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OZET

SISTEM DINAMIK MODELLEMESI YAKLA SIMI KULLANARAK
HAVAYOLLARI UCUS VE BAKIM OPERASYONLARININ MODELININ
GELISTIRILMESI : THY TEKNIK'TE BIR UYGULAMA

Havacilik sektérinde ucaklarin 6mriu genellikle 8Qciwarindadir. Dolayisiyla, ucaklar
bu yillar boyunca birgok bakim hizmetlerine ihtiydigyarlar. Bundan dolayi, havacilik
endustrisinde elde edilen karlarin buyik bolimigutaatsindan olmayip, 6mur boyu
yapilan bakimdan elde edilmektedir. Bakim Onarimer®@aul (MRO) faaliyetlerinin
yalin olarak maliyeti tum maliyet bgenleri icinde olduk¢ca dnemli yer tutumakta olup

% 10 civarindadir.

Bu calsma esas olarak Turk Hava Yollart MRO Bolumi MRO raggonlari icin bir
sistem dinan@i modeli gelstirmeye odaklanmtir. Literatirdeki sistem dinargi
calismalardan birkagi havayolu operasyonlarina odaklgraimakla birlikte, bunlarda
MRO operasyonlari neredeyse ihmal edshini Bu calsma, yazarin bilebilgi
kadariyla, MRO Bolumu ile der havayolu operasyonlari arasindaki etkigere
odaklanan ilk sistem dinagicalismasidir. Gelitirilen sistem dinang@i modeli, caitli
MRO operasyonlarina ait farkl iyikii ve ucak filosu gesleme politikalarininn
modellenen sanal dunyada test edilebilmesi icigedefirsatlar sunmaktadir. Model
cesitli parametreleri kolayca gestirerek ve farkli politikalar test ederek bigi@nme
laboratuvaru olarak kullanilabilmektedir. Béyle dieneme, MRO operasyosnyukind
(kétimser, normal ve iyimser) gigtirerek ve farkli ucak filosu gegieme politikalarini

uygulayarak bu cailmada yapilnmtir.

MRO operasyonlarinin, uga elvergli ugaklarin mevcut sayisi ve filo koltuk kapasites
Uzerinde dgrudan etkiye sahip olgw bu calsmada bulunmgtur. Havayolusirketleri
surddrdlebilir karh bir havayolu filosuna sahipablimek icin mevcut ve yeni alinan

ucaklarin MRO operasyon ihtiyaclarini dikkate alnzakundadir.
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ABSTRACT

DEVELOPING A MODEL OF AIRLINE FLIGHT AND MAINTENANCE
OPERATIONS USING SYSTEMS DYNAMICS APPROACH: AN APRIATION
IN THY TECHNIC

The life span of aircrafts is usually around 30rgea aerospace industry. So, aircrafts
need lots of maintenance services in these yeatss, Tor aerospace industry, much of
the profit is not acquired from the sale of the@ft, but from the maintenance of them
throughout the life span. The cost of MRO actitie its pure nature is very significant

and around 10% in all cost drivers.

This study mainly focused on developing a systemadyics model for Turkish Airline

MRO Department MRO operations. There are severstery dynamics studies in the
literature focused on airline operations but theI&oerations are almost neglected in
them. To the best of author(s) knowledge, thishis first system dynamics study

focusing on the interactions among MRO Departmadtather airline operations.

The developed system dynamics model presentedblaloaportunities to test various
MRO operations workload and aircraft fleet expangiolicies in the modeling virtual
world. The model can easily be used as a learmabgratory by changing various
parameters and testing different policies. Suchia ts presented in the study by
changing MRO operation work load (pessimistic, n@rmrand optimistic) and by

adopting different aircraft fleet expansion polgie

It is found that MRO operations have direct impact the available number of
airworthy aircrafts and the fleet seat capacitye Hirline companies have to take into
account the MRO operations needs of the existing) @&w aircrafts to sustain a

profitable airline fleet.
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CLAIM FOR ORIGINALITY

The life span of aircrafts is usually around 30rgda aerospace industry. So, aircrafts
need lots of maintenance services in these yeatss, Tor aerospace industry, much of
the profit is not acquired from the sale of theift, but from the maintenance of them
throughout the life span. The cost of MRO actitie its pure nature is very significant

and around 10% in all cost drivers.

This study mainly focused on developing a systemadyics model for Turkish Airline
MRO Department MRO operations. There are severstery dynamics studies in the
literature focused on airline operations but theI&oerations are almost neglected in
them. To the best of author(s) knowledge, thishis first system dynamics study
focusing on the interactions among MRO Departmadtather airline operations.

The developed system dynamics model presentedblaloaportunities to test various
MRO operations workload and aircraft fleet expangiolicies in the modeling virtual
world. The model can easily be used as a learrabgratory by changing various
parameters and testing different policies. Suchia ts presented in the study by
changing MRO operation work load (pessimistic, na@rmrand optimistic) and by

adopting different aircraft fleet expansion polgie

It is found that MRO operations have direct impact the available number of
airworthy aircrafts and the fleet seat capacitye Hirline companies have to take into
account the MRO operations needs of the existing) @ew aircrafts to sustain a
profitable airline fleet. The most important andaldbnging factor is to decide on the
number of MRO operations staff to employ as theakslity of MRO operations work
load is stochastically very high. After setting apertain degree of confidence level,
this number can be decided based on simulatioritse#ius also inevitable to waste the
some portion of this MRO operations staff. The hamesource waste can be thought as
an insurance during heavy MRO operations and natd be leased to give service to
third party airlines during light MRO work load ofvn airline.

May, 2015 Assoc.Prof.Dr. Serol BULKAN Asim TOKGOZ
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1. INTRODUCTION

Turkish Airlines (THY) carried approximately 10.4ilhon passengers in 2003 and 50
million passengers in 2013 (THY, 2015a). As searthe last decade, the increase in
airline passenger transportation is very signific&hen air transportation is examined
in Turkey, it can be seen that Turkish Airlineghe most dominant airline company in
the industry. It expanded both domestic and intevnal destinations especially in the
last decade and reached up to 241 (199 internateorth42 domestic) different flight
destinations worldwide by the end of 2013 (THY, 20l Compared with the other
local airlines, it has the highest amount of madtsre and the market share of other

local small airlines can be ignored for the timenge

It can clearly be seen that Turkish Airlines trieshecome a worldwide airline carrier
brand and ordered approximately 200 brand newadiscto incorporate its fleet. The
expansion of the airline fleet will have impactsainline operations including, but not
limited to, flight scheduling, fleet assignmentrcaaft routing, crew scheduling,
manpower planning, revenue management, fuel maragesystems, airline irregular
operations, gate assignment, aircraft boardingegfya scheduling and maintenance,

repair and overhaul (MRO) (Bazargan, 2010).

When airline operations examined in the literatunefortunately, there is almost no
contemporary study that focus on the relations eetwMRO activities and other airline
operations. So, this study aimed to fill this gapliterature by using very limited
available data about Turkish Technic, which is M&O department of Turkish
Airlines. The publicized data is very limited ahkke other airlines, Turkish Airlines
also prefers to keep its data as private.

It can be seen that there is strong positive caticel between flight safety and efficient
MRO activities. There has been a huge effort ineotd make the flying safe by the
cooperation of the governments and aircraft manufacs and, in 2010, the IATA
(International Air Transport Association) announdtleat air transportation is safe. They
have declared this by the fact that there was onky accident for every 1.6 million
flights in that year. This is an utmost objectiiattevery transportation sector dreams to
reach (Sahay, 2012).



The idea of flying naturally and psychologicallyrigs lots of concerns and this must be
handled with care by maintaining a good level déa and sustaining well established,
complicated and disciplined set of procedures. Tapproach initiates the term
“airworthiness”, which is defined as the fithess fty. An aircraft is considered as
airworthy only if legal aircraft operator who is aharge of the safety and fitness for
flight of the aircraft clearly approves it to flyThis approval is done with an
Airworthiness Certificate (Sahay, 2012).

The Flight Operation Department, which is respdesibr the planning of the routing

and for scheduling of flights, of the commerciagliits always want to keep the aircrafts
flying, either by carrying passengers or cargos. tBa contrary, the Engineering

Department, whose job is to maintain the aircrafé @nd serviceable, wants to hold the
aircraft in the maintenance facility as much asdeele Even though the objectives of the
both party seem opposite, it is a nightmare foribggying Department that an aircraft
Is staying on the ground unscheduled. Of coursgineers also would like to see the

aircrafts flying, provided that they are airwortiwhile doing so (Sahay, 2012).

