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ABSTRACT

Maintenance, Repair and Overhaul (MRO) activities on aircraft and systems in aviation is a service sector that relies heavily
on skilled workforce. The output of MRO activities is basically bringing the system reliability values, which decrease because
of the use of aircraft and systems in certain flight times and landing and take-off numbers, to the default levels determined
during the design phase. MRO companies are accountable to the civil aviation authorities who directly authorize them to ensure
the required levels of reliability of their products. Airline companies request MRO services at the most convenient time and
cost. However, the maintenance of an aircraft is a process that can take up to five weeks, includes plenty of jobs some of which
may have stochastic durations, and many over-costed qualified technicians spend thousands of man-hours. In addition, each
MRO company is involved in the maintenance of several airplanes arriving at different time intervals. In the study such a
problem faced by an MRO company is addressed. The company’s aim is to schedule several incoming airplane maintenance
projects. A framework that employs an integer programming (IP) model working on a rolling horizon (RH) setting is used.
Keywords: Integer Programming, Rolling Horizon, Scheduling.
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(074
Havacilikta ugak ve sistemler lizerindeki Bakim, Onarim ve Revizyon (MRO) faaliyetleri, agirlikli olarak kalifiye isgiiciine
dayanan bir hizmet sektoriidiir. MRO faaliyetlerinin ¢iktis1 temel olarak ucak ve sistemlerin belirli ugus saatlerinde ve inig
kalkis sayilarinda kullanilmasi nedeniyle azalan sistem giivenilirlik degerlerinin tasarim asamasinda belirlenen varsayilan
seviyelere getirilmesidir. MRO sirketleri, tirlinlerinin gerekli giivenilirlik diizeylerini saglama konusunda kendilerine dogrudan
yetki veren sivil havacilik yetkililerine kars1 sorumludur. Havayolu sirketleri MRO hizmetlerini en uygun zaman ve maliyetle
talep etmektedir. Bununla birlikte, bir ugagin bakimi bes haftaya kadar siirebilen bir siiregtir, bazilari stokastik siirelere sahip
olabilen ¢ok sayida isi igerir ve bakim i¢in birgok kalifiye teknisyen, binlerce adam-saat harcar. Ek olarak, her MRO sirketi,
farkli zaman araliklarinda gelen birkag ucagin bakimiyla ilgilenmektedir. Bu ¢alismada bir MRO sirketinin karsilastigi boyle
bir sorunu ele altyoruz. Sirketin amaci, gelen birkag ugak bakim projesini planlamaktir. Kayan ufuk (RH) iizerinde ¢alisan bir
tamsayili programlama (IP) modeli kullanan bir ¢er¢eve sunuyoruz.
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GENISLETILMIiS OZET

Amac ve Kapsam:

Bu ¢alismada, farkli ucak tipleri i¢in bakim yapan bir bakim, onarim ve yenileme (MRO) firmasinin bakim-onarim gizelgesi
olusturma problemi incelenmistir. Bakim projelerinde deterministik siireli isler olabilecegi gibi stokastik siireli bazi isler
olabilir. Stokastik siireye sahip islerin dogas: geregi olusturulan ¢izelgenin yeni ugak geldiginde giincellenmesi ihtiyaci ortaya
¢ikmaktadir. Bu kapsamda, bu ¢aligmada birden ¢ok ugagin bakim ¢izelgelerini dinamik olarak iireten bir ¢dziim Onerisi
sunulmaktadir.

Yontem:

