task utilization numbers. However as shown
in Figure C.2, the utilization for both routine and non-routine tasks decrease by only less than 1%.
The addition of the 90% penalty does increase the number of schedule changes over 50% from 39
to 61. At last, also the required ground time increases by a slight amount. Preventing one task from
going due does not weigh up to these consequences. As a result, the regular average task scheduling
objective is chosen as defer cost estimation method.

C.2. Aircraft clean constraint

The aircraft clean constraint has been added to the 10-days model to prevent the postponement
of tasks at the cost of better utilization rates. In some cases, it is better to sacrifice task utilization
by bundling maintenance tasks together into one maintenance slot. If those tasks are not bundled
together, they need to be executed in separate maintenance slots which likely results in more ground
time. For the 10-days model the aircraft cleanliness constraint is therefore added. This constraint
aims to prevent deferring tasks from going due, within the predefined number of clean days after
the current model interval end date. Secondly, it also aims to limit required ground time after the
current scheduling period. An aircraft registration is considered “clean” if there are no deferred tasks
within the clean days target interval. This is also visualized in Figure C.3. If a task is deferred within
the clean days target interval, the aircraft clean penalty is activated for that aircraft registration.
Within section 4.4 of the paper a target for the number of clean days was set to 10. Within this
section several clean day targets are evaluated, and support is provided for a target of 10 days. Based
on the requirements given above, the aircraft clean constraint is formulated as following:

Z Tg Defer * Within clean days dueg <= Max-Tasks - (1 — ACjean,r) VreRr (C.6)
g<G,
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Figure C.3: Illustration of clean days objective
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Figure C.4: Effect of aircraft clean constraint on number of due tasks, schedule changes and ground time.

In Figure C.4 the number of due tasks, last-minute slot changes and ground time used is illustrated
for a range of clean day targets. It can be seen that by increasing the clean days target, this causes
a decrease in both number of due tasks and ground time used. Both of these decreases are as ex-
pected since it becomes less attractive to defer tasks with the aim of improving interval utilization.
As expected, the decrease in due tasks and ground time goes at the cost of a deterioration of routine
task utilization. This is visualized in Figure C.5b. Since task deferral becomes more restricted rou-
tine tasks are scheduled earlier which results in lower utilization rates. Secondly, it also results in a
slight increase of non-routine task utilization, as shown in Figure C.5a. As less ground time is used
and thereby also less maintenance slots the schedules become more compact which causes a slight
deterioration of routine task interval.
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Figure C.5: Effect of aircraft clean constraint on task utilization

With an increasing number of target clean days, it is expected that this would cause a decrease in the
number of deferrals. Since there is a penalty for deferral of tasks which go due within the clean day
limit. This phenomenon is confirmed by Figure C.6 which shows a decreasing trend of task deferral
by increasing the clean day target. At last, Figure C.7 shows the total number of schedule changes as
a function of the target clean days. Where in Figure C.4, the last-minute schedule changes showed
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to be mostly constant, there is an increasing number of schedule changes between T-3 and T-10. As
the number of task deferrals decreases, the slot schedule becomes more congested. This is due to
the fact that tasks are more often scheduled right away. A congested schedule is more likely to result
in more schedule changes to satisfy each of the task requirements.
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Figure C.6: Effect of aircraft clean constraint on Figure C.7: Effect of aircraft clean constraint on
number of task deferrals. number of schedule changes

Based on the expertise knowledge of maintenance schedulers within the commercial airline, the
target for number of clean days is set to 10. Even though the results in Figure C.4 might give the
impression that a higher value is better because of a decrease in due tasks and a decrease in required
ground time. There are two downsides of increasing the target of number of clean days further:

1. Anincrease in the number of target clean days results in a lower routine task utilization. This
means that routine tasks will have to be executed more often throughout the year and con-
sequently also requires more ground time. Since the repetitive occurrence of routine tasks is
considered out of scope for this research, this effect is not visible in the figures above.

2. As can be seen in Figure C.7, increasing the target due date results in more overall schedule
changes. This causes a decrease in the schedule robustness and also causes more uncertainty
for the schedule in the coming days.

C.3. Performance trade-off
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Figure C.8: Number of due tasks, schedule changes and ground time for several values of Wges with limited interval
analysis

Similar to the analysis provided in section 5.2 of the paper, an analysis is performed on the relation
between minimization of ground time and prevention of schedule changes for the 10-days model.
The relation between the two scheduling objectives can be fine-tuned by varying the value of Wggs.
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The results of this analysis are shown in Figure C.8. Overall, the results between the 120-days model
and 10-days model are very similar. By increasing Wygs beyond values of 10000, the prevention of
due tasks is sacrificed by the prevention of schedule changes. In consult with the commercial air-
line, a value of 0.6 is chosen for Wxgs since this yields in a decrease of last-minute schedule changes
with a limited increase of required ground time.

Table C.1: Number of due tasks, schedule changes and ground time for the 120-days model and 10-days model for
chosen parameter of Wggs

Scheduling method ‘ Whes ‘ Due tasks ‘ Schedule changes ‘ Ground time
120-days model 0.4 0 15 | 865 Hours
10-days model 0.6 0 15 | 908 Hours

In Table C.1 the schedule results are provided for the chosen value of Wggs of both the 120-days
model and 10-days model. The rescheduling weighting factor for the 10-days model is 0.2 higher
which means that making schedule changes in the 10-days model is more expensive than for the
120-days model. As a result, both the 120-days model and 10-days model require 15 schedule
changes. However, the 120-days model is able to achieve this with less ground time.



Sensitivity analysis

Within this section the model sensitivity is evaluated based on variations of model objectives, con-
straints and assumptions. Within section 5.2 of the paper the sensitivity of the model on a variation
of rescheduling cost has been already evaluated. Furthermore section 5.4 of the paper showed the
model sensitivity based on a variation of disruption loads. In this chapter several other sensitivity
analyses will be performed. First the influence on the assumption task arrival will be provided in
section D.1. This is followed by a sensitivity analysis on a couple of model constraints. The model
referred to in this chapter is the 120-days model. The 10-days model will show similar results and IS
therefore not presented.

D.1. Task arrival sensitivity

A limitation to the results analysis provided in the paper is that the model performance is only eval-
uated by scheduling once a day for a scenario. This deviates from the airline scheduling method
in which rescheduling takes place continuously throughout the day (disruptive scheduling). Every
time a disruption occurs the schedule is adjusted to gain back schedule feasibility. For the results
presented in the paper, increasing the schedule flexibility beyond once a day would result in com-
putational times which were not feasible for the scope of this research.

Mostly, there will not be a performance impact between daily scheduling and disruptive scheduling.
However, one of the downsides of daily scheduling is that part of the solution space is removed for
the allocation of tasks to slots. If a task arrives at 03:00 in the morning there could be a schedul-
ing opportunity at 15:00 in the afternoon for disruptive scheduling. For the model, the task will be
added to the backlog on the next day. This means that the scheduling opportunity on the day of task
arrival isn't available anymore.

To evaluate the performance influence of this model limitation, a variation to the model has been
made. The model is adjusted such that there is perfect information for the day to come. In the
example given above the model thereby is able to make use of the first scheduling opportunity. The
model performance in case of disruptive scheduling will be in between the result of the model and
the model with a daily perfect information.

D.1.1. Case study

The results for the daily perfect information model and the model are provided in Table D.1, D.2
and D.3. As can be seen in Table D.1, the daily perfect information model achieves a decrease in the
number of due tasks with respect to the model. Also, in terms of ground time the results improve
by making use of daily perfect information. In terms of ground time the daily perfect information
model requires only 2.93% more ground time than perfect information as opposed to 6.68% for the
model. A closer look at the taskS which go due reveals that one of the due tasks arrives 2 days before
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the end of the analysis interval, while it has only one scheduling opportunity. In reality this task
would have 18 days of interval left at which it is very likely that there would be a suitable scheduling
opportunity.

Table D.1: Number of due tasks and ground time usage for model and daily perfect information model

Schedule method Due tasks | Scheduled tasks | Number of slots | Ground time
Airline schedule 0 2549 475 | 2645.58 Hours
Perfect information 0 2549 451 | 1992.60 Hours
Daily perfect information model 2 2547 462 | 2051.08 Hours
Model 5 2544 469 | 2125.75 Hours

Table D.2: Number of schedule changes close to the day of operation for model and daily perfect information model

Schedule method ‘ T-0 ‘ T-1 ‘ T-2
Airline schedule 24 | 25| 22
Daily perfect information model 6 8 9
Model 12 10 16

Regarding schedule changes counter intuitive results are obtained. Since the daily perfect informa-
tion model provides only extra scheduling opportunities for the day of operation, the expectation
was that this would result in an increase of last-minute schedule changes. However, as can be seen
in Table D.2 the schedule actually becomes more robust with less schedule changes in any of the in-
tervals. A potential explanation for this is that the model with daily perfect information has a slightly
larger interval to schedule tasks and is thereby more robust to task disruptions.

Table D.3: Task utilization for model and daily perfect information model

Schedule method Routine utilization | Non-routine utilization
Airline schedule 0.760 0.561
Perfect information 0.778 0.534
Daily perfect information model 0.769 0.535
Model 0.773 0.546

Regarding the task interval utilization the results are very close to each other. Interestingly, the uti-
lization results of the daily perfect information model improves of non-routine maintenance tasks
and deviates only 0.001 from perfect information. For routine tasks, the utilization rate becomes
slightly worse with respect to both perfect information and the model. These changes in utilization
are due to the fact that with daily perfect information only scheduling opportunities are added with
very low utilization numbers. As a consequence, the utilization decreases for both task types.

D.1.2. Stochastic disruption analysis

With daily perfect information the performance on the stochastic disruption analysis also improves.
Figure D.1 shows that a decrease in number of due tasks can be achieved with respect to the regular
model performance. The performance is similar to the daily perfect information as the number
of due tasks is closer to the performance with overall perfect information. In terms a ground time
each of the three models show very similar trends and the in term of ground time there is a minimal
difference.
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This is confirmed by the average results for a disruption rate of 1, provided in Table D.4. With an
average of 13.8% due tasks, the daily perfect information model lies exactly in between the model
and the model for complete perfect information. Interestingly, the decrease in number of due tasks
does not go at the cost of an increase in required ground time. This suggests that by increasing the
frequency of scheduling, the model performance improves in term of due tasks, without sacrificing
ground time. Also, in terms of schedule changes, favorable results are obtained which can be seen
in Figure D.3. Similar to the results from the case study, daily perfect information results in less
schedule changes.

Table D.4: Average scheduling results for a disruption rate of 1

Schedule method ‘ Due tasks ‘ Scheduled tasks | Ground time | Number of slots
Daily perfect information model | 53.61 (13.8%) 334.17 | 810.91 Hours 88.09
Model 62.70 (16.2%) 325.09 | 809.57 Hours 89.00
Perfect Information 44.17 (11.4%) 343.61 | 806.19 Hours 87.17
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Figure D.3: Number of schedule changes for model and daily perfect information model for T-0, T-1 and T-2

The daily perfect information analysis shows that the model is able to get closer to the solution
for perfect information. In real practice, the model would be able to achieve similar results by
rescheduling at the occurrence of disruptions (referred to as disruptive scheduling) rather than
rescheduling at a daily basis. With disruptive scheduling no scheduling opportunities are lost and
similar results can be obtained as for daily perfect information.
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D.2. Constraint sensitivity

Within the model several constraints are added which limit the allocation of tasks to maintenance
slots. Within this section the influence of constraints on the model performance is evaluated by
means of constraint relaxation. The constraints that are relaxed in this section are:

1. Aircraft type relaxation: Within the model aircraft can only be assigned to a maintenance slot
if the designated aircraft sub-type of the maintenance slot matches with sub-type of the air-
craft registration. This limits the solution space of the model significantly since all tasks can
only be assigned to a subset of the maintenance slots. Relaxation of this constraint increases
the solution space of the model since aircraft registration can make use of all the available
maintenance slots. In reality, the slot flexibility lies in between the model assumption and
the corresponding relaxation. Slots can be interchanged between aircraft types. However, this
is very much dependent on the operation characteristics of the two types. If a maintenance
slot is occupied by a different aircraft type this means that the fleet availability of the airline
network will be different. For example, a Boeing 787-9 can be interchanged with a A330-300
without many complications since they have similar range and passenger capacity. However,
the interchange of a Boeing 787-9 with a Boeing 777-300ER can cause operational complica-
tions.

2. Material & Machinery availability: This constraint heavily relies on assumptions as the data
quality regarding the availability is poor. Material and machinery are considered to be ready
from the arrival of the maintenance task if their indicator is set to true. If not, material and
machinery is assumed to be available from the start date of the allocated maintenance slot
in the airline schedule. This assumption is very conservative as it is likely that material and
machinery are already available at an earlier stage. Relaxation of this constraint means that
all tasks can be allocated to maintenance slots starting from the arrival date.

The analysis for constraint relaxation is performed on the same data set used for the case study;,
provided in the paper. In Table D.5, Table D.6 and Table D.7 the results are provided for the relaxation
scenarios. In the following subsections the result of each of the constraint relaxations is evaluated.

Table D.5: Number of due tasks and ground time usage for analyzed scheduling methods

Schedule method Due tasks | Scheduled tasks | Number of slots | Ground time
Model 5 2544 469 | 2125.75 Hours
Aircraft type relaxation 2 2547 487 | 1806.75 Hours
Material & Machinery relaxation 5 2544 463 1734 Hours

Table D.6: Number of schedule changes close to the day of operation for analyzed scheduling methods

Schedule method ‘ T-0 ‘ T-1 ‘ T-2
Model 12 10 16
Aircraft type relaxation 12 | 12| 22

Material & Machinery relaxation | 17 | 12 | 25

Table D.7: Task utilization for analyzed scheduling methods

Schedule method Routine utilization | Non-routine utilization
Model 0.773 0.546
Aircraft type relaxation model 0.783 0.556

Material & Machinery relaxation 0.765 0.476
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D.2.1. Aircraft type relaxation

The relaxation of the aircraft type constraint provides more scheduling flexibility to the model. For
the same time span the model now has a wider range of options to schedule maintenance tasks to
a slot. This can also be seen by the decrease in number of due tasks which is achieved by relaxing
the aircraft type constraint. Interestingly in terms of ground time usage, the ground time duration
decreases significantly while the number of slots increases. This means that the model is making use
of more and shorter maintenance slots. This is as expected as the model has the option to choose
more “finetuned” slots for a set tasks, due to the increase of the number of available slots. More
short maintenance slots are used and thereby achieving a decrease in ground time is achieved. This
does go at the cost of a slight decrease of performance in terms of non-routine interval utilization
while for routine maintenance a slight improvement of utilization numbers is visible.