Aircraft maintenance is unique in its charactecstand rather different than the other
type of sectors such as rail and sea transporta®nt is done when aircraft loses its
airworthiness. This may be urgently or in the pkohrduture time. The immediate or
unscheduled activities must be handled urgentkaiee the revenue. On the other hand,
scheduled maintenance event is based on manyafifféactors and it is a continuous
and planned process throughout the lifecycle of diveraft so as to keep up the
airworthiness (Sahay, 2012). In other words, aftcraaintenance is a continuous
process that tries to increase the degrading pedioce or abilities of the aircraft to its

designed-in level perfection (Kinnison, 2004).

The availability of a vehicle strongly depends oothb maintenance and logistics
support. The logistics usually contains the manageérand transportation of spare parts
and components for Maintenance Repair and OveilMiRIO) needs (lwata & Mavris,
2013).

MRO activity needs usually arose by, firstly, aaftroutine inspection, minor services

and checks carried out on the aircraft at preddfimgervals, secondly, scheduled



maintenance consists of replacement of the lifetdichitems, planned overhauls and
special inspections, and thirdly, unscheduled neaisices caused by inspections, pilot
reports and failures (Duffuaa & Andijani, 1999).

MRO activities hold an important place in airlingepation costs. The most outstanding
cost drivers of the airline operations are showrrable 1.1. (Merkert, 2010)(Von

Beuningen, 2014). The direct cost portion of a@limaintenance activities when
compared to other drivers seems very significamttl@ other hand, the effects of bad

handled maintenance activities on the other oparatwill surely cause more costs.

Table 1.1. Typical Airline Cost Drivers (Von Beuningen, 2014)

COST DRIVERS % of total airline costs
Flying expenses ~40%
(incl. wages, fuel, airport, insurance & en-route

charges)

Maintenance and overhaul ~10%
Aircraft depreciation ~6%
Station and ground costs ~16%
Passenger services ~8%
(catering, in-flight entertainment)

Ticketing, sales and promotion ~8%
General administration ~6%

So, it is a vital issue to understand the intecastiof MRO activities with the other
airline operations. This study will reveal thosdemactions and model the Turkish
Technic MRO operations by using the system dynamosleling methodology as a

case study.

The remainder of the study is organized as follo@sapter 2 presents background
information about aircraft maintenance process system dynamics methodology.
Chapter 3 summarizes important studies in thealitee that are executed in the field of
both aircraft maintenance and system dynamics montelairline and maintenance
activities. Chapter 4 describes the developmerystem Dynamics based model for
the Turkish Technic MRO department as a case stOdgpter 5 highlights the results
of the simulation scenario runs, debates aboutdbelts and discusses the applications
of this research for managers. Finally, Chapters6u$ses the conclusions and further

offers suggestions to enhance the model.
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2. BACKGROUND

This sections presents information about the diramraintenance process and the
system dynamics methodology to form a base to staled the airline MRO operations
and system dynamics methodology. The interestedaresers who already have
enough knowledge in these subjects can skip to tldadsection. The first sub-section
gives information about aircraft maintenance precesile the second sub-section
explains the overall structure of system dynamiesh@mdology.

2.1. Aircraft Maintenance Process

There is a main difference between general plant machinery maintenance and
aircraft maintenance in that aircraft maintenansecompulsory and observed by
regularity authorities such as the Federal Aviatfaministration (FAA) and Civil

Aviation Authority (CAA). Thus, aircraft maintenamchas well-established and

standardized processes (Sahay, 2012).

When a new type aircraft is going to be producediesigned, a MRB (Maintenance
Review Board) is established including regulatorytharities, OEM (Original

Equipment Manufacturers) and other related membesmed to add value. The
regulatory compliance is the core of aircraft mamnance and it is prescriptive. They put
forward maintenance tasks universally and thodestase applied exactly in the same
manner across the world, that is, it doesn’t matteere the aircraft is it gets the same

maintenance (Sahay, 2012).

The Maintenance Steering Group-3 (MSG-3) recommedhdsaircraft maintenance

processes to be executed as task oriented, whHaseskd are defined from start to end.
Thus, an engineer executes the tasks that areededind approved previously. This is
the indication of completeness of the task desonpin the MSG-3 procedure. Those
tasks are usually grouped in three; airframe sydishks, structural items tasks and
zonal tasks. All of them make up fourteen core uaigasks which are used while
executing maintenance. The combination or pernmuutatiof these tasks make up the

building bricks of the maintenance processes afevaof these processes put forwards



the maintenance programs. As a matter of factettesks guide to create a number of
maintenance activities that end up with work paelsa@ahay, 2012).

MSG-3 is a kind of process for an aircraft type adsed by the MRB to identify and
classify maintenance activities for the aircrafttpahat might end up with failure. That
Is, in order to keep up the airworthiness, the gjgation of aircraft components to be
maintained and the means of doing so are determifteeh, the result of this work is
used by OEMSs to produce maintenance plans for pleeators. These plans are defined
as MPD (Maintenance Planning Documents/Databasg).u&ing the MPD, the
operators create their own maintenance plans aend, thchedule their maintenance
operations. Hence, those approved maintenancegmsgare used to maintain the

airworthiness of the aircrafts (Sahay, 2012).

Nearly, all aircraft maintenance programs are éiurpreventive in view of
airworthiness. You can not apply the classic “briek approach in the aviation
industry as there is no roll-back mechanism wheaiamaft has fallen out of the sky.

In aviation industry, there are two kinds of aiftrenaintenance modes, namely,
scheduled and unscheduled maintenance. In a batgtintenance world, unscheduled
maintenance events presumably should not occurimdhe real world, that’'s not the

case. It is a common phenomenon to see occurrinfpeofunscheduled maintenance
events, which are usually a subset of scheduledterance events and so handled in

the same manner (Sahay, 2012).

In practice, following the aircraft's mission flighthe aircraft has been inspected
routinely to spot the degrading components. Aftedsa corrective or unscheduled
maintenance is performed to fix the broken partanduthe flight, and then, any
forthcoming scheduled maintenance is applied to #ieraft. The scheduled
maintenance is mainly rooted on a measurable mstrah as flight time, distance
traveled or number of operational cycles. Upon detign of the maintenance
activities, turnaround activities such as refueling performed before the next flight. In
parallel to these activities, logistics activitiatso continuously take place, that is,

transport, repair, and replenish broken and spants gwata & Mavris, 2013).



2.1.1. Maintenance Objectives

The core objective of the aircraft maintenanceoismiake the aircraft fly as long as
possible. Based on this guidance, MSG-3 has defioed quantitative objectives for

aircraft scheduled maintenance; firstly, makingesaf the fulfilment of the natural

safety and reliability levels of the aircraft, sedty, restoring or rolling back the safety
and reliability of the aircraft to its natural léwshen degradation or failure occurred,
thirdly, delivering the gathered information forethtems whose natural reliability
inadequate for redesign, fourthly, achieving thgsals, involving maintenance and
failure costs, at a minimum total cost (Sahay, 300reover, Viles et al. (2007) adds

reduction of the repair time to the maintenancecye (Viles, et al., 2007).

In some cases, these objectives may be incapabderaodcting the deficiencies to its
natural safety and reliability level. Scheduledimtenance only aims to inhibit the
deterioration of such required natural level; meexoit's inherently preventive. If the
result of the maintenance is deemed to be unaddeptdesign modification is essential
for improvement. Design modification is often thesponsibility of the manufacturer
and the commercial aviation organization almostnéakes on this responsibility. The
measures of main maintenance objectives are “aispadliability” and “turnaround
time” and can be summed up as “prompt deliveryinf@thy aircraft to the airline
reliably, consistently and cost effectively” (Saha912) (Zhu, et al., 2012).

From engineers stand point, the first three objestiare related, entirely assessable and
usually reachable but on the other hand, the foaisfactive creates the biggest anxiety
among them. There is no silver bullet solution tiee optimized minimization of the
total maintenance costs; moreover, MSG-3 only dsfigeneral statements to manage
the costs. This is left as an internal issue ferdperators by the regulatory authorities
(Sahay, 2012).

2.1.2. Aircraft Maintenance Strategies

Aircraft maintenance, in theory, is usually handiedhe hanger according to the plan.
There is almost no maintenance activity on boardmithe aircraft in the air, flying due
to the security or the nature of jobs to be dore maintenance objectives are achieved

by adopting the strategies mandated by the regylatgdhority (Sahay, 2012).
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The first strategy is the redundancy, which cardegned as building more than one
system or component considering criticality by dasin case of failure, airworthiness
still managed by those spare ones. The seconeégyret to use of line replaceable units
(LRU). These are modular components that can iy essl quickly replaced with new

ones when the symptoms of the faults are obseiaas, there is no need to repair the
faulty component on the spot by LRU engineer, matitemust be replaced with the

serviceable one and faulty one must be sent towwkshop for repair. The third

strategy is the minimum equipment list (MEL) that used to list the serviceable
equipments maintaining the airworthiness of theraft. So, not all the components of
an aircraft need to be serviceable to fly safelg. @& matter of fact, maintenance
organization heavily benefit from this list to pland perform the defect corrections in a

much more concentrated manner (Sahay, 2012).