Ucak bakim siireclerinde isler siirelerine ve meydana gelmelerine gore ikiye ayrilir: Rutin isler deterministik siireye sahiptir.
Neredeyse tiim denetimle ilgili igler rutin iglerdir. Rutin olmayan isler, stokastik siireleri olan, yani siiresi onceden bilinmeyen
islerdir. Bilinmese de bu isler i¢in tarihsel veriler mevcuttur, teknisyenlerin birgogu bu isler hakkinda ¢ok detayl bilgiye
sahiptir. Olaylarin sirasi, gelen ve bakima ihtiyaci olan bir ugakla baslar. Ugakla iligkili is setinde hem rutin hem de rutin
olmayan isler olabilir. Bu ¢aligmada birden fazla ug¢agin bakim siirecini ¢izelgelemek icin bir tamsayili model (IP) gelistirilmis
ve kayan ufuk bazli bir yontem onerilmistir. MRO sirketi, gelen herhangi bir ugagn islerini gelistirilen IP modeli ile ¢izelgeler.
Bu cizelgeyi hazirlarken sistemde mevcut diger ucaklarin ¢izelgelenmis islerini de hesaba katar, bir bagka deyisle yeni gelen
ucagint bakimini bu islerden artan kaynaklar ile olusturur. Rutin olmayan isler i¢in 6nceden bilinen bir dagilim oldugu
varsayilir. Planlama yaparken bu dagilima ait olas1 en biiyiik rakam alinir. Boylece gerceklesecek siirenin planlanandan daha
diisiik olmasi garantilenmis olur. Dolayisiyla mevcut ¢izelge tamir edilmeden de kullanilabilir halde kalir. Tekrar ¢izelgeleme
sayisinin diisiik olmasi da sistemde ¢ok sik plan degistirmekten kaynaklanan gerginligin diisiirilmesini de saglamaktadir.
Bakimin ilk giiniinde ugakta herhangi bir sorun olup olmadig1 kontrol edilir ve ilk giiniin sonunda rutin olmayan islerin siiresi
belirlenmis olur. Dongii bu sekilde devam eder. GANTT semas: kullanilarak iki ugaga ait bakim onarim ¢izelgeleri
gorsellestirilmistir. IP modelleri ¢6zebilmek igin ticari ¢dziicii olarak Gurobi V10.0.2, modelin ve GANTT semalarinin
kodlanmasi i¢in de Python 3.9.13 kullanilmigtir. Problemler i5 2.40GHz islemcili ve 8 GB RAM’a sahip bir bilgisayarda
kosturulmustur.

Bulgular:

Olugturulan IP model bazli kayan ufuk yontemi, iki ucak ve iki kaynaktan olusan bir 6rnek ile ¢alistirilarak sonuglar analiz
edilmistir. Orekte yer alan her iki u¢agin da bakim siireglerinin tamamlanabilmesi i¢in sekiz is yer almaktadir. Her iki ugak
icin de rutin olmayan iki ig vardir. Sistemin eldeki kaynaklara gére davranisini belirleyebilmek icin kaynak seviyesine bir
duyarlilik analizi yapilmis ve farkli kaynak seviyelerine gore her iki ugaga ait islerin ve genel olarak tiim bakim isleminin bitig
zamanlari incelenmistir. Elde edilen sonuglar incelendiginde beklendigi gibi, mevcut kaynak seviyesi azaldikc¢a ilk gelen ugagin
bitirme siiresinin azalmadig1 goriilmektedir. Ancak ikinci ugagin bakim planlamasi beklenenin aksine kaynak seviyesi
azaldikca azalmaktadir. Buna sebep olarak da iki etmen belirlenmistir. Birincisi, sistem her iki ugak i¢in de ayn1 anda optimize
edilememektedir ¢iinkii ugaklarin gelis siireleri farklidir. Bu nedenle 6nce birinci ugak, sonra ikinci ugak i¢in bakim planlama
optimizasyonu calistirilmaktadir. Ikincisi ise kullanilan IP modelinin amag fonksiyonu son isin tamamlanma siiresini en aza
indirmektir. Bu nedenle ilk ugak geldiginde IP modelinin 6nceligi son is oldugu i¢in diger islere odaklanmamakta, ilk ugak i¢in
bu durum herhangi bir probleme yol agmasa da yeni gelen ugak var olan islerin lizerine ¢izelgelendiginden ikinci ugagin bakim
plan1 gecikebilmektedir. Bir diger deyisle son isi hari¢ diger islerin siras1 amag fonksiyonunu degistirmemektedir ¢linkii amag
fonksiyonu tiim projenin bitis zamani olan son ise bakmaktadir. Ugaklarin gelisi 6nceden bilinmedigi i¢in tiim problemin ayni
anda ¢oziilmesi miimkiin degildir. Bu nedenle amag fonksiyonu iizerinde bir giincelleme yapilarak son is disindaki diger tim
islerin de bitis zamanlarinm minimize edilmesi saglanmistir. Onerilen bu ¢éziimiin bahsedilen problemi ortadan kaldirdig
sayisal 6rnekte gozlemlenmistir.