D.2.2. Material & Machinery relaxation

The implementation of material & machinery relaxation provides more scheduling opportunities
for a maintenance task in the earlier stage of a task interval. As expected, a decrease in the inter-
val usage is obtained for both routine and non-routine maintenance tasks. Secondly, since tasks
have more scheduling opportunities, tasks for the same aircraft registration can be more bundled
together. This is visible in Table D.5 which shows a decrease in the required number of mainte-
nance slots. The increase in scheduling opportunities also opens up the opportunity to find more
fine-tuned maintenance slots. This results in a significant decrease of ground time. The downside
of the constraint relaxation can be seen in the number of schedule changes, which is significantly
higher compared to the model. Since maintenance tasks are scheduled earlier in the interval, this
creates a more congested schedule. Because of the disruptive arrival of new tasks, more schedule
changes are required.



Due tasks analysis

In the case study provided in Section 5.2 of the paper, the model had 5 tasks going due while the
model with perfect information was able to prevent any task from going due. First an illustrative ex-
ample will be provided to explain how the model ends up with due tasks while in the airline schedule
this does not happen. Secondly, within this chapter an analysis will be performed on the tasks which
went due in the airline case study.

E.1. Example of due task
Within the model two types of tasks are included:

* Deferred non-routine tasks: These tasks are immediately resolved once they are found. The
tasks are required to be executed within the hangar and therefore need to be allocated to a
maintenance slot.

* Out-of-phase tasks: These are routine maintenance tasks which are not executed as part of a
larger maintenance block. They therefore need to be executed separately, and depending on
the task characteristics, they can be executed in the hangar or on line maintenance

For the airline case some out-of-phase tasks were scheduled for hangar maintenance because they
required hangar facilities. However, in other cases out-of-phase tasks are added to hangar main-
tenance even though they could be executed at line maintenance. The reason behind this is, that
according to maintenance schedulers, it is better to execute it simultaneously with already sched-
uled hangar maintenance. Otherwise two maintenance slots would have to be created, one for line
maintenance and one for hangar maintenance. Within the data it is unfortunately not distinguish-
able which tasks can also be executed at line maintenance.

Task Arrivall

Daircrat A

Open Task

Oaircraft A

o
Open Tasks

D Aircraft A
D Aircraft B

Figure E.1: Due task scenario for model compared to airline schedule
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Figure E.1 illustrates an example in which the model ends up with due tasks where the airline sched-
ule does not. There are two open tasks in which the model decides to execute the other maintenance
task compared to the airline schedule. After execution, a new maintenance task arrives for aircraft
A. For the airline schedule this is not an issue since aircraft A is already scheduled for maintenance.
However, for the model there is no slot available for aircraft A and therefore this task has to go due.
In reality the behavior of the model could be corrected in two ways.

1. The maintenance scheduler adjusts the slot schedule, which creates an extra scheduling op-
portunity for aircraft A.

2. The second maintenance task for aircraft A can potentially be executed on line maintenance.
If in reality, aircraft A was not scheduled for maintenance, the added would also task not be
added to the task backlog since it would be executed on line maintenance.

By expanding the scope of this research with line maintenance and implementing slots flexibility
these two issues can be resolved.

E.2. Due tasks from case study

Within the airline case study, a total of 5 tasks went due. Their task characteristics are provided in
Table E.1. For two of the tasks the model has a very limited interval at its disposal for scheduling the
tasks. The task on aircraft registration AC 1 arrives throughout the first day of the interval. The task
therefore needs to be scheduled in one day. However, the most suitable maintenance slot was in
the evening of 07/01/2019 which is no longer possible. This problem can be resolved by disruptive
scheduling as explained in section D.1. Secondly for the task on the AC 4 the model also has only
one day to schedule the tasks, at which apparently no suitable slot is available. Since this is a NSRE
20 task, there are still 18 days remaining following the end of the simulation interval.

Table E.1: Due tasks of model for airline case study

Aircraft | Manpower | Method | Task type Arrival Due | Opportunities
1 2.32 Hours 2 | MELA 7/01/2019 12:00 7/02/2019 23:59 1
2 1.35 Hours 3 | NSRE5 8/25/2019 20:02 9/29/2019 23:59 3
3 1 Hours 1 | MELB 7/9/2019 01:03 7/12/2019 23:59 2
4 2 Hours 0 | NSRE 20 11/29/2019 21:29 | 11/30/2019 23:59 1
5 20 Hours 8 | ADHOC 10/19/2019 23:59 | 10/24/2019 23:59 1

The task for AC 2 went due even though it had three scheduling opportunities. A detailed anal-
ysis showed that the task was initially scheduled for a maintenance slot. At T-1 this task was re-
moved from the maintenance slot due to the arrival of both a routine and a non-routine mainte-
nance task. The model prefers to one NSRE task go due compared compared to one routine and
one non-routine task.

For the remaining tasks provided in Table E.1 (AC 3 & AC 4) it can be seen that both tasks have lim-
ited scheduling opportunities according to the 4M’s requirements besides manpower. Especially
considering that the average number of scheduling opportunities is 23.56. If the few suitable main-
tenance slots are already occupied by another aircraft, the model does not have another option
apart from letting the task go due. A low number of scheduling opportunities is caused by either
material & machinery availability which lies close to the task due date or can be caused by a high
required TAT (method) as it is the case for the task on the AC 4. Besides the number of scheduling
opportunities also the manpower requirements can constrain the allocation of tasks to slots.



Slot flexibility

As discussed in the airline case study and the paper’s conclusion, one the biggest model limitations
is the lack of slot flexibility. In this chapter the concept of slot flexibility is elaborated together with
examples how within a commercial airline schedule adaptations could take place.

In general there are a couple of adjustments which can be made to maintenance slots in a way that
they become a feasible alternative for maintenance task scheduling. The examples are provided in
the list below and visualized in Figure E1.

1. Maintenance slot duration extension: A maintenance slot can be increased in duration such
that a task with a required TAT can fit in the adjusted maintenance slot.

2. Maintenance slot split-up: In case there are several tasks for different aircraft registrations,
a maintenance slot can be split up. As a result, maintenance tasks can be executed on two
different aircraft registrations. However the duration of the maintenance slot will also be split-
up. This makes it more difficult to schedule tasks with respect to their required TAT.

3. Maintenance slot creation: If there are no feasible maintenance slots to schedule a task, a new
maintenance slot can be created. This is the least favourable option as this requires network
adjustments. However if a task goes due otherwise this would result in an Aircraft On Ground
(AOQG).
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Task distributions

G.1. Probability of number of tasks

Table G.1: Probability of number of tasks

Number of tasks Probability
0.829885
0.128736
0.006897
0.033333
0.001149

QL W =N =

G.2. Probability of task type

Table G.2: Probability of task type

Task type | Probability
MELA 0.032015
MELB 0.016949
MELC 0.338041
MELD 0.141243
NSRE 5 0.032015
NSRE 10 0.022599
NSRE 20 0.099812
NSRE 120 0.256121
NSRE Man 0.061205
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G.3. Aircraft registration task probability
Table G.3: Aircraft registration task probability

Aircraft registration | Aircraft sub type | Probability Aircraft registration | Aircraft sub type | Probability
1 1 0.001091 | 35 2 0.013086
2 1 0.002181 | 36 3 0.013086
3 1 0.002181 | 37 2 0.014177
4 1 0.002181 | 38 3 0.014177
5 1 0.003272 | 39 3 0.014177
6 1 0.003272 | 40 2 0.015267
7 1 0.003272 | 41 3 0.016358
8 2 0.004362 | 42 7 0.016358
9 1 0.004362 | 43 3 0.016358
10 1 0.004362 | 44 4 0.016358
11 3 0.005453 | 45 3 0.017448
12 3 0.007634 | 46 5 0.017448
13 1 0.007634 | 47 5 0.019629
14 4 0.007634 | 48 5 0.019629
15 3 0.008724 | 49 2 0.02072
16 2 0.008724 | 50 4 0.02072
17 5 0.008724 | 51 5 0.02072
18 6 0.009815 | 52 3 0.02181
19 4 0.009815 | 53 7 0.022901
20 3 0.009815 | 54 2 0.022901
21 5 0.009815 | 55 2 0.022901
22 3 0.009815 | 56 7 0.023991
23 3 0.009815 | 57 3 0.025082
24 1 0.009815 | 58 8 0.027263
25 2 0.010905 | 59 7 0.027263
26 2 0.010905 | 60 6 0.027263
27 4 0.010905 | 61 5 0.028353
28 2 0.010905 | 62 8 0.029444
29 2 0.010905 | 63 8 0.029444
30 5 0.011996 | 64 3 0.029444
31 6 0.011996 | 65 7 0.031625
32 2 0.011996 | 66 8 0.035987
33 2 0.011996 | 67 8 0.040349
34 6 0.011996
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H.1. Introduction

Maintenance is an important factor of airline operations, by taking up 11% of the operational cost.[10]
By performing maintenance, the aircraft remains in an airworthy state and is available to airline
operations. Since maintenance is such an important cost factor, the goal is often to schedule main-
tenance as efficiently as possible. This causes a decrease in maintenance cost and an increase in
operational availability. By making well thought decisions both money and time can be saved.

Despite efficient maintenance schedules, within a commercial airline disruptions take place daily.
As a result, airline schedules are rarely executed as planned. An investigation of the factors causing
airline delays shows that maintenance is by far the biggest contributor. Airline maintenance rep-
resents 22.3 % of the number of delays and in terms of minutes, this is close to 40%. [11]. First
of all, these disruptions can be caused by unexpected failure of aircraft components. Secondly,
scheduled maintenance tasks can take up more time than anticipated if non-routine maintenance
is found during execution. Last of all, maintenance can also be disrupted by other airline depart-
ments, which causes a knock-on effect on maintenance operations.

As aresult of disruptions, maintenance schedules need to be adjusted to regain a feasible schedule.
This can be achieved by postponing and reallocating scheduled maintenance tasks. This is often
seen as an operational burden. However, implementing a flexible maintenance strategy can miti-
gate the risks and enhance the overall airline performance.

Rescheduling of maintenance, in case of disruptions, is required to keep the fleet in an airworthy
state. Decisions on the day of operation can affect the days to come as well. Currently, maintenance
rescheduling mostly relies on expertise knowledge. [4] Consequently, often shortsighted decisions
are taken at which the coming days of operation are saved. However, the consequences of a change
in the long run should be considered as well. In the future disruptions are guaranteed to take place.
If a schedule is already heavily constrained this is likely going to result in a decrease of fleet avail-
ability and thereby an increase in delays. Therefore, during a disruption also the consequences for
the long term should be taken into account.

Since the effectiveness of a maintenance schedule can only be truly known in retrospective, mainte-
nance scheduling takes place in a complex environment. [12] Disruption management for mainte-
nance scheduling is therefore crucial to remain in control of the dynamic environment. In order to
solve maintenance disruptions there is a conflict of interest. On one hand the maintenance depart-
ment would like to minimize cost by optimizing their own operations. On the other hand, the airline
aims to optimize the overall operations. However, this comes with an increase in maintenance cost
as more flexibility is required. Both interests should be taken into account during the handling of
maintenance disruptions.

This literature study will therefore focus on potential methods to reschedule maintenance in a
complex environment in case of disruptions. In Appendix H.2 the requirements for maintenance
scheduling will be outlined, as maintenance task rescheduling is dependent on the same require-
ments. In Appendix H.3, literature related to airline disruption management will be discussed to
analyze how other airline departments handle disruptions and which methods have been used. Fi-
nally, in Appendix H.4 literature from general task rescheduling models will be discussed together
with literature from other fields of work which covers similar problems. In Appendix H.5, a conclu-
sion will be drawn from the analyzed literature.
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H.2. Airline Maintenance scheduling

Airlines must meet Federal Aviation Administration (FAA) or European Union Aviation Safety Agency
(EASA) standards for maintenance of their fleet [13]. These standards are given within the Master
Minimum Equipment List (MMEL). However, since airlines impose stricter restrictions upon them-
selves, the MMEL is modified by the airline with additional constraints. This document is referred
to as Minimum Equipment List (MEL). [14] Maintenance can either be done by an internal Mainte-
nance, Repair and Overhaul (MRO) service agency or outsourced to external MRO?’s. [11, 15-17] This
third party has to guarantee fleet availability through a service level agreement. [18]. As discussed
in the introduction maintenance scheduling has a significant impact of the airlines operating cost.
Improving maintenance scheduling, can therefore improve operational effectivity.

The remainder of this chapter outlines the research that has been performed in airline maintenance
scheduling. subsection H.2.1 elaborates on the requirements of airline maintenance. General mod-
els for task scheduling are defined in subsection H.2.2. At last application of task scheduling models
for airline maintenance operations are discussed in subsection H.2.3.