2.2. Systems Dynamics Overview

The applications of feedback control theory in dation model of organizations was
initially introduced and demonstrated by Jay Fdee®f Massachusetts Institute of
Technology (MIT) in the 1950-1960s (Forrester, 19%®rrester’s this study indicates
the birth of professional field known as “systemmdsnics” (Maani & Cavana, 2007).
Since then, by the contribution of various researghthis powerful methodology
enriched and developed based on system theorymaf@mn science, organizational
theory, control theory, tactical decision-makingbernetics and military games (Abbas
& Bell, 1994)(Shepherd, 2014). System dynamics been applied to many different
fields, disciplines and subjects such as defenslganuand regional development,
business, banking, industry, economics, financenufaturing, biology, education,
health, medicine, dentistry, engineering, forestfishery, energy, environment,
transportation, psychology and various others (Ab®&ell, 1994). It offers a new way
of thinking that can be defined as a whole systepr@ach. It takes care of invisible
complexity, ambiguity and mental models (Maani &v@aa, 2007). It provides
effective tools and techniques to better understahely, visualize, and analyze the
large-scale complex dynamic feedback systems (Dy&d@hang, 2005) (Maani &
Cavana, 2007)(Zhao, et al., 2011).



System dynamics reminds us of the definition of‘ystem’. A system can be thought
as ‘a collection of parts that interact with onetter as a whole’. It is not the sum of its
parts; rather, it is the product of its intercortiats, which means inherently handling
of nonlinear relationships (Maani & Cavana, 20Mareover, it can be defined as ‘a
community of connected entities’ which highlightset‘connectedness’ among the
components compromising the system of interest rf@&, 2002). So, a system
interacts as a whole and when any part of it issmgg it loses its function totally or

partially (Maani & Cavana, 2007).

System dynamics, aka system thinking, is a scientiethod to understand ‘change and
complexity’ by the study of dynamic cause and dffecer time (Maani & Cavana,

2007). It is important to comprehend the connestiand relations among the
investigated system and its parts. Abbas and B8B4) have defined system dynamics
as ‘a rigorous method for qualitative descriptierploration and analysis of complex
systems in terms of their processes, informatiowd| organizational structure; delays,

policies, decision rules and strategies.” Systemsking brings forth four types of

thinking:
. forest thinking - the capability to see the bigtpie and understand the
relations and interactions among component partaa(yl & Cavana,
2007),
. dynamic thinking - comprehension of the fact thatle is not static and
things change by the time (Maani & Cavana, 2007),
. operational thinking - mapping of the relationshipisat capture

interactions, interconnections, the sequence ama @f activities, and
the rules of the game. It shows the physics of atpmrs that portray how
things work and affect each other, in other woitlgeveals what is
linked to what and how changes in one part of thistesn might
influence to others and turn back (Morecroft, 2QGharajedaghi,
2011)(Maani & Cavana, 2007),



. Closed-loop thinking — realization of the fact tltaiuse and effect are
nonlinear in nature and, most of the time, theatftan impact the cause
(Maani & Cavana, 2007).

Systems thinking presents a tool (language) tositiyate and make deductions about
the complexity and dynamic cause and effect. Tamyliage is visual and diagram
based, has its special rules (syntax), translaeseptions into explicit pictures, clarifies

the closed interdependencies (Maani & Cavana, 2007)

Systems thinking offers the modeling and learniechhologies to unfold the system
behavior and structure. Moreover, these tools telgiscover the relationships and the
interconnections among components of a system laod Bow a change in the system
affects the whole system and its elements over.tifthese tools mainly consist of the
causal loop maps, stock and flow models and comiurteulation software (Maani &

Cavana, 2007). This approach is commonly usedhierarchical manner to investigate

the interaction of system and policies across ame space (Shepherd, 2014).

2.2.1. System Dynamics Principles

System Dynamics (SD) used analogously with SysfEmisking in the literature and its
main principles can be summarized as the followiffgnderson & Johnson,
1997)(Maani & Cavana, 2007).

2.2.1.1. The Big Picture

‘The big picture’ principle is the art of seeingetforest and the trees, and whole may
mean more than the sum of its components. Whateeersgy be related to the bigger
forces and interactions (Maani & Cavana, 2007).

2.2.1.2. Short and Long Term

‘Short and long term’ principle implies that shoerm precautions may degrade the
long term outcomes, in such a situation; one hdake necessary measures to save the
day. While an organization facing ‘life threateriisguation, very rapid interventions

may be inevitable to overcome it. However, if tlugsis management’ situation lasts
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for a long time then, the effects of adopting adicy persistently can endanger the life
of the organization in the long run (Maani & Cava?@07).

2.2.1.3. Soft Indicators

‘Soft indicators’ principle states that conventibparformance measures such as key
performance indicator, critical success factor Aathnced score card can only reveal
part of the story. Other than these, there aretiaddi invisible powerful potential
factors which affect the behavior and performant@rganizations. They consist of
such things like morale, burnout, commitment, loyatonfidence, genuine care and
capacity for learning. These can be considereti@dteasures’ of the inner soundness

and spirit of an organization (Maani & Cavana, 2007

2.2.1.4. System as a Cause

‘System as a cause’ principle states that moshefproblems faced in an organization
are created internally not only because of the tenoted results of our decisions and
actions but also because of our mental models asidieliefs, values, and assumptions.
As a result, many people or organization consitleemselves as ‘victims’ and not the
problem introducers. To cope with this, organizagionust continuously interrogate and
make their mental models, habits, values and assomsppublic, and moreover,
encourage the employees to express themselvesrgitive dialogues with relation to

the forces that form and impact the performanceafi& Cavana, 2007).

2.2.1.5. Time and Space

‘Time and Space’ principle implies that cause afidce in many cases do not interact
closely in time and space due to not only the tilekays but also the hidden connection
triggered by the chain effects of the actions betweause and effect. Therefore
inherently, today’'s problems are often relatedaiod most of the time, result of the

yesterday'’s solutions (Maani & Cavana, 2007).

Frequently, action and response, effort and outcalgeision and result are far apart
and as a result, their cause and effect relatipssare unnoticeable. In the long run,
consequences of the cause and effect relationshipde observed clearly (Maani &
Cavana, 2007).

11



2.2.1.6. Cause versus Symptom

‘Cause versus symptom’ principle assert that, in aaily life, people can define an
event as a problem, but in reality, it is the syonptof that problem. Therefore, most of
the precautionary measures do not handle the o=dlthat originates the problem,
instead just the symptoms. So, in order to solpeoblem, the causes of that problem
must be understood well. All the causes of the lerabmust be identified and addressed

to reach a long lasting solution (Maani & CavarzQ 2.

2.2.1.7. Either-or Thinking

‘Either-or thinking’ suggests that most of the gesbs or decisions do not have a binary
(either-or) option, on the contrary, they have teptal with multiple outcomes. Instead

of simple cause-effect relationship, there may lodtiple causes and effects for a given
problem or solution (Maani & Cavana, 2007).

2.2.2. Casual Loop Diagram

SD methodology connects the qualitative and quetiveé models. Casual loop diagram
(CLD) is a qualitative model that puts forward thgnamic hypotheses about a system
and used before the development of stock and fleawntitative model. It can be thought
as a ‘mental model’ that overlays the abstractioterrelationships, connectedness of
the system by setting out casual links among tfferdnt stakeholders and components
of the system. Thus, it reveals the ideas about peaple think a system works, and
then, takes care of the frontiers to implementappsed policy (Shepherd, 2014). CLD
publicizes not only clear but also masked interemtions briefly and visually
(Morecroft, 2007).

CLD, a qualitative model, usually offers good oppaities to capture the system input
requirements and behavior from the relevant systeens. Model development process
usually starts with overall system sketches thatragp the characteristics of the system
and need not to be so detailed. On the contrarythibsake of parsimony(Liehr, et al.,
2001, p. 320), it is sometimes preferable to usesimple models, which capture the
system like a cartoon. A cartoon is not drawn iraidlebut it depicts the most
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outstanding features. The same approach is validh® development of the CLD
(Maani & Cavana, 2007).