Sonug ve Tartisma:

Ucak bakimlar1 birgok farkl1 tipte is barindiran, bir kisim islerin stokastik siirelere sahip oldugu kisith kaynaklar altinda dinamik
olarak ¢6ziilmesi gereken bir ¢oklu proje problemidir. Bu ¢alismada, bu sorunu ¢6zmek i¢in bir IP modeli kullanan kayan ufuk
bazli bir ¢6ziim ¢ergevesi Oneriyoruz. IP modelleri yoneylem arastirmalarinda ¢izelgeleme problemlerinin ¢oziimiinde
kullanilan bir tekniktir. Gelistirilen sistem ¢ok fazla ¢izelgelemenin getirdigi gerginligin dnlemek i¢in tamamlama siiresini
azaltmak i¢in temel programlardan her sapmada degil, sadece yeni ugaklarin gelislerinde ¢izelgeler olusturmakta ve bunu
yaparken de stokastik siirelerin en biiyiigliyle planlama yapmaktadir. Olusturulan bu yontem bir 6rnekle aciklanmistir. IP
modelin amag fonksiyonunun yapisi geregi etkisiz sonuglar verebilecegi ortaya ¢ikmis, bu nedenle ¢alisma kapsaminda amag
fonksiyonunda daha iyi sonuglarin elde edilmesi igin degisiklik 6nerilmistir.

369



Siileyman Demirel Universitesi Vizyoner Dergisi, Yil: 2024, Cilt: 15, Say!: 42, 368-381.
Sileyman Demirel University Visionary Journal, Year: 2024, Volume: 15, No: 42, 368-381.

1. INTRODUCTION

Long-lasting complex equipment has characteristics of complex structures, numerous components, and
sophisticated manufacturing technology, and they require customized maintenance, repair, and overhaul (MRO)
services throughout their lifecycles (Zhao et al., 2022). Aviation equipment, military equipment, engineering
machinery, and large complex products are some examples that require MRO services (Boukas et al., 1996; Cheng
etal., 2010).

Airlines and MRO organizations mainly have two types of aircraft maintenance capabilities defined based on
maintenance work scopes and resource requirements: /ine maintenance and base maintenance (Chandola et al.,
2022). Line maintenance is primarily /ight in nature and takes care of minor inspections, line replaceable unit
replacements, and basic troubleshooting of defects. On the other hand, base maintenance takes all the major load
related to aircraft maintenance. Specifically, outsourcing airline's MRO operations regarding the base maintenance
to an independent maintenance service company has become an economical and attractive operating mode (den
Bergh et al., 2013; Deng et al., 2020) since it reduces fixed-asset and operational investments on fleet maintenance
management significantly (Qin & Ng, 2023).

In recent years, the MRO sector has been growing rapidly, with airline companies transferring up to 50-60% of
their total maintenance operations to third-party MRO companies. The MRO markets of transport jet and turboprop
in 2017 have exceeded $61B and will surpass $100B by 2025 (Choi, 2017; ElSaid et al., 2018). Moreover, it’s
shown that a collaboration between the MRO firms and the airline companies enhances the benefit of both sides
(Qin & Ng, 2023). On the other hand, concerning base maintenance, it’s one of the major cost components of an
airline company. Hence the aim of airlines is to retain or restore the inherent levels of reliability of aircraft to keep
them airworthy at a minimum cost. However, the objective of MRO companies is to achieve high service levels
and to maximize profit through service efficiency and costs reduction (Dinis et al., 2019). In addition, unexpected
malfunctions and findings that may occur during routine maintenance are also problems that need to be solved
within the scope of maintenance planning and optimization. Such contingencies require that the maintenance plan
be reconfigured quickly, in line with the new conditions, without affecting the maintenance completion time as
much as possible, without increasing costs and impairing the quality of service. However, the number of resources
and the complexity of inter-resource relationships in the aviation industry pose a great challenge in planning MRO
activities. If delays in the maintenance process are unavoidable, this may affect flight plans and even cause flight
cancellations which is extremely costly.

In this study the problem of an MRO firm which is performing base maintenance for different types of airplanes
is investigated. Maintenance projects arrive at different times and may have some jobs with stochastic durations.
This is a dynamic scheduling problem and generating dynamic schedules is not addressed in the literature. We
provide a solution framework that generates schedules at arrival epochs of the incoming airplanes over the existing
schedules of the previous airplanes. The paper is structured as follows: the next section gives the literature review,
the problem definition, modelling and results are given in Section 3 and Section 4 is for conclusion.

2. LITERATURE REVIEW

The efficient scheduling of MRO operations for the airplanes is important for flight performance. The supporting
operations and maintenance processes of MRO operations involve multiple support resources, complex scheduling
process, and multiple constraints; the efficient coordination of these processes can be considered as a special case
of resource capacitated project scheduling problem which is first introduced by J.E. (1963), and its solution with
an IP model is first given by Pritsker et al. (1969). MRO problems, on the other hand, are considered as a multi-
resource constrained multi-project scheduling problem under uncertain environments (Yuan et al., 2018) .