H.2.1. Maintenance requirements

The goal of a MRO is to minimize cost while maintaining their responsible fleet in maximum qual-
ity, best lead times and according to safety requirements, as explained by Qin et al. [16]. Since these
objectives are conflicting with each other, determining the optimal strategy is a challenge

As defined in the Maintenance Planning Document (MPD), airline maintenance is subjected to nu-
merous requirements. Within the MPD the requirements for repetitive maintenance tasks which
need to be executed. There are multiple kinds of maintenance which need to executed: [11]

¢ Base maintenance & modifications
¢ Engine maintenance

¢ Line maintenance

Base maintenance can be subdivided in multiple sub categories. Aircraft need to undergo periodic
maintenance in the form of A-, B-, C- and D-checks.[19] Each of these checks have recurring in-
tervals based on flight cycles, hours or calendar days. An A-check is the most frequent check with
a Turnaround Time (TAT) and the D-check is the most demanding maintenance check wit a TAT of
several weeks. Optionally, airlines can also choose to perform A-checks by line maintenance instead
of base maintenance. [20] Next to the recurring letter checks, base maintenance also includes non-
routine maintenance due to unforeseen defect on an aircraft.

Each scheduled block for maintenance consists of a set of tasks which need to be executed. To
execute a task material, method, machinery and manpower should be arranged. These are known
as the . [8] Even though several tasks have fixed routine interval according to the MPD, the MRO
has some degree of freedom in terms of their maintenance strategy. Knotts [3] divided maintenance
strategies in three sub categories, as can been seen in Figure H.1.
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MAINTENANCE
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Figure H.1: Breakdown of different kind of maintenance processes [3]

Preventive maintenance includes periodically maintaining aircraft components. In case of correc-
tive maintenance, the component is maintained after failure. At last, predictive maintenance ac-
tively monitors the component and should raise an alert when the component is likely to fail within
a certain time frame. [3] Eriksson and Steenhuis [11] and Alabdulkarim et al. [21] added a proactive
maintenance strategy besides those given Figure H.1. This is a combination of preventive and pre-
dictive maintenance, in which you both monitor the system and replace it at given intervals.

Lately, a lot of effort has been put in developing and improving predictive maintenance models.
Predictive maintenance aims to combine the benefits of both preventive and corrective mainte-
nance. Preventive maintenance has a downside that components are being maintained while they
are in sufficient condition. On the positive side, the chance of unexpected failures is lower, since it
is maintained more often. In case of corrective maintenance the lifespan of components are used
maximally, but the failures occur irregularly. Predictive maintenance aims at less maintenance in-
terventions but also with a minimum number of unexpected failures. Even though the implemen-
tation of predictive maintenance seems beneficial, it requires flexibility from the MRO. Since com-
ponents fails irregularly maintenance also need to be performed irregularly and potentially in short
notice. [22]

For components which needs to preventive maintenance and defects on aircraft, the required main-
tenance receives a due date. This is the deadline at which the maintenance needs to be performed
the latest, to prevent Aircraft On Ground (AOG). [23]

Besides due dates, maintenance is subjected to several other requirements. In order to perform
maintenance the aircraft needs to be available from operations as described by Liang et al. [5] and
Rhodes-Leader et al. [24]. Manpower should be assigned which have the required authorisations
[9]. The required materials and methods should be ready before start of planned maintenance
[9, 16, 17]. At last the aircraft needs to be assigned a hangar and platform parking bay [16, 17].

Besides providing fleet availability to the airline, the MRO should aim to minimize cost with mainte-
nance scheduling. Since the goal of the MRO is to maximize profit. Scheduling maintenance tasks is
directly related to cost and this should therefore always be taken into account, as described by Man-
alo and Manalo [18]. Furthermore, Dupuy et al. [22] explains that allocated time for maintenance
should be used as effectively as possible. Unnecessary replacements should be prevented, and high
priority replacement should receive a high alternative cost. Knotts [3] provided as framework for
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this in which the cost of maintenance is divided up in two sub-categories:
1. Direct Maintenance Costs (DMC): The labour and material costs of performing maintenance.

2. Indirect Maintenance Costs (IMC): The number of flight which were delayed due to main-
tenance activities and flights which were affected by maintenance shortcomings. As well as
penalties if the MRO targets are not met.

In order to minimize cost prioritization of maintenance tasks is crucial, such that performance tar-
gets are met. Jiang [23] describes that maintenance scheduling is divided into long term and short
term scheduling. Maintenance needs to be planned optimally to prevent Aircraft On Ground (AOG).
A task priority is therefore required which is dependant on the severity of the task and the due date.
Exceeding a due date results in an AOG. Based on priority and due dates an order of tasks can be
generated, as described by Samaranayake et al. [25].

At last, Manalo and Manalo [18] describes that the priority of tasks should be based on three fac-
tors: Quality, Cost and Delivery (QCD). Quality is dependant on the satisfaction delivered to the
customer. Cost can directly be deduced from the costs of performed activities. At last, delivery is
dependant on the deliveries made to customers. By using this approach the priority determination
links directly back to the cost aspect.

H.2.2. Task scheduling

Within literature multiple approaches have been researched to solve task scheduling problems. In
this subsection some of these methods are highlighted and explained how they differ from each
other. Applications of these approaches for airline maintenance are explained in detail in subsec-
tion H.2.3.

The most general kind of problem is a Job Shop Scheduling Problem (JSP). In aJSP a set of jobs needs
to be scheduled onto a set of machines. Each job has its own fixed order of operations to which it
needs to go through, together with a specified duration. The objective of a JSP is to minimize the
makespan. [26] As explained by Lenstra and Rinnooy Kan [27], Job shop scheduling problems fall
under the NP-Complete category. Which is an indication of the computational complexity. Lenstra
and Rinnooy Kan [27] therefore describe that in case of a NP-Complete problem a heuristic ap-
proach such as branch-and-bound or approximation algorithms might be a better solution.

Adams et al. [28] was one of the first researchers which implemented a heuristic approach for a JSP.
His approach was the shifting bottleneck procedure in which the JSP is solved separately for each
machine. Afterwards, the individual machine are re-optimized iteratively. With this he claimed to
have one of the first heuristic approaches with near optimal solutions. Years later, Binato et al. [26]
applied a greedy randomized adaptive search procedure as a heuristic method to solve JSP’s

A variant based on the JSP is the Resource Allocation Problem (RAP). This kind of problem focuses
on the allocation of resources to tasks, rather than task scheduling. The goal is to find an optimum
allocation of resources to tasks such that the allocation cost is minimized. [29] Chryssolouris et al.
[30] implemented a RAP into the concept of manufacturing decision making. The resource distri-
bution is performed in two steps. First, the resources are distributed into work centers. Secondly,
for each work centre the resource are distributed for tasks. The model makes use of a randomized
search procedure and is able to take multiple performance measure into account which made it
stand out. A follow up research has been performed in which the effect of decision horizon, max-
imum number of alternatives and sampling rate is discussed. With this a trade-off can be made
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between quality of the outcome and computational time can be made. [31]

Atlast, another variant of the JSP is the Resource-Constrained Project Scheduling Problem (RCPSP).
The goal of RCPSP is to satisfy precedence and resource constraints while the project duration
should be minimized. There are precedence constraints which impose that a task can only task
after another task has been completed. Resources are demanded by the activity for a constant rate.
The resources are also available in a constant amount. A heuristic approach proposed by Demeule-
meester and Herroelen [32] in the form of partial scheduling by making the branch and bound
method. At each node, a subset of activities is added to the problem to keep the size acceptable.
A follow up paper of Demeulenmeester and Herroelen [33] discussed minor changes together with
hardware improvements which offered the possibility to solve more complex problems. Further-
more, Kolisch [34] extended the model of Demeulemeester and Herroelen [32] with the addition of
task priority rules which improved the quality of the scheduling results.

H.2.3. Maintenance scheduling

As described in subsection H.2.2 there are several kinds of different approaches to solve task schedul-
ing problems. Within this subsection these approaches are discussed in detail for research that has
specifically addressed scheduling of airline maintenance. However, since maintenance covers sev-
eral aspect there is also a variation in the kind of maintenance problems that can be solved. This
section is divided in multiple subsections to discuss the following fields of work:

1. Fleet assignment problem and aircraft routing
2. Task planning
3. Resource allocation

4. Aircraft dispatch

Fleet assignment problem and aircraft routing

During fleet assignment a type of aircraft is assigned to a flight leg. Clarke et al. [13] describes the
fleet scheduling problem in which he incorporated additional constraints for crew paring and main-
tenance scheduling. Maintenance was taking into account by the model, by creating maintenance
opportunities in the flight schedule of different duration. The applied method was an Integer Linear
Program (ILP) in combination with a branch and bound approach to solve the Mixed Integer Pro-
gram (MIP).

After fleet assignment has been performed the second step is usually aircraft routing. Gopalan and
Talluri [35] discussed that fleet assignment should be done independently of maintenance schedul-
ing, since the model can become computationally too expensive or lack required details. Feo and
Bard [36] were one of the pioneers to include maintenance requirements within the aircraft routing
problem. The four day interval for A-checks should be met and capacity constraints were neglected.
Since the problem is NP-complete a probability set covering approach was used. Gopalan and Tal-
luri [35] approached the problem by using the concept of Line Of Flights (LOF) in every tail num-
ber should spend a night at a maintenance station at recurring intervals to perform A-checks. This
model was later extended by Talluri [14] at which it was proven that the problem is NP-complete but
can be solved in polynomial time by using heuristics. However, the model is only able to include A-
checks because otherwise it would become too complex. According to Barnhart et al. [37], solving
the aircraft routing problem independently of the fleet assignment problem can lead to mainte-
nance constraints violation. By combining aircraft routing with the fleet scheduling problem better
solutions can be generated from a maintenance perspective. However, as a consequence the crew
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scheduling problem becomes more challenging to solve.

Years later, Sriram and Haghani [38] used a 7 day planning horizon to schedule aircraft at their re-
quired maintenance opportunity. However within the model still only A-checks were considered.
The heuristic approach is modelled as a combination of depth first search and random search. The
heuristic solution comes up to 95% of the exact solution generated by CPLEX. In 2012, Jiang [23] was
one of the first to take multiple aspects of maintenance into account. The maintenance planning
was subdivided up in two parts, short term and long term. Maintenance task should be planned op-
timally to prevent AOG. The user could define in which time interval the maintenance tasks should
be executed. The method used to model the aircraft routing problem was an Artificial Bee Colony.
The author claims that this has a faster convergence rate than conventional artificial intelligence
algorithms such and ant colony optimization and genetic algorithms.

Maintenance task planning

Maintenance task planning is an aspect that has not received much attention in literature yet. How-
ever lately the attention is shifting from aircraft routing problems to maintenance task scheduling,
due to task fragmentation. [20] Since the concept maintenance disruption management is very
much related to maintenance task planning, the performed literature is discussed in detail.

Marseguerra and Zio [39] published one of the first researches which went in detail about mainte-
nance task scheduling. Within the paper multiple maintenance and repair policies are described
in which both safety and economical factors are taken into account. The cost of assigning main-
tenance personnel is included as well the cost of scheduling the maintenance task itself. As an
approach to solve the problem, Marseguerra and Zio [39] use a combination of monte carlo sim-
ulations and a genetic algorithm. The monte carlo simulation models the stochastic nature of the
occurrence of defects on aircraft, while the genetic algorithm improves the computational time.

Later, Papakostas et al. [40] focussed on the short-term aspect of maintenance scheduling, by taking
resource constraints into account. The approach provides an outline for scheduling line mainte-
nance tasks before its due dates. As a result, a schedule is created of line maintenance tasks dur-
ing ground time of an aircraft at their home base. The best schedule is determined based on cost,
operational risk, flight delay (due to exceeding maintenance time) and remaining useful life. The
approach focussed on an economic analysis for the optimum planning of scheduling maintenance
tasks. The following costs were taken into account:

1. Equipment and facility costs
2. Supplies and logistics costs

3. Personnel costs
4

. Overhead costs (scheduling costs etc.)

Yuan et al. [41] describes support operations that are required for an aircraft carrier. The problem is
defined as a multi-resource constrained multi-project scheduling problem within an uncertain en-
vironment. The method used to solve the problem is a dual population genetic algorithm in combi-
nation with a rolling horizon approach to solve large scale problems. Also, stochastic elements have
been added since the arrival if new tasks is uncertain. Furthermore, an additional feature is added
to the analysis in which disruptions can be handled as well. In case of a disruption the objective
gets an additional part added which takes the difference in start time into account with respect to
the original schedule. The objective in this case is minimise to sum of the earliness and tardiness of
tasks.
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Atlast, Lagos et al. [42] describe the set up of an Airline Maintenance Scheduling Program (AMSP) at
which the maintenance tasks should be scheduled before their due date. The model decides which
aircraft to maintain and which tasks need to be executed. The goal is to minimize cost and future
tasks outside of the planning horizon. AMSP is unique from other scheduling programs since it con-
tains stochastic information. Also, the usage of resources is included in the approach in the form of
different skill levels of maintenance personnel.

The model includes a distinction between critical and non critical tasks. The cost of solution is
calculated by taking the number of cancellations because of exceeding required tasks and expiration
of non-critical tasks. The model uses a Markov Decision Process (MDP). In such a process there
individual state which are formed because of the actions taken in the previous state. The cost is
a combination of the state and the chosen action. Three different methods were evaluated for the
expected cost of future states:

1. Myopic policy: Taking the best option for each individual time interval without taking the
future time intervals into account.

2. Rolling horizon: The last few elements for the previous time interval is also taken into in-
cluded for the following time interval. The approach is myopic to potential future actions
which fall outside of the current time interval.

3. Value Function Approximation: Based on the current state, the future value is estimated for
states coming up. The values are approximated by approximate value iteration and linear
regression techniques. This is mainly dependant on the number of tasks that is still left for the
next period to determine a score.

Furthermore, Lagos et al. [42] implemented additional flexibility by allowing to change Line Of
Flights (LOF) between aircraft of the same type The possibility of switching LOF in between air-
craft registration causes a decrease of 13% in the number of expired tasks. A limitation of the model
was that smaller maintenance has not been included since only A- and B-checks were considered.