Each casual loop has a story about how the effesp up with the cause in the end.
During the model evolution, CLD connects the essites cause-effect relationships,
thus feedback loops become apparent. These loegsbed either balancing (negative)
or reinforcing (positive) loops. Balancing loop @eis a countermeasure to the change,
therefore an increase in one element forces a aserm another element within this
loop. Reinforcing loop augments flows in such a whagt an increase in one element
causes an increase in another one. Balancing arfdre@ng loops within a system lead
to a dynamic equilibrium altogether (Shepherd, 3014

Arcs are used to show the casual relationshipsooinection between the system
elements. Relation is read from ‘tail’ to ‘head’ tfe arc, that is, ‘tail’ component
affects the ‘head’ component. The augmentationhef telation is denoted with +
(increase) / — (decrease) sign around the ardelftwvo variables move up and down
together, the arc sign is + (or ‘'s’" meaning sanvéhen the two variables move in
opposite directions, the arc sign is - (or ‘0’ mi@gnopposite). In case of complex
loops, whole loop polarity is calculated by totainmber of negative links, in that an
even number means reinforcing loop while an oddlemmeans balancing loop. Loop
polarity is usually depicted as +/- sings or R/Bdes inside the loop with a circular
arrow which shows the direction of the flow (Ma&Cavana, 2007)(Shepherd, 2014).

/‘\; /\(
Eggs @ Chickens @ Road Crossings

+ -

Figure 2.1.Dynamic Interactions in a CLD (Sterman, 2000)

A simple example of casual loop diagram is showirigure 2.1 (Sterman, 2000). If
there is at least one roster, chickens will prodeggs that are suitable for breeding. As

number of eggs increase, this will in turn leaghtoduce more chickens. The more eggs
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means, the more chickens and vice versa. Whendim®rcing loop operates its own,
both chickens and eggs will increase exponentialithout any limit. In case of
chickens and road crossings balancing loop, theensbickens mean the more road
crossings, which results with chicken deaths. Thesaths, considering this loop
isolated from the system, will cause the chickenbdcome extinct eventually. When
both loops interact concurrently over time accogdio some certain rates, they will
eventually reach to a dynamic equilibrium (Sheph26d.4)(Sterman, 2000).

2.2.3. Stock and Flow Diagram

Even though qualitative models, in our case CLP, fanitful to describe the structure
and dynamic behavior of the system, most of theagers are keen on seeing the
quantitative results. For this purpose, stock doe fdiagrams are used in the SD
methodology. Stocks are accumulatienboth physical and non-physicaldepicted as
rectangle boxes to keep the content. The compyiebal of the ‘stock’ is depicted in
Figure 2.2. They may be entities such as moneyentory, aircraft, population,
maintainers, knowledge, data, sales, births, de@sditions of the stocks always exist
in the system, even though the flows reach to & state (Maani & Cavana, 2007)
(Shepherd, 2014).

Figure 2.2.Stock Representation

Flows (rates) are depicted as pipes with valveschvinegulate the rate of flow and
represent activities or actions in a stock tharycguantities into or out of a stock
instantly or over a period of time. They are geltgthe outputs of decisions made by
decision makers or of exogenous forces that natoimtrol of decision makers. The
computer symbol of the ‘flow’ is depicted in Figu2e8. The direction of the pipes may
be into the stocks, increasing the content of tieeksat flow rate, or out of stock,
decreasing the content of the stock at flow rateh@r, et al., 2011)(Shepherd, 2014).
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Figure 2.3.Flow Representation

Mathematically the relationship between stocks #mas can be formulized using the

following integral form (Sterman, 2000);

Stock(t):j [Inflow(s) - Outflow(s)]ds + Stk(t,) (2.1)

t
wheret, is the initial time} is the current time, Stock.) is the initial value of the stock,
Inflow (s) and Outflow (s) are flow rates into and out of a staic&ny times between
the initial timet, and current timé. Inflow (s) and Outflow (s) have the units of Stock
(t) divided by time (Rehan, et al., 2011).

Converters or auxiliary variables are intermediate variables that inclndéaots, built-
in functions, graphical and behavioral relationships. The beofetising converters is
that they help to break complicated equations into simple @msadind relations, which
iIs much easier to comprehend. The computer symbol of the ‘convertepistetl in
Figure 2.4 (Maani & Cavana, 2007)(Rehan, et al., 2011).

O

Figure 2.4.Converter Representation

Connectors are arrows to set up relationships among different leariabthe model
and transports information as inputs for decisions or actions (Rehaa,, 2011).
Clouds represent the sources and sinks for the flows. The congymdrol of the
‘connector’, ‘source’, and ‘sink’ is depicted in Figure 2.5. A sousm@esents the entry
point, originated from outside of the boundary of the modeih¢osystem; while sinks
represent the exit points of the system to outside world. Soanckesinks are assumed
to have infinite capacity and can never constrain the flows thpgosu (Sterman,
2000)(Rehan, et al., 2011).
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There are also information and physical time lags, say delaysystem dynamics
modeling which can be defined as the elapsed time passed betwestarttand end of
an action (Abbas & Bell, 1994).

As stocks and flows are connected with other stock and flovexjueence of non-linear
differential equations are constructed which form the structure and belwdvibe
system. Developing a model that captures the most outstafedinges and behaviors
of the system is a challenging subject and seems more like amh iargdod idea to
develop the models with the stakeholders, but in case of lacksobpportunity, start
with the simple concept models that portrays the endogenousityebéthe system,
which is sometimes advantageous to use small, simple modsidhe more complex
and detailed ones (Ghaffarzadegan, et al., 2011)(Shepherd, 2014).

inflow outflow

Source . =—=&—Pp» Stock Sink

Conpector

)

Converter
Figure 2.5.Sample Stock and Flow Diagram in Vensim Software

2.2.4. SD Methodology

Abbas and Bell (1994) proposed a system dynamics modelingsewBteps are
identification of a problem, definition of a problem, variable genematdiod model
development, system verbalization, system conceptualization, nfodalulation,

computer programming, simulation and system analysis. Fordtmsletl explanation
about these steps see (Abbas & Bell, 1994).

Barlas (1996) defined the major steps used in a typical systemmymatudy as
problem identification, model conceptualization (construction of aegmal model),
model formulation (construction of a formal model), model analysts \aidation,
policy analysis and design and implementation (Barlas, 1996).
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Table 2.1. Systems Thinking and Modeling Process (Maani & Cavana, 2007)

PHASES

STEPS

Problem
Structuring

1. Identify problems or issues of concern to the managememhaind
stakeholders

. Collect preliminary information and data

. Conduct group sessions for creative problem structuring

. Simulate scenarios with the model
. Evaluate robustness of the policies and strategies

Implementation
and
organizational
learning

2
3
Casual loop 1. Indentify main variables
modeling 2. Prepare behavior over time graphs (reference mode)
3. Develop casual loop diagrams (influence diagrams)
4. Analyze loop behavior over time
5. Identify system archetypes
6. Identify key leverage points
7. Develop intervention strategies
Dynamic 1. Develop a system map or rich picture
modeling 2. Define variable types and construct stock-flow diagrams
3. Collect detailed information and data
4. Develop a simulation model
5. Simulate steady-state/stability conditions
6. Reproduce reference mode behavior (base case)
7. Validate the model
8. Perform sensitivity analysis
9. Design and analyze policies
10. Develop and test strategies
Scenario 1. Plan general scope of scenarios
planning and 2. Identify key drivers of change and keynote uncertainties
modeling 3. Construct forced and learning scenarios
4
5
1
2

. Prepare a report and presentation to the management team
. Communicate results and insights of proposed interventign to
stakeholders
3. Develop a microworld and learning lab based on the simulgation
model
4. Use learning lab to examine mental models and facilitate learning
in the organization

Maani and Cavana (2007) have defined the phases of systems thankingodeling

methodology as seen in Figure 2.6 and Table 2.1.
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Scenario
planning and
modeling

Dynamic
modeling

Problem . Casual Ioo
Structuring modeling

Figure 2.6.Phases of the Systems Thinking and Modeling MethodologwiiV&
Cavana, 2007)

Implementation
and learning lab

1. Problem Articulation
(Boundary Selection)

5. Policy
Formulation
& Evaluation

A\

4. Testing

3. Formulatio

Figure 2.7.The Iterative Modeling Process from (Sterman, 2000)

Even though there are many other studies that propose methpdmiogystem

dynamics, Sterman’s (2000) well-established system dynamics mogebiegss has
been selected as basis. He provides a very detailed explanation foodleéng steps
and defines different model validation types in detail. The niogl@rocess consists of

five iterative stages: problem articulation, formulation of dynarhigpothesis,

18



formulation of a simulation model, testing, and policy desigd evaluation as seen in

Figure 2.7.