The most important goal in project scheduling is to prepare a schedule that provides precedence relationships and
is appropriate for the use of resources before the project starts. This schedule is called the baseline schedule or the
predictive schedule (de Vonder, Demeulemeester, et al., 2007). This is very important in allocating resources to
different activities, requesting spare parts or materials from suppliers, and connecting with other elements of the
supply chain. According to this basic schedule, agreements are made with suppliers, worker requirements are
determined, and most importantly, a due date and a price quote are given to customers (de Vonder,
Demeulemeester, et al., 2007; Herroelen & Leus, 2004b). This offer covers the completion of airplane maintenance
within a certain period of time. If the due date is missed (i.e., the project is late), serious penalty payments are
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incurred by the MRO firm. Therefore, it is important for the process to create a flexible and high-quality baseline
schedule, i.e., schedules can easily be adapted to changes and repaired.

The problem instances in the literature are generally solved offline, and the input data for those instances is known
in advance. On the other hand, the input for these problems in practice is stochastic and the solution algorithm
learns about the input piece by piece, reacting to the new requests with only a partial knowledge of the input
(Leung, 2004). Hence, the basic schedules created never stay as they are due to the randomness in the problem.
That is, it is not a process where all time and resources are fixed like an exam scheduling problem. For this reason,
much variability may occur during the execution of the project. The uncertainty in such a complex problem is
addressed with different approaches. First, a baseline schedule can be generated by incorporating the statistical
knowledge of random durations of the jobs. Such baseline schedules are called proactive schedules (Lambrechts
et al., 2008). The purpose of proactive scheduling is to prepare a robust baseline schedule that is insensitive to
disruptions by incorporating future uncertainties. The durations of some jobs are stochastic and not known exactly
in advance. In proactive scheduling, the duration of this type of work is incorporated into the baseline schedule by
looking at the previous records (Ashtiani et al., 2011). Some studies, for example, introduce the use buffers in such
setting (de Vonder et al., 2005). In general, two approaches can be employed: quality robust and solution robust.
In quality robust approach, rescheduling ensures that execution is performed in accordance with the basic schedule
as much as possible. The solution robust approach, on the other hand, prevents deviation from the first determined
objective function target. Otherwise, the firm is subject to serious penalties (de Vonder, Demeulemeester, et al.,
2007). Therefore, proactive schedules try to build a schedule that is as safe as possible against the disruptions that
may occur during the implementation of the project (Herroelen & Leus, 2004a). The consideration of uncertainty
information is used to make the baseline schedule more robust, i.e., insensitive to disruptions (Fu et al., 2015).
Second way is revising or re-optimizing a schedule when an unexpected event occurs. This process is called
reactive scheduling (Deblaere et al., 2011). There are many different reactive scheduling methods (de Vonder,
Ballestin, et al., 2007). These methods can be positioned between the two extreme points. The first one is not doing
any scheduling at all. All jobs are shifted to the right during rescheduling just because one job takes longer than
expected. At the other extreme, things are rescheduled from scratch. Too frequent scheduling causes nervousness
in the system (Herroelen & Leus, 2005). That is, in each scheduling process, jobs are reassigned to different people
and at different times. This causes people to change their plans very often and therefore it’s not convenient at all.
Hence there is a tradeoff between finishing the project (i.e., the line maintenance of an airplane) on time for not to
pay a serious penalty cost and system nervousness (de Vonder et al., 2005).