A variation of maintenance task scheduling is described by Deng et al. [19] with an approach for
Aircraft Maintenance Checks Scheduling (AMCS). This study specifically focussed on the A- and C-
checks schedules on the long term. The difference between an AMCS and an AMSP is that an A- or
C-check already consist of a predefined set of tasks. The goal of a AMCS is to maximize utilization
of the airline fleet. In the long run this results in less scheduled checks which is cost beneficial. The
utilization is based on the number of flight hours, flight cycles or calendar day, whichever comes
first. Also, the capacity of at the maintenance facility is considered and maintenance scheduling
restriction due to aircraft routing are neglected. A 4-year schedule can be obtained in a matter of
minutes by making use of a dynamic programming approach.

Resource allocation

The resource allocation problems described in this chapter focus on the assignment of one or more
specific resources. The main difference between the researches described in this subsection com-
pared to item H.2.3 is that the focus is aimed on the assignment of resources and not necessarily on
the assignment of tasks.

A research performed by Dijkstra et al. [43] describes the development of a manpower scheduling
tool used for line maintenance at KLM. An engineer with appropriate qualifications is required to
perform dedicated tasks. The Decision Support System (DSS) described within this research makes
a match between the projected workload and determined capacity. As a result, the DSS can be
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used to determine the required number of personnel. This has been achieved by making use of La-
grangian Relaxation. The model could only be used for semi-long term workload predictions. Day
to day simulation was by then out of scope.

Ten years later, Yang et al. [9] created a maintenance manpower planning model which focuses on
the short term aspects of manpower planning at line maintenance. The goal of this approach was
to create a schedule which minimizes manpower supply and increases the punctuality of the air-
line while meeting all safety standards. The proposed model is in the form of an ILP, which also
included some degree of flexibility. The start and end times of shifts, number of member in a squad
and number of work hours for personnel can be changed in combination with a penalty. The down-
side of using the ILP approach is that the model becomes too complex if multiple aircraft types are
combined or if multiple kind of maintenance are included.

Afterwards, Quan et al. [44] describes the trade-off between the number of maintenance personnel
and the completion of tasks in time. Focusing on one of those two is not sufficient, therefore a Mul-
tiple Objective Problem (MOP) is created. A novel aspect of their approach was that the preferences
of the manager are taken into account. In order to solve the MOP in acceptable time an evolution-
ary algorithm was developed which aimed to create the most cost effective schedule, while taking
preferences into account. Required improvements for their approach are that the task duration is
currently not dependant on the number of personnel assigned to the tasks and that task priority can
change trough out the time.

According to Samaranayake et al. [25] maintenance schedule can be divided in two parts: overall
maintenance scheduling (hangar etc.) and detailed scheduling of components. Samaranayake et al.
[25] focussed on the second aspect and especially on the effect of material supply of performing
maintenance at Qantas. Resources and material should be in the facility in time such that scheduled
maintenance is not disrupted. The approach implemented both a CPM and material requirements
planning. The CPM approach provides an indication of which activities are critical to be completed
in a timely manner.

Qin et al. [16] researched aircraft hangar scheduling together with parking stand planning problem.
This kind of problem take the physical arrangement of aircraft inside a hangar into account. While
rolling the aircraft in and out of the hangar it should not be obstructed by other aircraft. This has
to be taken be into account while scheduling maintenance block times for aircraft. The problem
was defined as a Mixed-Integer Linear Programming (MILP). In a follow up research by Qin et al.
[17], the model was extended with a rolling horizon technique. This was required since the original
model was not able to cover large scale problems. Their approach only lacked the possibility to add
additional maintenance constraints and incorporate stochastic modelling because of unscheduled
maintenance.

Aircraft dispatch

Aircraft dispatch includes the short term decision making during an aircraft turnaround. An assess-
ment needs to be made whether an aircraft can safely perform the next scheduled flight. If a defect
is found by an engineer during a turnaround, quickly a decision should be made whether this de-
fect is deferred or is repaired right away. Koornneef et al. [45] describes the alternative maintenance
approaches in case a defect is found. If an item is stated in the MEL or is registered as Non-Safety
Related Equipment (NSRE), there is an option to defer the item. Otherwise, the defect always needs
to be resolved first.
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Dhanisetty et al. [46] describes a multi-criteria decision making approach for aircraft dispatch prob-
lems. This problem is two folded. First, alternatives of maintenance approaches should be identi-
fied. Alternative approaches can for example be a temporary repair first followed by a full repair
afterwards or performing a full repair right away. Secondly, the alternatives should be evaluated
and a decision should be made. The authors, propose a Boolean decision tree in which a trade
off is made between survivability, cost and downtime. These three factors are combined by using
a weighted sum method. Afterwards, the alternatives can be quantitatively compared with each
other. Koornneef et al. [45] applied a similar approach and presented the model in the form of a
mobile tool including interface.

H.2.4. Conclusion

Aircraft maintenance scheduling develops over time from a high-over planning towards a detailed
assignment of tasks and resources. The initial step is the Aircraft routing problem in which time is
allocated for maintenance. [14, 35, 36]. Afterwards, maintenance tasks should be assigned to an
aircraft registration, which is also referred to as task scheduling. [19, 20, 39-42] After maintenance
has been scheduled, resources should be assigned to tasks. [16, 17, 25, 43, 44]

On the day of operation, aircraft dispatch becomes of importance. This concept is also related to
airline disruption management. Both Dhanisetty et al. [46] and Koornneef et al. [45] acknowledge
that decisions made on the short term can have influence on scheduled maintenance in the long
term. By deferring defects, the day of operation can be saved but can also cause an overload of work
for the days to come.

Based on the various areas of research described above some general requirements for maintenance
scheduling can be deduced:

 Task ordering & prioritization: Maintenance tasks should be ordererd correctly such that ur-
gent tasks are executed before non-ciritical task. Tasks can receive a higher priority depending
on their MEL category and proximity to due date.

* Resources: If maintenance tasks are scheduled, the required resources should be available
and assigned as well

* Cost: Scheduling of maintenance should be cost-driven to optimize the performance of both
the MRO and airline operations.

The approaches described in this chapter have an excellent performance in a perfect un-disrupted
environment. However, in reality schedules are rarely executed as originally planned. [6, 47] As
described in the introduction, airline maintenance is a complex environment. Making a "optimal"
schedule upfront will likely not result in the optimal outcome. A disrupted schedule can no longer
be executed as planned. There is therefore a need of methods that minimizes the effects of dis-
ruptions and outputs a new schedule that is again close to optimal. This will be discussed in the
upcoming chapters.

The maintenance scheduling aspects discussed in this chapter are of importance in the context
of rescheduling airline maintenance as well. These factors are of influence in creating the feasible
maintenance schedule. Therefore, they should also be considered in case of rescheduling to prevent
violation of constraints.

H.3. Airline Disruption Management
The schedules of airlines created nowadays have very little slack compared to what it used to be. As
a result, the effect of disruptions is more severe. Throughout the day an airline is often faced with
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irregularities within the schedule. Therefore, real time decisions should be made. Decisions that are
made now can have significant impact future activities which are not considered by the controller.
As a result, in literature there is an increasing amount of effort put into disruptions management
approaches to minimize the effect of disruptions on airline operations. [4]

Within this chapter, research related to airline disruption management is discussed. First the differ-
ent kind problems of airline disruption management are explained in Appendix H.3.1. Afterwards,
Aircraft Recovery Problem (ARP) problems are addressed specifically in Appendix H.3.2. In this sec-
tion, special attention is given to literature which implemented airline maintenance in their prob-
lem formulation.

H.3.1. Variations in disruption management

Airline disruptions need to be solved by the airline Operations Control Center (OCC). In Figure H.2
a general outline is given of an OCC. In case of a disruption, airline coordinators have to find a so-
lution that minimizes airlines operational cost but also minimizes operational difficulties.

Airline Controllers
*Decisions on irregularities
*Reschedule resources

-/

On-line Crew Operations  Dispatch Station Operations Maintenance Operations
Support
Groups *Crew tracking *Flight planning *Passenger handling e Aircraft tracking

*Crew scheduling *Aircraft performance  *Ground resource scheduling  *Aircraft rescheduling

*Crew rescheduling  eFlight tracking *Hospitality ¢ Aircraft availability information
Off-line Meteorology Operational Engineering Ramp Control
Support *Weather forecasting *Navigation database *Weight and balance
Groups * Support services * Load control

Figure H.2: Diagram of typical Operations Control Center (OCC) for a commercial airline [4]

In 2011, Le et al. [48] described the state of art in airlines disruption management. The paper was
divided up in three parts:

1. Aircraft Recovery Problem (ARP): In case of a disruption, the ARP determines the new routing
of each aircraft registration and if necessary, delays or cancels flights.

2. Crew Recovery Problem (CRP): The CRP reassigns a set of crews to a set of flights. This prob-
lem is heavily constrained by regulations set by the FAA and policies of the airline itself. [49]

3. Passenger Recovery Problem (PRP): The PRP, reassigns passenger to flights. The goal in this
case is often to minimize cost and reputation damage. It is therefore preferable that passenger
keep their original itinerary. Alternatives are creating a new itinerary for passengers or cancel
itineraries of passengers.

By comparing the list given above together with Figure H.2 one can see that three of the four sup-
port groups have been discussed in literature. However, this does not mean that maintenance is
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neglected in literature. In multiple ARP formulations maintenance is included in the form of a con-
straint, which will be discussed in the upcoming section.

H.3.2. Aircraft Routing Problem

Within this chapter the research that has been performed to Aircraft Recovery Problem (ARP) is dis-
cussed in detail. The ARP receives special attention in the literature study since maintenance is
often included as a requirement. This section will therefore mostly focus in literature which imple-
mented maintenance constraints. In some cases, the ARP is also combined with CRP and/or PRP.
The literature which is discussed in the remainder of this chapter is mostly ordered in chronological
to illustrate the development over time.

In 1996, Talluri [50] solved the ARP by applying aircraft swap operations. By making use of a short-
est path algorithm, a feasible solution could be found in a matter of seconds instead of a couple of
hours which were required for finding the exact solution. However, since their approach only con-
sidered a small subset of flights for swapping, the solution is not necessarily optimal. Also, there was
no possibility in delaying or cancelling flights. A heavily disrupted airline network would therefore
result in an unfeasible solution.

Thengvall et al. [49] included to options of delaying or canceling flights. The authors recognized
that the implementation of Decision Support System (DSS) can yield into substantially different so-
lutions. In order to solve the ARP a multi objective function is implemented which minimizes delays
and cancellations but also minimizes the deviation from the original schedule. The aspect of this
research that stood out from the others was that the users of the DSS could give their preference for
delaying flights, cancelling flights or keep a sequence a flights performed by the same aircraft. The
problem was modelled as an ILP. However, to decrease the computational time LP relaxation was
used together with an integer rounding heuristic to get a near optimal solution.

Afterwards, Rosenberger et al. [51] implemented maintenance constraints in the ARP. According
to rules of the FAA each aircraft needs to undergo periodic maintenance service. An aircraft rout-
ing schedule can therefore only be feasible if those requirements are met. Within the model for-
mulation, a route is said to maintenance feasible if it visits an airport where maintenance can be
performed within the required time interval. The method makes use of a set-packing heuristic at
which only selects a subset of aircraft is considered for recovery. This should result in near optimal
solutions. A downside of this approach is that only flights of one aircraft type can be reassigned.
A change in equipment type is therefore not an option. Also, an alternative objective function is
added which aims to maintain crew and passenger connections.

Abdelghany et al. [52] also implemented maintenance constraints into an ARP in combination with
a CRP. Scheduled maintenance activities should not be violated; therefore the aircraft needs to be
at at a given location and a given point in time. The problem was modelled as a MIP with prepos-
sessing to decrease the problem size. Also, the time range was divided in multiple parts by using a
rolling horizon technique to speed up the decision time.

In 2009 the French Operational Research and Decision Support Society (ROADEF) started an open
challenge at which research develop a DSS for commercial aviation disruption management. The
data and constraints were provided by the organization, but the researchers were free to choose their
approach. The main goal is to minimize costs. In the problem formulation, passengers can be re-
accommodated to a new itinerary or their itinerary can be cancelled. Also maintenance constraints
are given to which the solution should meet. An aircraft can fly a given number of flight hours be-
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tween two consecutive maintenance checks. In order to perform maintenance, the aircraft needs
to be located at a given airport be available for a given amount of time. Afterwards, the remaining
flight hours is reset to the default value. Within the ARP formulation, it is possible to reschedule
maintenance for an aircraft as long as the next scheduled maintenance activity lies within the al-
lowed range of flight hours. The objective function for the problem is to minimize the costs of the
disruption. This is based on the operational costs due to making adjustments in the aircraft routing
schedule. As well as the associated costs of rescheduling or cancelling passengers itineraries. At last,
penalty costs are implemented if the schedule does not return to normal operations after the given
interval. [53] Multiple researchers participated in the ROADEF competition, and the most interest-
ing results are given below.

Eggenberg et al. [47] modelled the problem as an ILP together with column generation to speed up
computation time. This approach reached near optimum solutions compared to the complete ILP
formulation. Also, the effect of maintenance planning was studied in detail. By neglecting mainte-
nance flexibility in disruption management the number of delayed flights turned out to be a factor
ten higher as well as twice as much cancellations. Eggenberg et al. also implemented additional
flexibility in maintenance scheduling. He compared different maintenance scheduling strategies
with each other based in the utilization of the maintenance interval. It turned out that from a cost
perspective it was better to allow an aircraft to undergo maintenance at a low utilization rate. Greedy
maintenance scheduling at 90% of maintenance interval consumption performed worse than main-
tenance scheduling at which lower utilization’s are allowed as well.

The winner of the ROADEF challenge was the model presented by Bisaillon et al. [54]. This made use
of a large neighborhood search heuristic for ARP. Within this process there are three main phases:
construction, repair and improvement. With this approach the ARP and PRP are solved in an iter-
ative manner. This method is able to find an optimal solution since it it makes use of very simple
calculations rapidly after each other.