Real
/ c World

Decisions .
(Organizational Information
Experiments) Feedback

1. Problem Articulation

K /v (Boundary Selection) \ /

) 2. Dynamic
Formulation Hypothesis

& Evaluation ’

4 . Testing 3. Formulation
Strategy, Mental
Structure, Models
Decision of Real

Rules \ / World

Figure 2.8.The Dynamics of System Dynamics Modeling (Sterman, 2000)

Modeling is not a sequential process and is nonlinear in nédtatrénvolves feedbacks.
Thus, during modeling, it is needed to question, test anderd¢fie proposed model
iteratively to reach the desired modeling state. The initial stepoaleling is to define
the boundary and scope of the problem but, the feedbacks comimgvfrat is learned
during modeling can also alter the recognized definition and theogeirpf problem.

The iteration can be initiated from any step to any other step.ig hepresented by the
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interconnections in the center of the diagram (see Figure 2.€geTherations are
executed many times until the model matures (Sterman, 2000).

Simulation models are affected by both our mental models and thenatfon gained
from the real world. Strategies, structures, and decision rules appltad real world
can be adopted and tested in the virtual world of the model. Ehe strategies,
decisions and policies tested in the model can feed back toahe/add to alter our
mental models and guide to adopt new strategies, structuresleaistbn rules in the
real world. The implemented new policies in the real world briegigw effects in the
system which again leads to new insights and better improvemehts formal and the
mental models. So this interaction cycle continuously takese pbetween the real

world and the virtual world as seen in Figure 2.8 (Stermar())200

2.2.5. Overview of the Modeling Process
2.2.5.1. Problem Articulation: The Importance of Purpose

The most important issue in the modeling process is thdifidation of the problem
that imposes the definition of a clear purpose for the model. Adeéhed model
purpose gives opportunities for questioning whether the modedeful to unfold the

concerns of the clients (Sterman, 2000).

The model should focus on the problematic area rather than trynia rthe whole
system under investigation. In view of this fact, a useful modedt attempt to address
the problem area and must avoid modeling the entire system in. deetaiodel is
usually designed to unfold a problem that is specific to mypasue. Thus, the success
of a model is based on simplifying the reality to a degreetlieatepresentation of it can
be understood. In this perspective, it becomes crucial what feathr@ssystem to
include and to ignore to accomplish the purpose during madieling phase. On the
other hand, when an attempt is initiated to construct a icatsidel, this turns out to be
a never ending effort. So there is a trade-off while keeping and omitienfpatures of
the system. The purpose of the model behaves as a logicaMkriléecutting out the
unwanted system features in the model. In summary, an analgstmodel a problem
rather than a system (Sterman, 2000).
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System dynamics modelers should prepare a set of graphs andlesbdptive data
that shows evaluation of the problem over time. This worlséllas a reference mode
while evaluating the development of the model. Time horizonagbks and concepts
must be identified to better understand the problem at hand. Beloarer time graphs
must be prepared for those which deemed to be most important. Therelaare id
cause and effect relations in the system dynamics models. Thiay;ishe time horizon
should be extended far enough not only back in history batiato the future to reflect

the effects of those relations (Sterman, 2000).

2.2.5.2. Formulating a Dynamic Hypothesis

After specifying an adequate time horizon, modeler must put forwdreloayt called a
dynamic hypothesis, to reveal the characteristics of the probletatiavior. This
hypothesis is dynamic as it needs to establish an explaradtimut the dynamics that
define the problem in terms of fundamental feedback and stock andtfioeture of the
system. It is a hypothesis since it is subject to the &woluooted from what is being
learned from both the modeling and the real world. Moreover, otherttigachanges
applied to the hypothesis, it may even been rejected duringhttigration period. That
is why, a dynamic hypothesis is an ongoing theory thatotigapture how the problem

arose (Sterman, 2000).

While seeking for the hypothesis, note that it is importardagmture all the sources of
the problem which will probably lead to different theories alibet causes of it. In
literature, there are various types of elicitation techniques and diagngntools to dig
into the theories about the roots of the problem. System dgsafbcuses on the
interactions of variables and agents captured in the model and flmoksdogenous
explanations among them, which are endogenous behaviors. Endsgemeans
“arising from within”, while exogenous means “arising from wittio@he number of
exogenous variables should be kept as small as possible, asawbatl them to change
may not be explained at all. They must be investigated aildetcheck whether they
introduce any important feedbacks to the endogenous variables andethdh the
model if so (Sterman, 2000).
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What is the level of detail in a good model? As mentioned beffodepends on the
purpose of the model but, a broad model boundary that captereapbrtant feedback
structures is preferable to a model whose individual componentfispgaons are
modeled with a lot of detail (Sterman, 2000).

System dynamics supports modelers to define the boundary ahddels and to
represents the casual structure with the help of various tools sunbded boundary
tools, subsystem diagrams, casual loop diagrams and stockoandhaps (Sterman,
2000).

Model boundary chart summarizes the key variables captured in thel axrording to
their scopes as endogenous, exogenous and excluded. Subsyspem giartrays the
overall structure of a system by splitting the system intsthesystems or components
and by linking these components with the flows such as rraktenoney, goods,
information and so on. These diagrams show information boyratad the level of
aggregation in the virtual world representation. Thus, informafiows among the

endogenous and exogenous variables are conveyed in these diageamar{S2000).

Model boundary chart and subsystem diagram sketch the bousd@rgrchitecture of
the model but unable to clarify the relationships among variaBksual loop diagrams
are very useful and flexible to explain the feedback relationshipssgstem. These
relationships can be defined as casual links which have arrows frora twaesfect.
Stock and flow diagrams highlight the fundamental physical streicRDlicy structure
diagrams reveal the information flow as input to a certain decisié@ MThe
concentration is given to the information cues that deemed to #féedecision making
about governing the rates of the flow in the system. Tbeys on the casual structure
and time delays relating with a specific decision instead of thd&e&dstructure of the

overall system (Sterman, 2000).

2.2.5.3. Formulating a Simulation Model

After the development of the first dynamic hypothesis, modehtbary, and conceptual

model, it is necessary to test them. There is always a chanest tbeém directly when

collecting data or experimenting with the real system. On the o#imgt, lthe conceptual

model is likely too complex to clearly see its dynamic impicet. That is why, in
22



most of the cases, experiments can be conducted in virtual waxlda Bansition is
needed from a conceptual model to a concrete complete model whoseoresjuati

parameters, and initial conditions are formally defined (Sterman, 2000).

During formalization phase, some valuable insights about sysamnacteristic can be
gained even before the simulation. Moreover, formulation helpsonigt to clarify
vague concepts but also to eliminate contradictions that is okedoor undiscussed
during conceptual phase. A lot of test can be conducted to grasglaths in
formulation of the problem and likewise, how you understand ¥iséem advances
(Sterman, 2000).

2.2.5.4. Model Testing

The testing usually starts with the first written equatiohe Tequation must have
dimensional consistency. The behavior of the simulated modelmiosc the behavior
of real system. But this just cannot be downgraded to resemhdé&h¢goric behavior.
Each variable in the model must adequately represent a significazgptan the real
world. The sensitivity of model behavior and policy propgsdiould be evaluated by
considering uncertainty on structural as well as parametric assusyigiarman,
2000).

Another important test is to use the extreme conditions whicmadly never seen in
the real system. There are also other tests whose sole purposapsut@ the flaws in
the model (Sterman, 2000).

2.2.5.5. Policy Design and Evaluation

After reaching to a satisfactory confidence in the structure and behévier model, a
certain type of policy can be designed and analyzed for improvemehe afystem.
Policy design is not the same with changing just the valtigpavameters. It
encompasses the formation of completely new strategies, structuretg@sion rules.
As the feedback structure usually describes its dynamics, improverhdme policy
usually introduces changes to the structure of the most donfeeaiiback loops by

redesigning the stock and flow structure, getting rid of timeydekdltering the flow and
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quality of the information at key nodes, or sometimes regenerdtieagdecision
processes of players in the system (Sterman, 2000).

The model performance should be tested under various ranges of aleegtatnarios.
It is also very important to investigate the soundnesseoptiicies and their sensitivity
to ambiguities in model parameters and structure. The interactionsgadiiferent
scenarios should be checked. As the real systems are nonlinear in infltugaces of
combination of scenarios are usually not the sum of them. Hneralso interferences

and synergies among the policies (Sterman, 2000).
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3. LITERATURE REVIEW

This section mainly focuses on the studies executed in the asé@rafft maintenance

and airline operations as well as system dynamics studies perforitiesi area.

3.1. Maintenance Related Studies

Mathaisel (1996) offered an ASC (Airline Schedule Control) enviemtnwhich
integrates the different scheduling tools with standardized Grapb®al Interfaces
(GUI), standardized data structures, and standardized hardware pati®8€ was
implemented to improve the operational efficiency in the commanda@midol of real-
time aircraft movements. The aim was to coherently yield communmecatioeans
among all the related departments such as operations control, crew manggem
maintenance, airport management, marketing by a common interface soheédule
planning system, crew planning and management systems, theemaaice scheduling

system, as well as other existing mainframe computer systems (Mhti8136).