The available data in MRO for aircraft maintenance has some limitations. Dinis et al. (2019) address the limitations
of real maintenance data and propose a framework for the qualitative and quantitative characterization of
maintenance work to support MRO organizations in performing capacity planning and scheduling. That seems to
be the main reason of very limited work for scheduling MRO operations in airline maintenance. Among this limited
work, den Bergh et al. (2013) propose a rolling horizon (RH) approach for the line maintenance department of an
airline maintenance company at Brussels airport. Such a framework is widely used in production management
(Nahmias & Cheng, 2009). The main idea is to schedule the jobs in a long horizon (for example 12 days) but fix
the schedules of earlier days (for example, 3 days). They show that by incorporating an RH to partially account
for stochasticity and a dynamic environment, they better succeed in capturing reality in the scheduling process.
(Bruecker et al., 2018) is another work that studies MRO operations of airplanes but addresses line maintenance.
They present a three-stage mixed integer programming (MIP) approach for optimizing the skill mix and training
schedule at an aircraft maintenance company. They focus on the line maintenance which takes place at the gate or
parking ramp between the arrival and departure of an aircraft. Yuan et al. (2018) focus on MRO operations of
airplanes but their focus is on carrier-based aircrafts. In particular they study dynamic scheduling of carrier-based
aircraft support scheduling. They use an IP model (and use a genetic algorithm to enhance to computation time)
and a RH approach and show that the RH approach reduces the solving time significantly. Later Zhang et al. (2023)
improve the genetic algorithm for the same problem. As stated, MRO service is also available for other complex
systems. Li et al. (2020), for example, studies a scheduling optimization method for the MRO service resources of
a large vertical mill. They solve a single project deterministic problem with three objectives and introduce a genetic
algorithm to enhance the solution. A recent review on resource-constrained project scheduling problem is given
by Snauwaert and Vanhoucke (2023).

The studies that deal with scheduling MRO operations on airlines are Yuan et al. (2018) and Zhang et al. (2023)
only. Their IP models solve all incoming projects (i.e., MRO operations of aircrafts) simultaneously and introduce
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genetic algorithms to solve the problem in a reactive fashion. In this study, we address the problem of an MRO
firm that can start maintenance of an airplane before finishing its ongoing project(s), i.e., the aim is to schedule
newcomers while keeping current projects rolling on. We propose an IP model which runs over an RH framework.
Our proposed framework can address the scheduling problem of several projects with jobs having stochastic
durations. There are a few numbers of studies dealing with project scheduling of several airplanes in MRO systems.

Among those, ours is the only study that can schedule a dynamic system, i.e., schedule the newcomers over an
existing system.

3. PROBLEM DEFINITION, MATHEMATICAL MODEL AND THE RH FRAMEWORK
3.1. Problem Definition

In this section, first, the problem structure and assumptions are given. Then, the RH based framework and the IP
model are introduced. We will illustrate the problem with an example problem where two airplanes arrive at
different days.

Jobs in scheduling problems are items those need to be scheduled and are designated as task or task cards in aircraft
maintenance taxonomy. Every job has a duration and a resource requirement. In aircraft maintenance processes,
jobs are divided into two according to their duration and occurrence: Routine jobs have deterministic duration. All
audit-related jobs are routine jobs. Non-routine jobs are the jobs who have stochastic durations, i.e., their duration
is not known in advance. Although they are unknown, there is historical data for these jobs, and many of the
technicians are very experienced and have detailed knowledge about these jobs. The order of events starts with an
incoming airplane that needs maintenance. The job set associated with the airplane may have both routine and
non-routine jobs. We assume that the durations of non-routine jobs have a known distribution which can be derived
from the past data. The MRO company schedules the jobs of this incoming airplane. In the first day of the
maintenance the airplane is inspected to identify any further problems and the duration of the non-routine jobs are
identified at the end of the first day. Therefore, the durations of the non-routine jobs that are used in the scheduling
phase can be different than the realized durations during execution. At the end of day, (possibly different) durations
of non-routine jobs are identified. At the beginning of day 3, airplane 2 arrives. Like the first airplane, it has routine
and non-routine jobs. The jobs of the second airplane are scheduled at the time of arrival. The difference between
two airplanes is that there are jobs of the first airplane in the system during the scheduling process of those of the
second airplane. Therefore, the capacity of the system should be considered with respect to both airplanes. Like
the first airplane, the real durations of non-routine jobs of the second airplane are realized at the end of the day of
the arrival, in this case it’s at the end of day 3. The order of events can be extended to more than two airplanes. In
the next section the proposed framework is explained in detail.

3.2. The RH Based Framework

An RH framework is a widely used concept in production planning (Nahmias & Cheng, 2009). In RH framework,
the data associated with the planning horizon is fed to the planning model as if one plans the full horizon. This
data consists of approved customer orders, sales forecasts, etc. For example, if the planning period is 12 weeks, a
production plan is carried out for 12 weeks. When it comes to execution, only the production plan for the first few
weeks are executed (one or two weeks, for example). The intuition is that a plan should cover as much period as
possible to be smooth since the processes are continuous in factories. On the other hand, the data regarding the
future is more volatile than the data of early periods since early periods consists of approved orders in general but
future periods have forecasts which may change with time.

In this study we propose an RH based framework to solve the dynamic resource constrained multi project
scheduling problem with random durations of an MRO. Our aim is to create a proactive schedule that incorporates
statistical knowledge of the random durations and then revise the schedule whenever needed. We will use the
above two airplane examples to illustrate the framework and give the details step by step.