A couple of years later other authors performed a follow up research on the ROADEF challenge.
These researches still used the same data set and assumptions and can therefore be quantitatively
compared with each other. In 2015, Zhang et al. [1] split the problem up in three separate parts: Air-
craft schedule recovery, flight re-scheduling and passenger re-accommodation. The last two steps
is an iterative process. All the individual steps were modelled as an ILP. The results show that the
overall performance is better than the model given by Bisaillon et al. [54].
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Sinclair et al. [55] also performed research with the same data set put applied a column generation
approach instead. The basic model is a MIP together with an improvement of the repair, construc-
tion, and improvement procedure of Bisaillon et al. [54]. As a result, the computational time de-
creases significantly. The results obtained by this approach are very similar to the ones obtained by
Zhang et al. [1]. Depending on the kind of disruption the model of Sinclair et al. [55] or Zhang et al.
[1] performs better.

Table H.1: Score as percentage of the optimal solution based on the ROADEF challenge [1]

Team ‘ Dataset1 | Dataset 2
Zhang et al. [1] 100 % 98.16 %
Bisaillon et al. [54] 96.46 % 74.66%
Eggenberg et al. [47] 2.92% 16.64 %

In Table H.1 a quantitative comparison is given of the results obtained by the authors described
above based on the data of the ROADEF challenge!. There is a distinction between two data sets
since the second one contains more complicated problems. As can be seen from the table above the
approach by Zhang et al. [1] yields the best results. Please note that factors such as computational
time are not considered in this case.

Hu et al. [56] solved the ARP and PRP simultaneously by making use of an ILP approach. In order to
find solutions within reasonable time, a time-band network approach was used. With this approach
the time gets divided into intervals of equal length. A shorter time interval yields in a better solution
but requires more computational time. As a recommendation for future development of the model,
the goal is to implement constraints together with the addition of the CRP.

Sousa et al. [57] combined the ARP together with the fleet assignment problem. This gives more
flexibility to the solution since flights can be operated by an aircraft with more capacity to accom-
modate disrupted passengers. In order to find a feasible and close to optimal solution ant colony
optimization was used. A downside of this approach is that deviations with respect to the original
schedule are not taken into account, and maintenance and crew constraints are not considered.

Rhodes-Leader et al. [24] created a two-step optimization model for the ARP. First, a low fidelity
integer program searches for feasible solutions, which increases the problem size significantly. Sec-
ondly, a high fidelity model considers stochastic elements and aims to find the optimal robust
schedule. In the high fidelity model maintenance is also taken into account, in the form of planned
and unplanned maintenance. There is increase in chance of unplanned maintenance if the interval
between two maintenance checks increases.

Atlast, Liang et al. [5] take more maintenance flexibility into account for the ARP approach. Accord-
ing to the authors swapping planned maintenance can save up to 20% to 60% of airlines disruption
cost. Maintenance is seen as a flexible factor which can easily be changed in time. There are no costs
associated to swapping scheduled maintenance. A maintenance task can go due on flight hours, cy-
cles or calendar days, whichever comes first. It is possible to swap maintenance tasks as long as
it takes place before its due date. Therefore, the following recovery actions are considered: Flight
delays, flights swaps, flight cancellation and maintenance swaps. With their problem approach,
maintenance can be performed at multiple airports. As can be seen in Figure H.3, maintenance is
originally scheduled at Airport A. However, the green aircraft can also perform an additional blue

1 The results of Sinclair et al. [55] could not be compared, since numerical results were missing
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dotted flight and undergo maintenance at airport B instead of A.

Airport B Planned Maint
b | b

Airport A

Figure H.3: Changing start and end times in case of disruption. [5]

A column generation is applied to save computational time. This research is revolutionary in the
way maintenance is included within the ARP. However, there is still room for improvement. There
is currently only one kind of maintenance included and the availability of resources to perform
maintenance is not taken into account.

H.3.3. Conclusion

This chapter mostly focused on literature that considered maintenance in an airline disruption
management context. In Table H.2 a summary table is provided which outlines the kind of prob-
lems that are considered by the authors discussed in Appendix H.3.2. Throughout the year more
research has been performed which combines two or more of these aspects. There is an increasing
interest in these approaches since all aspects are considered in one problem which should result in
a global optimum. If aircraft, passenger and crew recovery are solved separately this will result in
sub optimal solutions.

Table H.2: Kind of problems covered by authors for airline disruption management

Author Aircraft recovery | Passenger recovery | Crew recovery | Maintenance

1996: Talluri [50]

2000: Thengvall et al. [49]
2003: Rosenberger et al. [51]
2008: Abdelghany et al. [52]
2010: Eggenberg et al. [47]
2011: Bisaillon et al. [54]
2015: Sousa et al. [57]

2016: Zhang et al. [1]

2016: Sinclair et al. [55]
2018: Liang et al. [5]

2019: Rhodes-Leader et al. [24]
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A downside of combining multiple recovery problems into one is that it becomes computationally
more difficult to find an optimal/good solution. Therefore, the majority of the authors in Table H.2
applied a heuristic approach to speed up the computation time.

Most of the authors from Table H.2, see maintenance often seen as a requirement rather than a
variable within the concept of disruption management. In case of scheduled maintenance, an air-
craft needs to be at a given airport at a given point in time. Only Liang et al. [5] and participants of
the ROADEF challenge [53] implemented methods at which maintenance was able to shift in time.
However, these researches still included many simplifications in their approach for maintenance
scheduling. As already stated in Appendix H.3.1 there is still no research performed in the so called
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Maintenance Recovery Problem (MRP). This should solely focus on scheduled maintenance opera-
tions and recover the schedule in case of disruptions.

H.4. Task Rescheduling

In case an airline disruption occurs, the original schedule cannot be operated as anticipated. [48]
This effects not only the flight schedule of an airline, but also effects scheduled maintenance. In or-
der to recreate a feasible maintenance schedule within revised circumstances, rescheduling has to
take place. As explained in Appendix H.2.1, a maintenance work package consists of multiple tasks.
In case of a disruption, the maintenance schedule needs to be adjusted such that all constraints are
still satisfied again. As concluded in Appendix H.3, no research has yet been performed in a Main-
tenance Recovery Problem (MRP).

Therefore, this chapter will give insight in general task rescheduling models and other applications
where task rescheduling is already widely applied. First, the different kind of rescheduling models
will be discussed in Appendix H.4.1. Afterwards different fields of work where rescheduling is al-
ready widely applied are discussed. First, Rescheduling of a general Job Shop Scheduling Problem
(JSP) is discussed in Appendix H.4.2. Afterwards rescheduling applications in the health care sector
and construction sector are discussed in Appendix H.4.3 and Appendix H.4.4 respectively. For each
of the different applications the literature is mostly covered in chronological order to illustrate the
development over time.

H.4.1. Rescheduling classification

Many authors acknowledged that the majority of research has been focused on scheduling models,
with little attention to rescheduling models. [2, 7, 58-60]. In 1981 Graves [58] was one the first re-
searchers to acknowledge that there is gap between production scheduling theory and practice. In
order to reduce the differences, he emphasized on two improvements regarding rescheduling. First,
schedule interaction should be improved in which the schedule becomes part of the operating sys-
tem and is easily accessible. Secondly, more focus should be given to schedule flexibility in which
rescheduling can be performed in case of disruptions and addition of new tasks to the schedule.

Aliterature study performed Vieira et al. [2] describes a framework of rescheduling techniques, clas-
sifications of the strategies, policies and methods. In general there are three areas of research regard-
ing rescheduling:

1. Repairing a disrupted schedule
2. Creating schedules that are robust for disruptions

3. Analyzing effect of policies to the performance of the system

The use case of rescheduling problems varies widely. As a consequence, the requirement for reschedul-
ing vary accordingly. In order to identify the differences between reschedule strategies, Vieira et al.
[2] proposed a reschedule classification scheme with three parameters: kind of environment, kind
of rescheduling strategies and kind of environments.

The first parameter is the kind of environment in which rescheduling should take place. This indi-
cates what the requirements are of the jobs which are being processed and in whether their arrival is
variable. In Table H.3, the subdivision is given for different kinds of environments. In case of airline
maintenance, process flow variability fits the environment best. There is an infinite dynamic flow
of new tasks which also vary in processing requirements.
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Rescheduling environments
Static Dynamic

Deterministic | Stochastic | No arrival variability | Arrival variability ;

Table H.3: Different kind of rescheduling environments [2]

Secondly, the kind of rescheduling strategy determines when an existing schedule should be altered.
In Table H.4 the subdivision of strategies is given. In case of hybrid scheduling, the schedule can be
rescheduled in case of events but it will be rescheduled by default periodic.[61] For maintenance
disruption management the main interest would go out to the event-driven approach which adapts
the schedule in case of disruptions.

Rescheduling strategies
Dynamic Predictive-reactive
Rescheduling policies

Periodic _ Hybrid

Table H.4: Different kind of rescheduling strategies [2]

Dispatching rules | Control-theoretic

At last, the different methods which can applied for rescheduling are given in Table H.5. Many au-
thors emphasize on the importance of robust schedules, since this both enhances and prevents the
use of rescheduling. [59, 62-64] In case of schedule repair there are multiple approaches which are
described in more detail in the following sections. For airline maintenance scheduling the most
promising method is partial rescheduling. In order to perform airline maintenance the 4M’s are re-
quired. [8] A minimal deviation from the original schedule is therefore preferred such that a loss of
preparation effort is prevented.

Rescheduling methods
Schedule generation Schedule repair

Nominal schedules | Robust schedules nght_Sh%ft Comple'Fe
rescheduling regeneration

Table H.5: Different kind of rescheduling methods [2]

Herrmann [61] created a follow up literature study regarding rescheduling strategies, policies and
methods. This is partly a summary of the research by Vieira et al. [2] and provided additional detail
of rescheduling strategies. In this research he made the division between rescheduling strategies for
dynamic scheduling and predictive-reactive scheduling.

H.4.2. Job Shop Problems

As described in Appendix H.4.1, rescheduling is dependent on the environment for which the model
is intended. This literature study is mainly focused on rescheduling models which operate in a dy-
namic process flow variability environment, in which partial rescheduling is applied. To the best
knowledge of the author, there has currently no research been performed to rescheduling models
for airline maintenance tasks. However, in other fields of work, the usage of rescheduling models is
already widely applied. The following sections will focus on rescheduling application in other fields
of work.
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The literature discussed in this chapter covers general applications. Airline maintenance scheduling
matches best with a Job Shop Scheduling Problem (JSP). The concept of this kind of problem has
been explained elaborately in Appendix H.2.2. Disruptions in job shop problems are often modelled
as machine being unavailable for a given amount of time. This has a knock-on effect in two ways,
as can be seen in Figure H.4 The jobs which are scheduled on this machine afterwards are delayed.
The job which was occupying the machine at the point of the disruption will be delayed for further
steps. [6]

j ROOTNODE |

|
| ]

JOB BRANCH MACHINE BRANCH
(NOJ) (NOM)
1 I
I 1 1 1
JOB BRANCH MACHINE BRANCH JOB BRANCH MACHINE BRANCH
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Figure H.4: Knock-on effect of machine disruption in JSP. [6]

Wu and Li [63] addressed that schedules in a JSP are subject to inevitable changes. This can be due
to disruptions but also due to additional operational constraints shortly after creating the schedule.
In order to recover a feasible schedule, a reschedule strategy was proposed which consists of three
steps:

1. Evaluation step: The effect of factors which cause deviations from the original schedule.

2. Solution step: Rescheduling solutions than can enhance the performance of the existing sched-
ule.

3. Revision step: Same as the evolution step but with the updated schedule. If the result is not
satisfactory, step 2 and 3 should be iterated.

The rescheduling problem was solved by making use of a Gantt chart. This represents the interrela-
tionship between scheduled jobs and machines.

The approach of Wu and Li is an extension of the model described by Li et al. [65], which uses a bi-
nary scheduling tree. Their model is beneficial in the sense that not all of the operations need to be
reevaluated with respect to the previous schedule. However, their solution lacked the opportunity
to alter the sequence of scheduled jobs.

Wu and Li [63] provided users the opportunity to specify which tasks should be added/rescheduled.
However, the model does still not make adjustments in the sequence by itself if this would be benefi-
cial. After giving input, the new start and end time of the operations are recalculated. The described
model is therefore only able to implement start and end time adjustments and does not find the
optimal solution in terms of sequence of jobs.

In 1997, Abumaizar and Svestka [6] performed a quantitative research for several rescheduling meth-
ods in case of disruptions within a JSP. His research compared the performance of three different
rescheduling techniques:

1. Right shift scheduling: If a disruption occurs; all current and remaining jobs are paused until
the disruption has been resolved. This means that a disruption of one task will delay all other
tasks.
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2. Affected operations rescheduling: Only the jobs which are scheduled for the disrupted ma-
chines and the jobs that are disrupted by themselves are rescheduled.

3. Total rescheduling with no regards to previous schedule: Regardless of the severity of the dis-
ruption, the schedule is rescheduled entirely.

The first method will create a new schedule in which all jobs will get a delay which is equal to the
duration of the disruption. Only the start and end time in the original schedule is updated. The
second method works well in case there is slack time in between the jobs for the machines. The
disruption will then have limited effect on any successive jobs. A downside of affected operations
rescheduling is that the order of jobs cannot be changed. At last, total rescheduling gives the most
optimal result in terms of make span. However, a limitation of the model is there is no constraint on
the amount of changes that is allowed with respect to the original schedule. As a result, the schedule
can be completely rearranged. Also, the model is limited to disruptions which results in idle time of
a machine.

In 1991, Nof and Hank Grant [59] focused on the creation of robust schedules. As a result, the con-
sequences of disruptions on the schedule is reduced. In case of disruptions complete scheduling
should be applied. However, due to the robustness this often still leads to the original schedule with
a few minor changes. This research was followed up by Shafaei and Brunn [64] who researched the
effect of robustness on schedules. In their approach schedules were made short up front by mak-
ing use of a rolling horizon approach, while taking into account the task criticality, processing time
and due date. Since constantly new information is provided to the model, frequent rescheduling is
applied. This is seen as way to minimize the impact during disruptions. According to the authors
rescheduling should therefore take place regularly and not necessarily only in case of disruptions.