Duffuaa and Andijani (1999) came up with a simulation framework fodiSarabian
Airlines consisting of the modules planning and schedulsugply, quality control,
maintenance organization and performance measures. This framework imzigigites

the maintenance activities and operations (Duffuaa & Andijani, 1999)

Moudani and Mora-Camino (2000) suggests an algorithm that @ireslve the joint
problem of fleet assignment problem and embedded maintenance schecduleng a
dynamic programming approach, to cope with the fleet assignmenleprobnd a
heuristic technique, to solve the embedded maintenance schedulenjMbieani &
Mora-Camino, 2000).

ClIMdata (CIMdata, 2002) defined three major considerations inpamgyuct lifecycle:
product definition, production definition, operational suppdProduct definition
contains information about how the product is designed, manuéakGtoperated or
used, serviced, and then retired. From a manufacturer’s point of iewfecycle of a
product comprises five phases: imagination, definition, realizatsupport, and
retirement (Dutta & Wolowicz, 2005)(Lee, et al., 2008)(Stark,120Manufacturer is

responsible for the maintenance of the product in the support (ophssg. Following
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the retirement of the product, it is either disposed or recycledptAatoof the PLM to
the design phase of aircrafts produced spectacular results.hgtifiptential benefits of
PLM adoption to MRO activities have not been well understoaltla@ use of PLM in
the support phase, starting from the product design, is nomoomn the aviation
industry (Lee, et al., 2008). Virtual Environment for Operatiamd support Process
Simulation (VE-OPS), based on discrete event simulation, is emathial effort to
include the maintenance and logistics design and analysis entivéinall design process

of a vehicle system (lwata & Mavris, 2013).

In theory, PLM supplies trustworthy and precise feedbacks amotegprise partners at
various lifecycle stages of a product. These feedbacks can be usdihniaeinventory
levels and enhance the efficiency of scheduled or unscheduled maintepaadading

the non-value add tasks (Lee, et al., 2008).

Lee et al. (2008) highlights the chances, advantages and cavVemtplementing
today’s product lifecycle management (PLM) in the aircraft maintenancair rapd
overhaul (MRO) industry. When the aerospace industry is exaninedife span of
aircrafts is usually around 30 years (Airbus, 1999). So, aircnadisd lots of
maintenance services in these years. Thus, for aerospace industhypfrthe profit is
not acquired from the sale of the aircraft, but from the maintenance ofttineaghout
the life span (Lee, et al., 2008) (Dutta & Wolowicz, 2005gajdvity of the vehicle life
cycle cost is caused by the operations and support (maintemadhdegistics) activities
(lwata & Mavris, 2013).

Wu (2008) proposed a data collection framework to enhanaelhbstness of turnaround
operationsand take advantage of real-time monitoring of the collected data.éddetius
mobile computing devices and wireless network technology as tinfcagre for the
suggested framework. They showed a couple of benefits of real-time afisenf the
data. Firstly, operation controllers can identify and take premzany measures to
correct the cumbersome activities by recording the start and end tirhe attivities.
Secondly, the root causes of the delays can be assessed by ns&kofghe collected
data, moreover, better ground handling services can be achieved., Ithstlfime
stamps at the stored data can be used to improve the airline schetioieation

algorithms (Wu, 2008).
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Zhu et al. (2012) proposed a web-based product service system (PS8 dranio
integrate the product development process with the related maintenahseraite
process, and extended the responsibilities of the manufacturers thubtigg life cycle
of the aircraft. They made an initial effort to show usage of ggeg methodology in

the aerospace industry as a decision support tool for MRO ser¥iueset al., 2012).

Gargiulo et al. (2013) defined an algorithm based on the comirinafi a dynamic
programming strategy and an agent-oriented approach to plan theaweran
maintenance activities. They benefit from the parallel computatanacteristic of the
multi-agent strategy that allows distributed computing. Tlulsetter load-balance and
coordination mechanism, in turn, guarantees the actions of reudigents guide to a
global solution (Gargiulo, et al., 2013).

McLaughlin and Durazo-Cardenas (2013) adopted the cellular mamirigctoncepts
to the MRO operations and reported the productivity improvenasmitdess lead times.
Six businesses practicing MRO operations were evaluated thet extérbenefits of
adoption of manufacturing techniques to MRO operations. Thepsadrved benefits in
turn-around time and operational performance but, also emphasizetiffibelties
arising from the variability of input conditions which affectsdglmaterial, equipment,
knowledge requirements and the scheduling of post-assessmentarsékatiaughlin
& Durazo-Cardenas, 2013).

Iwata and Mavris (2013) developed a Discrete Event Simulation (DE&pement,

named Virtual Environment for Operations and support Process &iamu(VE-OPS),

to examine operations and support (O&S) activities of aerospaceleghising an
object-oriented programming language. These O&S activities con®giméntenance
process to repair and replace broken components and the logistess sysich restock
the spares in the inventory. For the sustainment of the veNM8leDPS provides
capability to exploit the various scenarios based on differenteptdiand to make
sensitivity tests. Moreover, stochastic events can be introduawdt,iand as a result,

interactions can be observed (lwata & Mavris, 2013).

Marais (2013) states that focusing on the contribution of the emainte activities to

the value of the system rather than thinking the maintenancetiastias cost drivers
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will help us to produce optimal system wide maintenance politiegew of this fact,
she puts forward a general repair optimization problem to idertédyvalue-optimal
actions for a system condition at any time by employinge@i-#Markov decision
process, discounted cash flow techniques, and dynamic programrhimdadiors that
affect the maintenance policy such as operating cost and revenuem sfglure
characteristics, repair and replacement costs, and the planning tnmnh are
explained (Marais, 2013).

Diaz-Ramirez et al. (2014) proposed an algorithm consists of thbimation of the
integer mathematical programming model and a heuristic to solge aitcraft
maintenance routing problem (AMRP) and the crew scheduling problerR) (@S
sequential and integrated fashions for airlines having a single ligta single
maintenance and crew base. In this model, they try to assureatttataircraft gets its

maintenance needs according to the flight schedules (Diaz-Ramirez261.4).

Zuidberg (2014) proposes a parametric analysis approach to estirnagéfabts of
airline operating costs. He presented results of a random effect asul dikects
estimation for 2007-2010. The fixed effects techniques are used tmlctha& airline-
specific effects that do not or barely vary over time such as bsstrasegy, image and
region. Then, in order to estimate the effects of time invariant variablebe fixed
effect term, he used an ordinary least squares (OLS) regressions hedbarch, the
airline characteristics that play a role on the average operating ocastairpraft
movement are investigated. The results showed the existence oheesrof density,
economies of load factor, economies of aircraft utilization and ec@soofi aircraft
size, on other hand, enough evidence aren’t found for economiesl®f sconomies of
stage length or economies of fleet commonality. It is intemggtifound in the study
that full freighter airlines, member airlines of worldwide alliance an@asloperating
a multi-hub system produced much more average operating cosisgpait movement.
The regression result showed more average operating costs per anavafhent for
the airlines of consisting of brand new aircrafts because, ownershgp(degtreciation
and leasing costs) of new aircraft overrides the increasing maintenariseotasd
aircraft. The airlines that dominate the hubs or bases usually draaéer operating
costs per aircraft movement due to the lack of the significant compegitessure,
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which results in charging expensive ticket prices and guidingatest concentration on
cost savings. It is also emphasized that this study hlasrtal as it only considers the
costs, not both costs and revenues, while profitability is b based on both. Low

cost always doesn’t mean profitability for companies (Zuidd2zdg4).

3.2. System Dynamics Studies in Airline and MRO Activites

Abbas and Bell (1994) have summarized the twelve advantages ng sgstem

dynamics (SD) that might contribute to the transportation secseasat Table 3.1. As
summarized in this table, there are significant advantages tesystem dynamics
methodology in transportation sector.

Table 3.1. System Dynamics Contribution to Transportation Modeling (Aldb &=,
1994)

No | ADVANTAGES

1. | SD furnishes a logical, systematic and detailed representation of colapjex
scale systems, such as transportation systems. In SD, represerat#ols
modeling (in terms of structure and policies) and simulation (aimgyand
testing) of systems.

2. | Conventional transport modeling methodologies are oriented toacmeving a
supply/ demand equilibrium. This requires assumptions thatificuld to satisfy
in reality. In SD the dynamic, feedback interactions between sppulydemand
in transportation systems are explicitly accounted for.