Durations for non-routines: For non-routine jobs (i.e., jobs having random durations) there are several ways to
incorporate the statistical knowledge of the durations into the schedule (Ashtiani et al., 2011; de Vonder et al.,
2005). Our motivation is to prepare a baseline schedule that is prepared for the worst scenario in terms of the
durations and get the best schedule in the worst scenario. Therefore, we use the maximum value of these durations
during scheduling to prevent any delays during the execution since any delay in the due date of the maintenance
schedule is extremely costly.
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Reschedule policy — non-routine realizations: A baseline schedule of a single airplane may need rescheduling if
the real durations are different than the planned ones. In our case we assume that the durations of the non-routine
jobs are identified at the end of the first day. The completion time of the maintenance can be improved with
rescheduling since we use the maximum of possible durations. Therefore, there are two possible policies in terms
of non-routines duration realization: (i) don’t reschedule or (ii) reschedule. There is a trade-off between the two
policies. If rescheduled, then the project is completed earlier, however this will not affect the company’s profit
since the due date and price quotes are given at the start of the project. But such a rescheduling increases the
nervousness of the system. In terms of robustness, both policies are solution robust since there is no change in
terms of penalties incurred or revenues accrued, however a rescheduling will have less robustness in terms of
quality. In MRO companies, technicians are the main driving force of the maintenance. Therefore, in this study

our focus is to reduce nervousness. Hence, for this case we do not reschedule at the realization of the non-routine
durations.

Reschedule policy — New airplane arrivals: There are two policies when a second airplane comes to the MRO
company over an existing maintenance project: (i) keep the existing plan of the first project with the realized
durations and schedule the second airplane, (ii) schedule the second airplane and uncompleted jobs of the first
airplane simultaneously. The same trade off applies here. The second policy may give a shorter completion time
for the second airplane; however, it increases the nervousness of the system. Again, like the case above, we
schedule the second plane while keeping the schedule of the first plane fixed with realized durations.

To conclude, the RH framework can be summarized as follows: Schedule jobs of an arriving airplane using the
largest possible durations of the non-routine jobs. If there are any existing airplane maintenance projects in the
system, use their executed times to calculate remaining available times of the resources. In the next section we
give the IP model that is used for scheduling:

3.3. The IP Model

In the following we give the IP model of our proposed framework. IP is an operations research technique to solve
optimization problems like scheduling, production planning, vehicle routing, etc. It consists of a function to be
optimized, called the objective function, and sets of functions to be satisfied, called constraints. All functions
should be linear. In this problem, the decision variables are denoted by X,, ;;. It shows the completion time of job
j of airplane u. It assumes value 1 if job j of airplane u is completed at time t, otherwise 0. Such variables are
called binary variables, i.e., they are constrained to take only values of {0,1}. The sets and parameters are presented
in Table 1 and Table 2, respectively.

Table 1. The Sets

Sets Definition
u, U Index and set of the jobs
c Index of the /ast arriving airplane, i.e., the airplane whose jobs to be scheduled
J.Ju Index and set of the jobs of airplane u
Ju Index of the last job of airplane u
t, T Index and set of the time horizon
R Index and set of the resources
Table 2. The Parameters
Parameters Definition
EFTy; The earliest finish time of job j of airplane u
LFTy;j The latest finish time of job j of airplane u
dy; The required time to complete job j of airplane u
A, Availability of the resource r
kyjr The amount of the resource r required to complete job j of airplane u
Pyj Predecessor list of job j of airplane u
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In scheduling problems, in addition to the existing jobs, two auxiliary jobs are defined that have no duration, hence
do not consume any resources. One of them is the first job which precedes all jobs and the other one is the /ast job
which has all jobs as its predecessor. j,, is the index of the last job. There can be limits in finishing (or starting)
time of jobs. The earliest (and latest) finish time of a job is used to address such limits. For example, if an airplane
arrives at t = 15, then the earliest finish time can be the sum of 15 and its duration. To schedule the jobs with an
IP model, the durations of the jobs (d, ;) are needed. Durations are clear for routine jobs. For the non-routine jobs,
on the other hand, the duration is random, and we pick the largest possible time to reduce any delays. Resources
can be renewable or non-renewable. They are necessary for the execution of the project. Resources that can be
reused in each period are called renewable resources. Technicians or equipment are examples. Non-renewable
resources, on the other hand, are those which are depleted as they are used such as paint, nails, money. 4, denotes
the quantity of resource r. For a renewable resource like technician, this number is the same at each period, i.e.,
they are not consumed by jobs. For example, if there are five technicians in the company, the value of A; is five at
every period. For non-renewable resources, 4, denotes total value throughout the periods and each operations
consumes the resources. Hence the company should purchase any non-renewable resources whenever needed.