Afterwards Akturk and Gorgulu [66] described a reactive hierarchical scheduling approach which
makes use of match-up scheduling. The approach to the problem is heuristic due to the computa-
tional complexity. The application of the model is a modified version of Job Shop Scheduling Prob-
lem (JSP) at which jobs can only go through a predefined set of paths of machines. A match up point
needs to be found where the state of the new schedule is identical to the original schedule. Between
the machine breakdown and the match up point, the schedule completely rescheduled. However,
the objective was to create a new schedule that is consistent with other production planning deci-
sions such as material flow and tooling. The model is unable to implement changes further ahead
in the future than the match-up point. In order to make this approach work well, a robust schedule
is required to be able to apply match-up scheduling. If case of a non-robust schedule the match up
point will be too far ahead and as a result require too much computational time

In 2007, Yuan et al. [67] studied rescheduling a JSP under disruptions to minimize the makespan.
During rescheduling the change in sequence should be prevented and jobs should be completed
before their release date. Disruptions are modelled in the form of unexpected arrival of new jobs.
In order to define the environment, the author uses the ||y classification scheme defined by Gra-
ham et al. [68]. «a defines the scheduling environment, § defines the job characteristics such as
constraints and y defines the optimality criteria. An approximation algorithm in the form a greedy
max approach was developed. By default jobs the original schedule remains unchanged. New jobs
can be inserted in non-decreasing order of release date if the schedule allows.

Tantardini et al. [69] researched the impact of rescheduling planned maintenance activities on a
maintenance service contract in different kind of environments. A case study was first performed to
investigate which cost factors are of importance in case of disruptions. The following performance
parameters were found to be of importance in case of rescheduling:
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Period to which a task is rescheduled; weekend, or committed to other maintenance etc.
Type of maintenance that needs to be rescheduled
Number of interventions required in the remaining schedule

Anticipation of the rescheduling notice

e D

Number of shifting periods for workforce and spare parts availability

Based on these performance parameters Tantardini et al. created a model which quantifies the costs
for rescheduling maintenance interventions. The cost is calculated by a set of linear equations in
which the consequences of rescheduling a task is determined by coefficients based on the perfor-
mance parameters given above. However, the model itself does not make changes to the schedule
itself. The user needs provide a set of changes to the original schedule. The method serves as a way
to determine the cost and consequences of a new schedule compared to the original.

Liu and Ro [62] studied the effect of rescheduling production schedules in case of machine disrup-
tions for a JSP. The environment is very similar to the one described by Yuan et al. [67]. The goal is
to prevent deviations from the original schedule. The time shift for each job is therefore modelled
both as a constraint and a objective. The research compares the performance of three different
models: pseudo polynomial, constant factor approximation and fully polynomial. The research
mainly focused on the implementation and comparison of those three methods. Therefore, several
extensions are possible such as the implementation of multiple machines and addition of resource
constraints.

In 2018 Luo et al. [70] created a rescheduling model which minimizes the alteration to the original
schedule compared to the original schedule. This is measured as the absolute deviation between the
two schedules. The maximum time deviation is both modelled as objective function and constraint.
The research is therefore related to Liu and Ro [62]. However, Luo et al. [70] added the possibility to
assign different levels of priority tasks. Consequently, the make span of the schedule is not neces-
sarily the shortest possible. The model makes use of a fully polynomial time approximation scheme
and dynamic programming which is able to find the exact solution in the presented cases.

Research on the effect of machine scheduling under disruptions was done by Liu and Zhou [60].
Since schedules do not operate as planned, they need to be updated frequently. During reschedul-
ing there should be a stability between the deviation between the original and new schedule. In
order to solve the problem in polynomial time the author makes use of an evolutionary algorithm.
The limitation of this model is that it only applies for a single machine. Also the type of disrup-
tions that were studied was limited to unexpected arrival of jobs. According to the authors, future
research should be done concerning cancellations, change in due dates or job reworks.

Wang et al. [71] added the effect of preventive maintenance actions and arrival of new jobs on pro-
duction schedules. The research is closely related to the work performed by Liu and Zhou [60]. The
schedule performance was assessed based on the number of deviations from the current schedule
and the total operational cost to achieve the new schedule. After maintenance has been performed,
the effectivity of the machine increases. The model that has been used for rescheduling was a multi
objective evolutionary algorithm. In order to increase the performance of the model a better pre-
diction method can be used of which jobs need to be rescheduled.

H.4.3. Health Care
The health care sector is a very dynamic environment, where rescheduling models are applied. The
arrival of emergency patients or the unavailability of doctors can require adaptation to the opera-
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tion schedule. This problem is in many aspects similar to the maintenance scheduling problem to
which this literature study is aimed. Both patients and maintenance tasks have levels of priority,
due dates and resource requirements.

In 2012, Hulshof et al. [72] performed a literature study on methods to create a resource capac-
ity planning within the health care sector. This study especially focused on the several depart-
ments present within hospitals. Hulshof et al. concluded that several reschedule models were al-
ready developed, however each of them specifically focused on either patient rescheduling or staff
rescheduling. In the same year van Essen et al. [73] created a decision support tool for operating
room scheduling models. This aimed to create a new scheduled which both satisfies the sched-
ule of the manager and the preferences of the patients. To achieve this, two decision rules were
implemented for rescheduling. Surgeries could be shifted in time or breaks could be scheduled in
between surgeries. The order of surgeries should remain the same.

In 2017, Mahdi ValiSiar and Ramezanian [74] developed a scheduling-rescheduling approach pa-
tients in operating rooms. This problem was modelled as a MILP together with with a rolling horizon
technique. Multiple levels of priority were considered in combination with due dates and surgeries
of different duration. The objective was to minimize tardiness of patients and prevent idle and over-
times of operating rooms.

Ballestin et al. [75] preformed a follow-up research which aims both to minimize the percentage
of tardy passengers (scheduled after due date) and maximize the utilization rate of the operating
rooms. The different policies are evaluated by creating multiple scenarios with different objective
functions. The goal of rescheduling is not only to consider the current planning phase but also the
effect of the current planning on the upcoming phases. This is taken into in the objective function.
By solving the ILP model both the future consequences of current decisions are taken into account
as well as the number of changes between the new and original schedule. This model can be further
improved by including resource constraints, such as manpower availability.

Thompson et al. [76] focused on the assignment and re-assignment of passengers to hospital floors.
Especially during demand surges, hospital floors need to be scheduled effectively in order to pre-
vent waiting time for patients. By implementing a DSS, passenger capacity can be increased which
results in an increase of both revenue and passenger satisfaction. Instead of using a Decision Sup-
port System (DSS) many hospitals use a myopic policy for scheduling patients, which leads to sub-
optimal solutions. An approximation algorithm was developed for the problem by creating a MDP
with a finite rolling horizon. Each interval is optimized with respect to the cost in the current period
and an expected future cost. The approach is therefore very similar to the Lagos et al. [42], which
combined a rolling horizon strategy with value function approximation.

H.4.4. Construction

Projects within the construction industry are dependant on a lot of factors such as the environ-
ment and deliveries of third parties. Rescheduling is therefore an extremely important aspects since
projects rarely go according to their original schedule. Liu and Shih [7] describe a framework where
construction rescheduling can be applied based on a manufacturing rescheduling framework. The
framework takes several kind of construction tasks into account and has implemented constraints
to stick to the previous schedule as much as possible. As objective function, there are three varia-
tions. The goal can be set to minimize the total project cost, duration or a combination of both.

The research took the productivity aspects into account for the rescheduling decision making pro-
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cess in the construction sector. The rescheduling mechanism should therefore cater the manage-
ment needs. The authors prefer to use partial rescheduling if the impacts can be overseen. Other-
wise complete rescheduling should be considered.

Broad definition of schedule updating in construction industry

A

Schedule updating Rescheduling
Project management: Project management:
* Update project information s Determine rescheduling method
e Determine rescheduling policy _\ *  Rearrange activities and resources
2 y i £

*  Identify rescheduling factors, ) +  Determine the new schedule
and evaluate impacts

Optimization operation: Optimization operation:

+  Update parameters *  Set rescheduling goal through

+  Add constraints according to ohjective function and constraints
current situation *  Search optimal schedule

Figure H.5: Differences and relations between schedule updating and rescheduling. [7]

The model uses constraint programming which is a form of artificial intelligence in which feasible
solutions are found out of a large set of candidates.[77] The method makes use of branches where
forward and backward calculations are performed by using the Critical Path Method (CPM). How-
ever, there is no guarantee that the found solution is optimal. The generation of a new schedule is a
trade-off between cost, time and influence of delaying activities.

H.4.5. Conclusion

As discussed in Appendix H.4.1, a Maintenance Recovery Problem (MRP) should be based on a dy-
namic environment with variability in the arrival order of task. Literature discussed in this chapter
is mainly subdivided in two categories: complete rescheduling and partial rescheduling. Partial
rescheduling is only alters the affected elements of the schedule due to the disruption. For airline
maintenance rescheduling it is preferable to partially reschedule, such that the schedule mainly re-
mains the same.

Partial rescheduling is dependant on the requirements of the original schedule. As stated in the
conclusion of Appendix H.2, there are three requirements which are of importance for scheduling of
maintenance: task prioritization, resources availability and cost. Task prioritization and resources
should be taken into account within the model to prevent violation of constraints. Cost should be
considered in the form of the number of changes made to the schedule and the quality of the new
schedule, based on task ordering and resource utilization. In Table H.6, the research covered in
this chapter is evaluated with respect to those three requirements. If an aspect of rescheduling is
discussed by one of the authors this is indicated by a check mark (v).
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Table H.6: Table with overview of aspects taken into account for rescheduling

Author Task ordering & prioritization | Resources | Cost
1993: Li et al. [65]

1995: Wu and Li [63]

1997: Abumaizar and Svestka [6]
1997: Akturk and Gorgulu [66]
2009: Liu and Shih [7]

2012: van Essen et al. [73]

2014: Tantardini et al. [69]

2014: Liu and Ro [62]

2015: Liu and Zhou [60]

2015: Wang et al. [71]

2017: Mahdi ValiSiar et al. [74]
2017: Ballestin et al. [75]

2018: Luo et al. [70]

N N N N S TN
X NN X XX XN NN XXX
T X XA X XA XA X X X X

It can be concluded, that each of the subjects is at least discussed by two separate authors. However,
there is no research that combined all of the aspects into one approach. The researches performed
by Mahdi ValiSiar and Ramezanian [74] and [75] takes most of those aspects into account but ap-
plied their model to reschedule operating rooms. However, their models shows many similarities
with airline maintenance.

In the context of maintenance disruption management, disruptions can happen in multiple forms.
Additional tasks can be added, tasks can take longer than expected or the availability of resources
can change. A limitation of most research discussed in this chapter, is that only one specific kind
of disruption is considered in their approach. Liu and Shih [7] stands out from other researches, by
making use of a two-step optimization process. In the first step, the schedule is updated in which
all kind of disruptions can be included. This also outlines the shortcomings of the current schedule.

At last, the research performed by Thengvall et al. [49] created an interactive model at which the
users could give input and preferences before rescheduling. This approach is promising, since the
expertise of the user is combined with the computational power of the model.

H.5. Conclusion

This literature study outlined research that relates to maintenance rescheduling in case of disrup-
tions. It has been divided into three parts: maintenance requirements, airline disruption manage-
ment and task rescheduling. Appendix H.2 showed that maintenance scheduling develops from a
high-over planning towards a detailed assignment of tasks. Three main requirements were deduced
for maintenance scheduling: Task ordering & prioritization, Resources and Cost. Maintenance is
often mentioned as a point of improvement for further research to achieve more flexibility and cost
savings. [4]

In the context of airline disruption management, Appendix H.3 showed that the Maintenance Re-
covery Problem (MRP) as displayed is the only aspect which has not been discussed individually in
literature. It can be concluded that nowadays there is an interest increase in solving multiple aspects
of disruption management simultaneously. In some of these approaches maintenance is included,
however from a maintenance standpoint these models lack the required detail. Maintenance is of-
ten seen as a fixed requirement rather than a variable.
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Because the MRP has not been discussed individually in literature, Appendix H.4 provided applica-
tions at which task rescheduling is applied. From other fields of work, methods have been applied
which show many similarities for rescheduling of maintenance. For example scheduling patients
for surgery.[54, 74] Liu and Shih [7] showed how multiple kinds of disruptions can be modelled to
create an adaptive decision support tool.

As explained in the introduction of this report, the airline maintenance department is a complex
environment. It is therefore an illusion that having a well-planned schedule up front will also re-
sult in optimal operations. The adaptiveness of the scheduling process is just as important as the
schedule itself. A Decision Support System (DSS) cannot take over the tasks of humans in a complex
environment, since humans are not limited to a predefined set of rules.[12] A DSS should therefore
assist the users in the decision making. The research of Thengvall et al. [49] is thus especially inter-
esting since human interaction is taken into account. The conflict of interest during maintenance
disruptions, as explained in the introduction, is confirmed by multiple researches. [18, 22] During
maintenance rescheduling both standpoints should be taken into account in a cost-benefit analysis.

From this literature overview a clear gap in research can be obtained. Maintenance task reschedul-
ingin case of airline disruptions is not covered in literature. The remainder of this research will focus
on this subject, in the form of a Maintenance Recovery Problem (MRP). This combines the practical
concept of airline disruption management together with the theoretical concept of task reschedul-
ing with the requirements of maintenance scheduling. The research question will therefore be as
following:

To what extent can short- and long-term airline fleet availability be improved in a disruptive
environment by means of a decision support tool for optimization of maintenance task
rescheduling?