3. | In most transportation studies, the land-use, socioeconomicdambgraphia
forecasts are obtained using separate modeling techniques. Thesmnauselth as
external inputs into transportation models. This may ulghgatresult in
inconsistencies and incompatibilities in the modeling procedusssling to
inaccuracies of results. Transportation planning lacks the comprebghsiistic
view in which feedbacks between transport and other sectors are cedsitleis
ignores the totality of impacts that transportation systems naag on their
environments. SD methodology can provide a common frameworkgihnohich
transport and other related sectors can be incorporated and modeled.

4. |In SD models, data are mainly required to define reference modes, estimate
parameters, determine other parts of system structure and determinediks m
initial values. However, data may be collected later to fill gapsoimstructed
models and, in fact, an SD transport model can act as a means forngstessi
appropriate data needed for future enhancement of the model.
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The methodological advantages of SD are such that the resultsS@f ransport
model are mainly reached through the dynamic, causal feedback intesauitite
structural components of the model, as well as through empiridabed
formulations. In contrast, in conventional statistical regressiodels results ar|
reached purely through empirically based formulations. The strueta@malents of
an SD transport model interact to produce a dynamic behavior dfathgport
system. Nonlinearities and time delays can be accommodated &@xplici

SD methodology can be used as a basis for constructing anug tesfpriori
hypothetical models of different transportation problems. It catorporate

alternative policy or structural assumptions, input data or rerapiparameters.

SD strives to incorporate relationships of subjective (behavigiadnomensg
rather than ignore and exclude these relationships.

SD provides a rich and coherent conceptual working environmenthwvidtings
order and makes the maximum use of the modeler's mental and rgaagility.
This can be achieved by formulating transport models, as muchsaglpo in
clear, transparent and diagrammatic forms as well as in an algebraic
Understanding gained through building an SD transport modkehemipulating
that model can be as useful as that gained from long associatiothevitranspor
system in the real world. SD conceptualization procedures can asaera
common platform for communication and understanding betweervdheus
parties that have interest in a transport system.

SD can assist in developing experimental transport tools. Thelseare meant t
provide flexibility in design and analysis and to enable testise made over

wide variety of transport policy options and scenarios: Theetsazhn be used &
training tools to help familiarize transport personnel with thi€ernt

transportation problems.

Through SD simulation, the short-term and long-term behavica transport
system is traced. This can provide insight into the dynaatiare of the transpo
problem and allow for timely adjustments to be made, if required.

10.

Low cost, transparency, transferability and ease of updating are enestars that
support the application of SD to model transportation problems.

11.

Building transport models using the SD approach can helgeintifying controls
in the transport system being modeled. These controls are megntd® the
efforts of policy-makers regarding which parameters and/or structures
transport system could be managed and controlled to produce lettanmance
of the system.

12.

According to (Willumsen, 1990), "a transport model is notpdyma set of

form.

t
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mathematical instructions used to simulate and forecast travel dentand,

implicitly structures the way in which transport problems arewed and
understood and the type of solutions that are considered feasibiestanle." SO
methodology can provide a foundation for structuring thoughts baniding a
better understanding of complex transportation systems and uhderlying

problems.

Liehr et al. (2001) conducted a research to analyze the basic, cyeleiysy behavior

of the Lufthansa German Airlines and identify alternative busirstssegies for
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effective ‘cycle-management’. Airlines cyclical behavior observed nbt after the
introduction of gross domestic product (GDP) fluctuations in maajor industrialized
regions of the earth (North America, Europe, Japan) but also aftefetiegulation of
the market in the USA (Liehr, et al., 2001).

There are various factors that influence customers to select a certaia hbirtinthe
most important ones are the schedule and price. As punctualigryisinaportant for
business travelers, they prefer the airlines that keep upightihschedules regardless of
the airfare. On the other hand, the biggest cost of a flight cdnyset direct operating
costs and a single ticket price is very low in this big pictinat is, the marginal cost for
each passenger is low. Therefore, airline carriers certainly want to fdirtrafts with
as many passengers as possible which results in low frequentys flig the
destinations. In view of these facts, aerospace capacity plaanthd@light scheduling
are the most prominent factors that come forward amongst otherssUhéesypical
dynamics of these factors are identified and managed properly, the aaerasgustry
will be affected by a discount in stock prices, relative to othepsecthis state guides
to the obligation of handling business cycles successfullghfliet al., 2001). The
period of this kind of cycle in airline industry is approxit@ly eight to ten years, which
is consistent with machine investment cycles and are regardedeasathtional
economic cycle(Schumpeter, 1939, p. 161)(Liehr, et al., 2001).

There is a common belief among airline managers that the cycles artl Gais
response to the fluctuations in the development of the GDPhanb tout of control of
the industry. As a result, it is beyond the capabilitytleé industry to smooth the
oscillations and to minimize the damaging effects of these cgadeke profitability of
industry. However, Liehr et al. (2001) has demonstrated with ta@wdence that the
cycles of the airline industry are endogenous. They showed seviiicd! points that
have important effects on a balancing loop in their SD mode& Bdlancing loop has
two delays which lead to oscillations around the target seatfémadr. One of these
delays is the long lead-time of manufacturers to deliver the new arewadt the other
one is the recognition of the delay in case of overcapacitpl(®) passengers. The lag
between aircraft order and deliveries is around 18-24 months beforairoeafts join
to expand the passenger capacity. Speeding up the old aircraft eetireray be an

31



option to lessen the overcapacity. Overcapacity (excess seats)igges in parallel
with the integration of new aircrafts to the fleet, meaning neatssen the other hand,
declines with acquiring more passengers. As a result, enlargecpaelty lessens the
aircraft order sizes according to the acceptable surplus absorptits (Liehr, et al.,
2001).

Airlines normally struggle to increase their revenues by usirag sapacity at its
maximum extent. However, due to the lead times for new seat capacithagyetl
identification of the over capacity, the system begins to fluctuatendrthe target seat
factor. Simulation results showed that oscillations are observedhen system
independent of the ongoing demands for flights. An extendidmeanodel that includes
a price management to regulate the demand revealed that the long-tEsnceymot be
eliminated in the system; rather management policies only afiecamplitude and
period of the waves. Furthermore, cycles in the airline industrgearerally induced by
the endogenous factors while exogenous factors just affect the wdepdit the cycles.
Thus, exogenous factors are clearly not guilty for the cause ofythesqLiehr, et al.,
2001).

Some leverage points are proposed to stabilize the systemf @wmenois the regulation
of capacity-demand balance by leasing or retiring the overcapacdiign@d is another
option for this purpose. Shifting the overcapacity from low dem@nhigh demand
regions is used heavily after the liberalization and deregulafitme airline market and
decreased the overcapacity to a certain degree. To keep old aircrafteeasappaity in
case of capacity need and retire them at low cost during demand dasvistamother
leverage point (Liehr, et al., 2001).

Bivona and Montemaggiore (2010) used system dynamics to igaesthe alternative
maintenance policies for two city bus companies as a case stitdlyirFollowing the

reduction of public funds at the local municipalities, the butlgethe public services is
lessened, one of which is the bus transportation. As a restructiraiggy to this
budget cut, bus fleet preventive maintenance cost is reduced. Howigeshort-

sighted solution has lead to an unexpected financial downtuhe imedium-long term.
Decision makers can propose policies which add high benefitsdmpany subsystem

but, on the other hand, such policies can endanger the whole copgréormance and
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harm the long-term sustainable growth. So, in order to sustaiprtfitability of the
company as a whole, managers should not just look into #iatenance policies
effectiveness but they must investigate the casual interrelaimoongsg the subsystems

that affect each other (Bivona & Montemaggiore, 2010).

From this point of view, Bivona and Montemaggiore (2010)stmcted a system
dynamic model that includes maintenance related production, finance, asset
management and human resources. There is a coupled relationship nbetwee
maintenance activities and finance. Maintenance activities produce ostspther
word; you need financial resources to sustain asset availabilitiz. fEduces the
operating profit of the company. However, when this relationseipreen maintenance
activities and finance deeply investigated, there are some delayembamerintuitive
phenomena. When more budgets were allocated for maintenance actikisesould
increase maintenance activities, which means higher asset availaslityresult, we
observe better maintenance production performance, happy customers @ed, m
efficient and improved financial outcomes in medium-long term (Bivo&

Montemaggiore, 2010).

When it comes to financial influence on the maintenance, mainterzativéies are
usually carried out on the grounds of financial priorities andhwtictual maintenance
needs. This policy always looks for the reduction of the firsdrmdsts, which has a
reflection in maintenance site as fewer budgets. This may impreventncial state in
short term, but in the long run, maintenance production coulthdestharply because of
the unanticipated outcomes. Ignoring the preventive maintenancetiestiwill
eventually increase the asset failure probability, which in turn enayup with a boost
in asset breakdowns. Thus, these breakdowns will increase the raaggeatepartment
workload which is hard to cope with. So this vicious cyckgrddes maintenance

efficiency and produces poor financial results (Bivona & Montemagg2orH)).