In the following, the IP model for generating the schedules is given:

LFT, s
t:EFTCjZ
Subject to
LFTys
Xpje =1 j€] )
t=EFTu*j
LFT¢; LFT¢j
Dt ) (t-d) Xy jEJi€P, (3)
t=EFT; t=EFTj
t+dj—1 t+dj—1
Z Kyjr Z Xuje + z kejr Z Xygje < Ay ueU,reRteT 4)
u€{U/uq} j€Ju e=t J€Jc e=t
Xy € (0,13 jEJLET (5)

The objective function, given in eq. (1), minimizes the total duration of the project by minimizing the completion
time of the last task j7. The objective function minimizes completion time of this last job. Constraint in eq. (2)
states that each job must finish at a time t between the earliest finish time and the latest finish time. Constraint in
eq. (3) states that to finish any job, all its predecessors should be completed. In other words, the constraint gives
the predecessor-successor relationship. Constraint in eq. (4) is the availability constraint for renewable resources.
It states that, in every period, total resource consumption in each period should not exceed total capacity. The first
part of the left-hand side gives the total consumption of the resources which have been already scheduled and exist
in the system. Here, )?u je shows the ending time of these jobs and are calculated using the real execution time.
Note that X,, je 18 not a decision variable but it’s an input to the model. If there are no jobs in the system during
scheduling, then this part of the left-hand side is zero. The second part of the left-hand side gives the total resource
consumed by the jobs to be scheduled. The right-hand side is the total available amount of renewable resource r.
Technicians are the costliest items in MRO systems. Unlike normal technicians, they work for very high wages.
Therefore, their effective scheduling is also extremely important in terms of reducing the costs of technicians.
Hence, we don’t employ any constraint regarding non-renewable resources. The last constraint is called the non-
negativity constraint and shows the values that the variable X,,j; can take.
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4. NUMERICAL ILLUSTRATIONS

In this section we will provide a numerical illustration for the RH framework. There are two airplanes and two
resources. Both airplanes have eight jobs. Two of these jobs are auxiliary jobs; J1 is the first job and J§ is the last
job. There are two non-routine jobs for both airplanes. The data is given in Table 3. The first and the second
column respectively gives the airplane and job IDs. The third column shows whether the job is routine or non-
routine and gives the distribution of the durations if it’s a non-route job. We assume that the durations are uniformly
distributed. For example [4-7] shows the set of {4, 5, 6, 7}. Columns 4 and 5 give the processing time and the
execution time, respectively. If a job is a routine one, then both values are the same. However, if it’s a non-route
job, then the planning time is the maximum of its possible durations and the execution time is the realization
among these values. Columns 6 and 7 show the consumption of the resources by each resource which are R1 and
R2. The available amount of resource is six for both resource type. The last column gives the priority list of each
job. J1 is a predecessor of all jobs for both planes and J8 has all jobs at its predecessor. We assume that each day
has eight hours, and the second airplane arrives at the third day or at the beginning of hour 17. We use Python
3.9.13 to code the IP model and generate GANTT charts and use the state-of-the-art commercial solver Gurobi
V10.0.2 to solve the problem. The problems are solved in a i5 2.40GHz 8 GB-RAM computer and the solution
times are almost negligible (less than 10 seconds).

Table 3. Parameters of the Illustrative Example

AirPlane Job Routine PT ET R1 R2 Priority
Ul Bl R 0 0 0 0 -
Ul J2 R 6 6 3 1 n
Ul I3 N [4-7] 7 5 1 1 J1; 32
Ul J4 R 6 6 1 1 J1;J2;J3
Ul J5 R 7 7 3 1 n
Ul [ R 8 8 3 1 n
Ul J7 N [2-9] 9 4 2 1 J1;J4
Ul J8 R 0 0 0 0 J1; 725 35 J4; 15, 16; 17
U2 Bl R 0 0 0 0 -
U2 12 N [5-9] 9 6 2 1 I
U2 I3 R 5 5 1 1 J1; 32
U2 J4 R 6 6 1 1 1
U2 J5 R 7 7 1 1 J1; J4
U2 J6 N [6-10] 10 7 1 1 J1;J5
U2 J7 R 9 10 2 1 J1; J4
U2 J8 R 0 0 0 0 J1;12;13;14; 15,16, J7