The decision support tool should address the Maintenance Recovery Problem (MRP). In order to
create a decision support tool, more information should be gathered about the decision making be-
hind maintenance scheduling as well as potential approaches which can be applied to maintenance
task rescheduling. Therefore, the following sub-questions have been defined which should aim to
answer the research question:

1. How are maintenance tasks currently scheduled?

1.1. Which factors influence task prioritization?

1.2. Which decision rules are currently used for task scheduling?

1.3. Which types of maintenance are currently scheduled?

1.4. How are due dates of tasks currently taken into account?

1.5. How are () currently taken into account for maintenance task scheduling?

1.6. How does the technical knowledge of a maintenance scheduler influence the schedule?

2. How are disruptions currently handled within the maintenance department?

2.1. What kind of disruptions take place?

2.2. Which factors are currently taken into account during handling of disruptions?
2.3. What are the recovery options for handling disruptions?

2.4. How is a trade-off performed between multiple recovery options?

3. What methodology can be applied to maintenance task rescheduling?
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3.1. Which of the known models meet the requirements for maintenance rescheduling?

3.2. How can user preference be implemented in a decision support tool?

3.3. Which constraints should be implemented in the model for maintenance task reschedul-
ing?

4. What are the main objectives for the cost-benefit analysis of maintenance task rescheduling?

4.1. How s the fleet availability in the long term taken into account during task rescheduling?
4.2. What are the costs of reassigning maintenance?

4.3. What are the costs of violating resource constraints (in order to improve outcomes)?
4.4. What is the benefit of an increase in fleet availability?

5. To what extent is an exact model for maintenance task rescheduling able to find feasible re-
covery options during disruptions?

5.1. Is the model able to find similar solution to those manually found by using expertise
knowledge?

5.2. Isthe model able to achieve a higher fleet availability in the long term compared to man-
ually found solutions?

[resume]What is the performance of a heuristic approach with respect to an exact model
for maintenance task rescheduling?

1. 1.1. Which heuristic approaches are suitable for maintenance task rescheduling?
1.2. Is the heuristic approach able to find a close to optimal solution?

1.3. Is the heuristic approach able to find a solution within 5 minutes?
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Executive Summary

Within commercial airlines disruption take place daily. As a result, adjustments need to be made
to return to a feasible schedule. Extensive research has been performed in recovery models for air-
craft, crew and passengers. For maintenance, a strategy during disruptions is not yet covered in
literature and will therefore be the focus of this project. The project will use data provided by KLM
Royal Dutch Airlines to simulate disruptions and compare the outcome of this project to the deci-
sion making in reality. The goal of this project is to achieve an increase in fleet availability by means
of a decision support tool for maintenance task rescheduling during disruptions. Currently deci-
sions during maintenance disruptions are shortsighted, at which the focus is on the coming days of
operation. The decision support tool should consider the entire scheduling interval of 14 days.

To achieve this, a mixed integer linear programming (MILP) approach will be implemented which
reschedules maintenance tasks. The 4M requirements; machinery, method, manpower and mate-
rial, form the constraints which need to be satisfied in order to schedule maintenance. Secondly, the
maintenance due date is the ultimate date at which a certain maintenance tasks needs be sched-
uled. Ideally, maintenance tasks are executed as early as possible and this will therefore be the
objective of task rescheduling. Since (re)scheduling problems are NP-complete, a rolling horizon
applied to the MILP together with value function approximation.

By implementing a decision support tool, which takes both the long- and short-term aspect into
account, the airline the goal is to achieve a higher fleet availability. This would result in significant
operational benefits for both the MRO and the airline overall performance.

I.1. Introduction

Maintenance is an important cost factor of airline operations, by taking up 11% of the operational
cost, according to the [10]. By performing maintenance, the aircraft remains in an airworthy state
and is available to airline operations. Since maintenance is such an important cost factor, the goal
of a Maintenance, Repair, Overhaul (MRO) to schedule maintenance as efficiently as possible. This
causes a decrease in maintenance cost and an increase in operational availability. By making well
thought decisions, both money and time can be saved.

Despite efficient maintenance schedules, within a commercial airline disruptions take place daily.

As a result, airline schedules are rarely executed as planned. An investigation of the factors caus-
ing airline delays shows that maintenance is by far the biggest contributor. [11] showed that airline
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maintenance represents 22.3% of the number of delays and in terms of minutes, this is close to
40%. First of all, these maintenance disruptions can be caused by unexpected failure of aircraft
components. Secondly, scheduled maintenance tasks can take up more time than anticipated if
non-routine maintenance is found during execution. Last of all, maintenance can also be disrupted
by other airline departments, which causes a knock-on effect on maintenance operations.

As aresult of disruptions, maintenance schedules need to be adjusted to regain a feasible schedule.
This can be achieved by postponing and reallocating scheduled maintenance tasks. Often this is
seen as an operational burden. However, implementing a flexible maintenance strategy can miti-
gate the risks and enhance the overall airline performance as already proven by [5].

Rescheduling of maintenance, in case of disruptions, is required to keep the fleet in an airworthy
state. There is a conflict of interest between providing fleet availability and the cost of perform-
ing maintenance according to [22]. Clarke [4] indicated that maintenance rescheduling currently
mostly relies on expertise knowledge. Decisions on the day of operation can affect the days to come
as well. Since humans are only able to take a limited number of factors simultaneously into ac-
count, the future consequences of decisions are currently not taken into account. This research will
therefore focus on the decision making during maintenance disruptions and transform the deci-
sion making from relying on expertise knowledge to data-driven decisions. Such that both short-
and long-term consequences are considered simultaneously.

The remaining part of this report gives a more detailed of airline maintenance disruption manage-
ment. First a theoretical overview will be provided followed by the research questions and goals of
this project. Based on this, the theoretical background will be provided together with the experi-
mental set-up. Afterwards the presentation of results will be discussed combined with the conclu-
sions which should be able to be drawn from the project. At the end of this report the planning of
this project is provided.

I.2. State-of-the-art/Literature Review

The literature review section is divided into three parts. First, literature which discusses airline
maintenance will be discussed, followed by research covering disruption management strategies for
airlines. At last, literature covering rescheduling problems in other fields of work are discussed. In
case of airline maintenance disruptions, rescheduling needs to be performed. Aircraft maintenance
needs to be performed according to strict regulations set by the EASA (in Europe). Scheduling of
airline maintenance, whilst taking regulations into account, is already widely applied in literature.
Maintenance scheduling develops over time from a high-over planning towards a detailed assign-
ment of tasks and resources. Jiang [23] was one of the first to take multiple aspects of maintenance
into account during the aircraft routing allocation. Maintenance planning was subdivided up in
two parts, short term and long term. In the long term, time should be allocated for aircraft main-
tenance. In the short term, maintenance tasks should be planned optimally to prevent a stranded
aircraft. The user could define in which time interval the maintenance tasks should be executed.

Marseguerra and Zio [39] focused on maintenance task scheduling alone without taking aircraft
routing into account. Multiple maintenance and repair policies are given which are compared to
each other based on safety and economic factors. The cost of assigning maintenance personnel
is included as well the cost of scheduling the maintenance task itself. Later, Papakostas et al. [40]
provided an outline for scheduling line maintenance tasks before its due dates. During the ground
time of the aircraft at the airlines home base, line maintenance tasks could be scheduled. The best
schedule is determined based on cost, operational risk, flight delay and remaining useful life. The
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approach focussed on an economic analysis for the optimum planning of scheduling maintenance
tasks in which costs of the facility, supplies and personnel were taken into account.

Quan et al. [44] went into more detail about resource allocation for airline maintenance. The re-
search makes a trade-off between the number of maintenance personnel and the completion of
tasks in time. Focusing on one of those two is not sufficient, therefore a multi objective problem
is created. A novel aspect of their approach was that the preferences of the manager are taken into
account. Samaranayake et al. [25] focused on a different aspect of resource allocation, with schedul-
ing of component replacements. This research outlined the effect of material supply of performing
maintenance at Qantas. Resources and material should be in the facility in time such that scheduled
maintenance is not disrupted.

Atlast, Lagos et al. [42] described the set-up of an airline maintenance scheduling program at which
the maintenance tasks should be scheduled before their due date. The model decides which aircraft
to maintain and which tasks need to be executed. The goal is to minimize cost and future tasks out-
side of the planning horizon. The order of task scheduling is based on criticality. Resource usage is
included within the approach in the form of different skill levels of maintenance personnel.

Based on the various areas of research described above some general requirements for mainte-
nance scheduling can be deduced which also should be taken into account during maintenance
rescheduling:

» Task ordering & prioritization: Maintenance tasks should be ordered correctly such that ur-
gent tasks are executed before non-critical task. Tasks can receive a higher priority depending
on their criticality category and proximity to due date.

* Resources: If maintenance tasks are scheduled, the 4M requirements; machinery, manpower,
method and material, need to be available to execute maintenance as described by [8].

* Cost: Scheduling of maintenance should be cost-driven to optimize the performance of both
the MRO and airline operations.

The researches described above include all the aspects which be taken into account for mainte-
nance scheduling. None of these researches takes the effect of disruptions on the maintenance
schedule into account. However, research has been performed in disruption management that fo-
cused on other airline departments. In some cases, airline disruption management research in-
cluded maintenance aspects, but it has never been the focus. [51] included maintenance con-
straints in an aircraft recovery problem. Within the model formulation, a route is said to main-
tenance feasible if it visits an airport where maintenance can be performed within the required
time interval. Abdelghany et al. [52] included maintenance constraints within the aircraft recovery
and crew recovery problem formulation. Scheduled maintenance activities should not be violated,
therefore the aircraft needs to be at a given location and a given point in time. Both [51] and [52]
see maintenance as a requirement and not as a variable.

Eggenbergetal. [47] implemented maintenance flexibility into the aircraft recovery problem. Reschedul-
ing maintenance activities is allowed as long as the next scheduled maintenance activity lies within

the allowed range of flight hours. Only A-checks are considered in his problem formulation and
resource constraints are not included in the model. Rhodes-Leader et al. [24] divided the aircraft
recovery problem up in two parts. In the first stage, maintenance is neglected at which the aim is

to create a robust schedule. In the second step, maintenance scheduling is included in the problem
formulation to fine-tune the schedule.
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At last, Liang et al. [5] takes more maintenance flexibility into account within the aircraft recovery
problem. A maintenance task can go due on flight hours, cycles or calendar days, whichever comes
first. It is possible to swap maintenance tasks as long as it takes place before its due date. Therefore,
the following recovery actions are considered: Flight delays, flights swaps, flight cancellation and
maintenance swaps. According to the authors swapping planned maintenance can save between
20% to 60% of airlines disruption cost.

As can be concluded from the researches given above, maintenance rescheduling in case of disrup-
tions has not been covered in literature yet. For airline disruption management, some researches
included maintenance in their problem formulation in the form a constraint. Lately maintenance
flexibility is also considered to some degree. However, these researches still included many simpli-
fications in their approach for maintenance rescheduling.

However, in other fields of work, research has been performed which shows many similarities with
maintenance rescheduling. For example in the medical sector, rescheduling is already widely ap-
plied in the form of schedule changes in the assignment of patients for operating rooms. [74] imple-
mented a model where multiple levels of priority are considered in combination with the due date
and duration of surgery. The objective was to minimize tardiness of patients and prevent idle and
overtimes of operating rooms.

Ballestin et al. [75] preformed a follow-up research on [74], which aims to minimize both the per-
centage of tardy passengers (scheduled after due date) and maximize the utilization rate of the op-
erating rooms. The different policies are evaluated by creating multiple scenarios with different
objective functions. The goal of rescheduling is not only to consider the current planning phase but
also the effect of the current planning on the upcoming phases. For rescheduling both the future
consequences of current decisions are taken into account as well as the number of changes between
the new and original schedule.

Liu and Shih [7] describes a rescheduling model that can be applied in the construction sector.
Projects within the construction industry are dependent on many external factors such as the weather
and deliveries of third parties. Rescheduling is an important aspect since projects rarely go accord-
ing to their original schedule. Liu and Shih [7] describe a framework where construction reschedul-
ing can be applied based on a manufacturing rescheduling framework. The framework takes several
kind of construction tasks into account. During rescheduling to aim is to make the least amount of
changes as required. The rescheduling process is split up in two parts. First, schedule updating aims
to get an overview of the actual processes, together environmental changes and present conflicts.
This gives an overview of the shortcomings in the current schedule. In the second phase, activities
are rescheduled such that constraints are satisfied again. The researches described above are very
similar in terms of requirements compared to airline maintenance and their approach can therefore
be applied to maintenance rescheduling.

I.3. Research Question, Aim/Objectives and Sub-goals

As can be concluded from the previous section, there is gap in literature in the adaptiveness of main-
tenance scheduling, in the form of disruption management for airline maintenance. This combines
the practical concept of airline disruption management together with the theoretical concept of task
rescheduling with the requirements of maintenance scheduling.

Currently maintenance rescheduling in case of disruption relies on expertise knowledge. As a result,
solution are often optimal in the short-term. However, in the long term this can have adverse effect
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if maintenance has been postponed. The project will therefore focus on a transition from manual
decision making during maintenance disruptions to a state of data-driven decisions. The develop-
ment of a decision support tool should assist maintenance schedulers in the decision-making. Both
the short and long term aspects should be included within the model and the consequences of the
disruptions should be given quantitatively. The focus will be on a decision support tool instead of
decision tool as expertise knowledge can never be fully integrated into one model for a complex
environment such as maintenance scheduling. There should therefore be room for user input and
adaptiveness to the model such that disruptions can be solved in the complex environment.

I.3.1. Research Question(s)

The benefit of implementing a decision support tool for maintenance task rescheduling is that this
should result in better decision making and as a result an increase in operational performance.
However, in operational performance there is a conflict of interest. On one hand, the MRO aims to
achieve maximum fleet availability for the airline. On the other hand, it aims to minimize mainte-
nance cost. Aiming to optimize one of those two does not necessarily satisfy the other. The decision
support tool should aim to achieve an increase in airline fleet availability as long as this weighs up
to a potential increase in maintenance cost. A cost-benefit analysis should be performed between
fleet availability and maintenance cost. The main research questions is therefore a following:

To what extent can short- and long-term airline fleet availability be improved in a disruptive
environment by means of a decision support tool for optimization of maintenance task
rescheduling?