The resulting schedule is given in Figure 1. There are several points in the figure. First, since J2 and J5 have
precedence relationship, they start simultaneously. Second, J3 ends earlier than planned, however since re-
scheduling after realization of random durations is not our policy, J4 still starts at its planned time (¢t = 13). Third,
the second airplane arrives at t = 17 and it starts immediately since the resource is available. The last point is that
J7 has lasted less than planned, and this is used by J5 of the second airplane. The total execution time turns out to
be 39 hours.
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Figure 1. GANTT Chart with Resource Levels at Six

Gantt Chart of A1 and A2 with PT and ET- A1 Optimized with ET

u28

v2p7 N
O B R
w26 | P[]
[ B B
U254 I
]
U241 [ ]
]
w23 ]
]
w2z )]
| ||

U214

Jobs

o - < o ~ o o o~ @ o o od o mg om0 R
e e @ S22 885838R B RRARRAARAIBRERARRITSTRILRE

S 25

o m
N
Time Horiz

Figure 2 and Figure 3 show the results of the same problem with the available resource levels at five and four,
respectively. It can be said that similar observations to the points raised above is observed. One remark is that, as
expected, the time to finish both airplanes increase as the available level of resources reduce (46 for level 5 and
44 for level 4). It’s counter-intuitive to observe such a result since a higher level or resource yields in a longer
completion time. The causing effect can be identified when the GANTT charts are analyzed carefully. The
completion time of the first airplane is respectively 28 and 30 for resource levels five and four, which is expected.
However, the second airplane is finished later when resource level is five. This can be explained by two facts.
First, the optimization model schedules the maintenance of airplanes individually, rather than doing it
simultaneously. Second, the objective function of the optimization problem is to minimize the completion time of
the last job. The result of this can be observed in J5 and J6 of the first airplane. Although there are enough resources
in Figure 2, these jobs’ ending time is later than those in the schedule of Figure 3. This is because the only important
thing in the objective function is the finishing time of the last job, i.e., the finishing time of other jobs does not
change the value of the objective function. Note that, simultaneous optimization of two problems at the same time
is always better than optimizing them individually, hence if maintenance of both airplanes is scheduled at the same
time, the ending time will be shorter (i.e., not longer) in the case where the resource level is higher.

The problem raised by the first issue cannot be intervened since arrival of airplanes cannot be known in advance.
However, the latter problem can be solved by modifying the objective function of the IP model. The modified
version of the objective function is given in the following:

LFT jx LFT¢j
S oattgr Y Y exy ©
t=EFT_ jx t=EFTj JE]\j¢

The modified objective function given in eq. (6) minimizes the finishing times of the other jobs in addition to the
last job. However, since the last job is more important in terms of the total duration time of the project, it has a
weight of A. In our case we set it to 20. The resulting runs are given in Figure 4 and Figure 5. Now, it turns out
that in both schedules the finishing time of the second airplane is t = 44.
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Figure 2. GANTT Chart with Resource Levels at Five
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Figure 3. GANTT Chart with Resource Levels at Four
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Figure 4. GANTT Chart with Resource Levels at Five with Modified Objective Function
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Figure 5. GANTT Chart with Resource Levels at Four with Modified Objective Function
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5. CONCLUSION

MRO companies face problems in scheduling the jobs of maintenance of airplanes arriving at different time
intervals. Jobs can have deterministic durations as well as random durations. In this study, we propose an RH
framework that employs an IP model to solve such a problem. We use the largest of the possible task durations to
create proactive baseline schedules. We reschedule at the arrival of airplanes to reduce the completion time and
don’t reschedule at each deviation from baseline schedules to prevent system nervousness. We illustrate our
framework with an example. It turns out that the structure of the IP objective function may yield ineffective results,
hence we propose a modification in the objective function that yields better results.

Our study has some limitations: First, illustrative examples with more airplanes may yield different results. Second,
another objective function which makes a trade-off between the nervousness and a better schedule in terms of the
existing jobs is worth examining. A natural extension of this study to develop a heuristic algorithm instead of an
IP model since the model may fail to give results with many jobs. Genetic algorithm, which is a widely used in
similar scheduling problems, is a good candidate for such a heuristic. Another future work avenue is to introduce
chance constraints or stochastic programming to deal with the stochasticity of the durations.
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