In order to create a decision support tool, more information should be gathered about the decision-
making behind maintenance scheduling as well as potential approaches that can be applied to
maintenance task rescheduling. Therefore, the following sub-questions have been defined which
should aim to answer the research question:

. How are maintenance tasks currently scheduled?

. How are disruptions currently handled within an airline maintenance department?

1

2

3. What methodology can be applied to maintenance task rescheduling?

4. What are the main objectives for the cost-benefit analysis of maintenance task rescheduling?
5

. To what extent is an exact model for maintenance task rescheduling able to find feasible re-
covery options during disruptions?

6. What is the performance of a heuristic approach with respect to an exact model for mainte-
nance task rescheduling?

I.3.2. Research Objective
The corresponding research goal is defined as following:

Achieve an increase in fleet availability in the short- and long-term by means of a decision
support tool for maintenance task rescheduling during disruptions.

In Figure 1.1 the research goal is outlined in the form of a project model flow. For maintenance dis-
ruption management there are two required inputs: the current maintenance schedule and a set of
required changes due to a disruption. By taking these inputs together, a schedule check should be
performed which checks if there are any infeasibilities in the schedule due to the disruption. For
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Figure I.1: Proposed model flow for disruption management research

scheduled maintenance tasks the 4M’s should be available. Secondly, regulations may not be vio-
lated due to the disruption changes.

Next to schedule shortcomings, user input is added by a dotted line. A user needs to be able to add
or remove shortcomings if this required because of operational reasons. However, by default no user
input should be required. Based on the schedule shortcomings, task rescheduling should take place,
which takes the schedule back to a feasible state. During rescheduling, both the 4M availability and
maintenance regulations should be satisfied. A cost-benefit analysis should be performed between
fleet availability and maintenance cost. There should be two model outputs: the rescheduling cost
(in the form of a KPI) due to the disruption and the adjusted maintenance schedule.

I.4. Theoretical Content/Methodology

Within KLM, there is the expectation that maintenance disruption management is currently driven
on shortsighted decisions. Maintenance tasks are often postponed if regulations allow this. By do-
ing so, the coming days of operation are saved but this can cause additional problems for the days to
come. The objective for maintenance task rescheduling will therefore be to schedule maintenance
tasks as quick as possible rather than postponing maintenance tasks. Ultimately, a task always needs
to be scheduled before the due date. Secondly, the model horizon should not look only at the com-
ing days but at the full 14 days scheduling horizon that is currently used within KLM. This should
prevent providing solutions on the short term but creating problems on the long term.

Referring back to Figure I.1, there are two models which need to be created for this project. First, the
schedule check needs to be performed, to evaluate the current status of the schedule. As described
by Schut [8], the feasibility of the schedule can be checked by considering, the 4M requirements
for each scheduled maintenance task. The 4M requirement consists of the availability of Material,
Machinery, Method and Manpower. In case of airline maintenance, there is also a subdivision of
manpower for each required skill level. If all 4M’s are available, maintenance can be performed dur-
ing the scheduled time interval. If not, there is a schedule infeasibility and the maintenance task
should be rescheduled. Because of a disruption, the 4M availability can change and cause infeasi-
bilities to the maintenance schedule.

The availability of machinery, material and method can directly be obtained from the data. The
estimated time of arrival or the availability is indicated. For manpower this is more complicated
since the assignment of manpower is dependent both on the required skills for tasks as well as the
available skilled manpower. In order to check for manpower availability a similar approach as Yang
et al. [9] will be used. A linear programming (LP) model assigns manpower to maintenance tasks
which aims to meet all maintenance requirements. Each maintenance task is also subdivided per
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required type of skill.

The second model will focus on rescheduling of maintenance. In this case the availability of 4M’s
needs to be satisfied again for all maintenance tasks. This can be achieved by rescheduling main-
tenance to other points in time where the 4M’s are available. Lagos et al. [42] researched the devel-
opment of a maintenance scheduling model in the form of a mixed integer linear program (MILP).
Instead of 4M availability, Lagos et al. focused on task criticality, hangar availability and due dates
of maintenance. The due date is the deadline before maintenance needs to be performed. By com-
bining the models of Yang et al. [9], Lagos et al. [42] and [8] both the 4M requirements and airline
maintenance scheduling constraints can be implemented.

The model will be optimized with respect to a Key Performance Indicator (KPI). The approach for
the KPI will be similar to Ballestin et al. [75], at which the goal is to schedule tasks as early as possible
based on the due date. This holds for deferred defects and other faults. For recurring maintenance
the goal is almost identical however, maintenance should be scheduled at least after 90% of the
maintenance interval. Otherwise that kind of maintenance would need to be executed too often.
The closer a maintenance task is scheduled to its due date, the higher the priority and thereby the
cost of scheduling will be. By doing so, it is encouraged to schedule maintenance further away of its
due date.

As explained in section 1.2, currently no method has been developed for airline maintenance reschedul-
ing. In order to add rescheduling to a LP model, approaches from research in the health care sector
are used. Mahdi ValiSiar and Ramezanian [74] developed a patient rescheduling MILP model, at
which the goal was set to make the least amount of changes to the original schedule. The goal
holds for both rescheduling of patients and rescheduling of airline maintenance tasks. Reschedul-
ing causes a loss of already taken preparations. Mahdi ValiSiar and Ramezanian [74] takes this into
account be setting penalty values on making changes to the original schedule.

One of the requirements for decision support tools in a disruptive environment, is a rapid deci-
sion time. The computational time can be at most a matter of minutes. Scheduling problems are
NP-complete as proven by Talluri [14]. As a result, the computational time increases non-linearly
by increasing the problem size. MILP’s therefore often can take up a very long time to compute the
outcome. To compensate for this a hybrid approach can be implemented which combines the MILP
with a heuristic to decrease computational time without sacrificing the solution quality.

The goal for this project is to apply two heuristic approaches; a rolling horizon strategy in combi-
nation with value function approximation. Abdelghany et al. [52] applied a rolling horizon strategy
into an airline disruption management problem that focused on the allocation of aircraft to flights.
By a rolling horizon approach, the time horizon is split up in parts. This results in a decrease of
computational time since the relation between scope and time is non-polynomial. After the first
horizon has been solved, the model moves on to the next horizon that overlaps partially with the
previous horizon. This process is repeated until the complete horizon has been covered.

A downside of the rolling horizon approach is that the model does not take into account what is
coming in the next horizons. In the context of a task rescheduling algorithm this can result in tasks
being indefinitely postponed outside of the scheduling horizon since there are still more horizons
to come. To overcome this side effect, value function approximation can be applied, as described
by Lagos et al. [42]. This is a form of reinforcement learning at which unscheduled tasks receive
an approximated value if it is postponed to be scheduled in the next horizon. The value function
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approximation method serves as a way to give an estimation of the cost of scheduling the task in the
next interval. This method aims to prevent indefinitely postponement of tasks.

I.5. Experimental Set-up

The development of the model for this project can be performed by using dummy maintenance
data. However, in order to be able to evaluate the performance of the model with respect to the
reality, data for this project will be provided by KLM Royal Dutch Airlines. Since real airline data will
be use for this project, the results of the research will form an accurate representation of reality.

The first stage of the project will be used to define the scope and sample size. The initial sample size
for the project will be the wide-body technical defects team of KLM. This team focuses on executing
deferred defects. If parts of an aircraft unexpectedly break this usually needs to be repaired right
away in order to remain airworthy. In some cases, the fault can be registered as deferred defect at
which the aircraft is allowed to continue operations for a given amount of days before it needs to be
repaired or replaced. Since these aircraft parts break down unexpectedly disruptions happen regu-
larly. Rescheduling needs to be applied to bring the schedule back to a feasible state. If the project
scope allows, the goal is to increase the problem size to other teams of the wide-body fleet. The
sampling error can decrease by this since there will be more rescheduling flexibility. The quality of
the provided data also needs to be evaluated to verify that there are no inconsistencies. More in-
depth research is required regarding the scope and sample size. This research should also lead to
the answers of research sub-questions 1 till 4.

On the technical side, the model will be implemented in Python 3.7.1. As described in section 1.4
the problem will be formulated as a mixed integer linear programming (MILP) model. The MILP will
be optimized by making use of Gurobi 9.0.0 since both these software packages are used through-
out the master curriculum and internally at KLM. Schedule infeasibilities and the result of tasks
rescheduling will be displayed in TIBCO Spotfire 10. This software can be used to display data in an
interactive manner. The model will be run on a local workstation with 16GB of RAM and an Intel
Core i7-8650 clocked at 1.90 GHz. This is a standard machine set-up such that the model can easily
be run by potential end-users. Documentation of the model will also be created, such that others
can reproduce the results.

I.6. Results, Outcome and Relevance
In order to reschedule maintenance in case of airline disruptions the following three data sources
are required:

¢ Maintenance task data: This data includes all maintenance tasks that need to be executed for
each aircraft registration. The data includes a task description, critically of the task as well as
the 4M requirements. For method, machinery and material it is also indicated whether this is
already available.

¢ Maintenance schedule: The maintenance schedule outlines at which times there is a reserved
slot for maintenance operations. Initially a slot is assigned to an aircraft sub-type. Close to the
day of operations, a specific aircraft registration is assigned.

* Work package data: If an aircraft is assigned to a maintenance slot, a work package is created.
This outlines which maintenance tasks are scheduled to be executed during the maintenance
slot.

* Manpower availability: This data outlines the number of personnel that is available through-
out for each kind of skill. In order to execute a maintenance task, personnel of with the re-
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quired skill needs to be assigned to it. If there is no personnel available, the manpower re-
quirement out of the 4M’s cannot be satisfied.

Based on these input data sources together with a disruption input, maintenance task rescheduling
can be performed. The output of the model should both be the new schedule as well as the corre-
sponding rescheduling cost. Verification of the model will be performed by means of dummy cases.
The model can be evaluated whether it makes the right decisions by means of these simple scenar-
ios. For the dummy cases, the output of the model should be equal to the already known solution.
The model is therefore verified whether it behaves as expected and if maintenance constraints are
implemented correctly.

Secondly, the model needs to be validated whether it is capable of finding solution in case of real
disruption scenarios. This is also required to answer research sub-question number 5 given in sec-
tion L.3. The given solution by the model needs to be both feasible and at least equivalent to the
decision made by the maintenance scheduler. The validation will be done based on real disruptions
scenarios provided by KLM where the manual decision making can be compared the model output.
The performance of the heuristic approach will be evaluated based on a comparison between com-
putational time combination with the differences in solution quality. With this analysis research
sub-question number 6 can be answered.

As described in section 1.3 the main goal achieve an increase in fleet availability by means of a de-
cision support tool, compared to the decisions that are currently performed manually. The fleet
availability is calculated by means of the KPI described in section 1.4. To evaluate if by means of
the model a higher fleet availability can be achieved, a set of scenarios will be generated based on
past disruptions. The actions that were taken during these disruptions are known as well. For each
scenario, the difference in fleet availability will be compared between the manual solution and the
model solution. By evaluating all scenarios, a conclusion can be drawn whether the model can
achieve a higher fleet availability for KLM.

I.7. Project Planning and Gantt Chart

The project has been divided into four main parts: literature study, initial phase final phase and fin-
ishing phase as can be seen in Figure I.2. Between the initial phase and final phase, there is a period
of 5 months where the research is on-hold. During this period, additional theoretical experience
will be gained which can be implemented during the final phase. The literature study has already
been performed which is summarized in section 1.2.

2020 2021
Q4 Q1 Q2 Q3 Q4 Q1
[E Project Planning * Paul K.

~Literature study
|
Linitial phase—l

J Study in Japan
Final phase

Finishing phase

Figure 1.2: Gantt chart of general project planning
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Figure 1.3, included in section 1.9, provides a more detailed outline of the project planning. To start
with the project, there are three steps that need to be executed: scope determination, KPI formula-
tion and data analysis. These steps are required to verify if the research question given in section L.3
can be answered.

The initial phase will also be used to fine-tune the research question if this proves necessary based
on one of those tasks described in the Gantt chart. During the initial phase a start will also be made
on the development of the MILP’s for the maintenance check and maintenance rescheduling. Dur-
ing the final phase the MILP’s will be fine-tuned based on feedback from users together with imple-
mentation of heuristic approaches. During this phase verification and validation is performed as
well. In the finishing phase, the final results will be obtained together with presentation of results in
areport.

1.8. Conclusions

Commercial airlines are faced daily with disruptions that require changes to the original schedule.
Several airline departments are affected by this, such as operations, passengers, crew and mainte-
nance. Disruption management strategies for the first three departments have already elaborately
been discussed in literature. However for airline maintenance, disruption management has not yet
been the focus of research. Maintenance schedulers currently remove schedule infeasibilities man-
ually during a disruption. Often, this results in a solution that is good in the short term but both-
ersome in the long term. To transform the decision making from relying on expertise knowledge to
data-driven decision making the following research question has been defined:

To what extent can short- and long-term airline fleet availability be improved in a disruptive
environment by means of a decision support tool for optimization of maintenance task
rescheduling?

By making use of a decision support tool maintenance schedulers are assisted in their decision mak-
ing during disruptions. The decision support tool will consist of a MILP that reschedule mainte-
nance tasks. During rescheduling, the availability of the 4M’s is considered in combination with
maintenance regulations. To increase the time performance of the decision support tool, a rolling
horizon approach together with value function approximation will be applied as heuristic approaches.
By implementing a decision support tool, the goal is to increase the fleet availability by focusing
both on the short- and long-term. This should benefit both the overall airline organization as well
as the MRO since maintenance is rescheduled more effectively.

1.9. Gantt Chart

See next page
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Figure 1.3: Detailed Gantt chart of project planning
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