Asset management methodology also has impact on maintenancteactivithat the
brand mix of several assets, the average age of components and thdeziribeel of
technology are dominant factors. That is why these factors have to&idered during
the asset procurement period. The rejuvenation of the fleet meyduee high

investments in the short term, but in the long run, becauge dower asset failures, it
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could cause less maintenance activities and better financial results. viglpreo
maintenance activities also has chance to affect the asset managemees.pohei
capability loss of maintenance department to repair the broken asssteid the life
span of the assets. This will introduce additional investnmaote frequently to renew

the fleet (Bivona & Montemaggiore, 2010).

The other division that interacts with the maintenance activii¢ése human resources
function. The capacity and capability of maintenance is mainly basedvailable
human resources and the equipment. The number of people, levebwfekige and
skill as a whole impacts the productivity of the maintenance depéatrti@gartime or
high workload to increase maintenance capacity causes to lower thectpribglu
because of factors such as fatigue and attention disorder. Moreoveoltbysip the
long run, due to the greater personnel turnover, may elevate ro@tiesover experts,
which in turn could result in reduction in maintenance capacity ae tnaining costs

(Bivona & Montemaggiore, 2010).
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Figure 3.1.Fleet Management Area Casual Loop Diagram from (Bivona &
Montemaggiore, 2010)
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While analyzing the cause-effect relationships, Bivona and Momjgiorz (2010) have
focused on four areas; fleet management (asset sector), maintenance scheduling
(maintenance sector), maintenance capacity management (maintenance and human
resource sectors) and service management (production sector). The flegémmeama

area casual loop diagram can be seen in Figure 3.1.
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Figure 3.2.Maintenance Scheduling Casual Loop Diagram from (Bivona &
Montemaggiore, 2010)

In fleet management area, they took into account fleet renewal andiflieef policies.
The rejuvenation of fleet decreases the average bus fleet age. Thrs inttoduces
lower failure rates that have positive impact on the maintenance puwsid net
income. However, renewal policy means higher bus depreciatiooywso profits, and
higher financial costs due to buying new buses. Fleet siotigypresults with higher
bus availability which in turn leads to higher service frequency after a late
recognized delay, greater customer satisfaction. As a result, thigenwf passengers,

revenues, net income and budget to renew the fleet expected to increakelySvith
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renewal policy, fleet sizing policy also decreatbesaverage bus fleet age, which means

less maintenance activities (Bivona & Montemaggi@.0).

In maintenance scheduling area (see Figure 3l&)number of buses to go to the
preventive and the corrective maintenance tasks baudecided. The critical issue is to
select how many buses are needed to meet thesdmihce needs. If you restrain more
buses for maintenance tasks, then these busesaviierve, so revenue will decrease.
Conversely, a reduction in bus stoppages will cdosacrease available buses and the
service frequency. This helps to produce bettevicerlevels by generating high
revenue and net income. Additional resources cannbested to bus maintenance
budget to decrease the bus stoppages. It is woitivést to preventive maintenance as
it decreases the asset failure rate. When the numbéus stoppages is reduced,
maintenance costs will go up, thus the net incontler@duce. In case of adopting more
frequent preventive maintenance, more costs woelshiopoduced to the overall system,

thus a reduction in company net income (Bivona &fiéonaggiore, 2010).

For the maintenance capacity management area, fmlicies are identified:

maintenance hiring, overtime, outsourcing, and taaier training (see Figure 3.3.).
The first three strategies seem to have positiveach on the maintenance capacity
which causes to reduce the breakdown maintenanckldgaand affects more bus
availability, service frequency, revenue and nebme. This elevated net income, in
turn, can finance maintainer hiring, overtime hoarsd outsourcing. On the other hand,
these three strategies cause higher maintaines emst outsourcing costs (Bivona &

Montemaggiore, 2010).

Maintainers consist of rookies and experts accagrtnwork skills. The rookies have to
be trained by experts to become experts for ainedamount of time. Therefore, a
portion of experts work time seems to be spentdm trookies which, initially, causes
to decrease the productivity of expert maintainkrghe longer run, these rookies will
become experts and company will have more maintenasapacity (Bivona &

Montemaggiore, 2010).
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In service management area, managers decide tsiriiedie the bus fleet coherently

among the service lines according to the line attarstics and to requirements of the

service contracts (Bivona & Montemaggiore, 2010).

Average +
+/v coli[nper\ Maintenance
costs
. Net
Fuel |ncoeme
costs N
: (R10) \
Bus fleet *
Bus budget
redistribution
Bus flee

among lnese— renewal .+ (B9)

\
+ SERVICE

POLICY

Maintenance
complexity

+

Figure 3.4.Service Management Casual Loop Diagram from (Biv&na
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In scenario runs, spare busses needed to repladeraken or mothballed busses for
preventive maintenance and on average 75 percehedjusses are available for daily
service. For the case in study, an average 0.28k8osvns per 1000 km observed.
Outsourcing may not be selected as it raises $he of losing not only the maintainers’
skills but also the company’s know-how. Additioyaltontracting out the maintenance
activities bring two burdens to the company: thamaners salaries and outsourcing
costs. Firing may not be an option as it wouldadtrce the problems with unions and

local laws (Bivona & Montemaggiore, 2010).

Minato and Morimoto (2011) have investigated bussnstrategies by using system
dynamics methods for Japanese regional airportshndrie commercially unsustainable
due to the low and fluctuating demands. When aigpare built in places which do not

attract enough passengers, special strategiestbideeemployed to sustain commercial
viability. These kinds of strategies can be listsdsubsidizing aircraft purchases and
discounted tickets by governments, reducing airmbrarges, reimbursing revenue

losses, and sometimes assuring load factors dift$lighs airport transportation consists
of the airports, airlines, aircrafts, passengessegiments and communities, a systemic
approach is selected to reveal the complex behaaimong these multiple stakeholders
as in Figure 3.5 (Minato & Morimoto, 2011).

Minato and Morimoto (2011) have reviewed some stsidabout regional airport
management. In these studies, it is stated thagsaitglity, innovation, ownership,
parking and connectivity are the factors that namt value to the commercial viability.
In this perspective, commercial viability is builpon both the aeronautical revenues
and business revenues gained from non-aeronawdicaits (Minato & Morimoto,
2011).

Minato and Morimoto (2011) pinpointed airlines, pairts, passengers, local
governments and local communities as main stakem®id the system. They examined
six management strategies that are commonly useddi@ain unprofitable regional air
transportation: fuel tax reductions, airport chargeluctions, subsidies for aircraft
purchases, profit loss compensation, load fact@rantees and subsidies for airline
tickets. These policies have to consider the glblealefits for all the stakeholders. For

example, fuel tax reduction (FTR) and airport cleargduction (ACR) can reduce
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airlines’ operating costs and imjve their financial status. On the other hand, tl
benefits decrease the revenuesthe governments on airportSubsidies for aircraft
purchase and profit losompensatic support the airlines on the expense of degra
financial conditionof the goernment that own and manage the local airpdoad
factor guarantee$LFG) causes the risks to be shared between threersaand the
governments on the commercially unstable destinatitn these strategies, not all

stakeholdersteract and affe each other (Minato & Morimoto, 2011).
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Figure 3.5.Causal loop Diagram for Regional Airport Ecosyste(Minato &
Morimoto, 2011)

On the other hand, subsidies for air ticket (SAff¢@cs the whole ecosystem on sevt

ways. Increase of the number of passengers uspalijtively impacts the airlin
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revenues. It also means more trading activity rpaats and in the community which
help to improve the local economy. As a result,nowpd economical prosperity usually
attracts more people to live in and to do businesthe region, which in turn again,
creates more air passengers. Concurrently, itelsamtes the LFG to a more pleasant
state. SAT policy seems to create expenditurethBbgovernment but it is possible that
the government eventually will get more revenues tuthe overall revenue increase in
the ecosystem. Thus, this policy seems to be thet efticient and effective strategy
(Minato & Morimoto, 2011).

The simulation data tuned to the Noto-Haneda fightJapan from 2003 to 2009. The
results showed that ticket price subsidies, espgdar visitors, in parallel with the
means to improve the non-aeronautical revenue herarmost contributive strategy to

enable the financial sustainability of the regiocaigborts (Minato & Morimoto, 2011).

Miller and Clarke (2007) have proposed a methodplapich is the combination of
system dynamics and Monte Carlo simulation to eataldhe strategic value of the air
transport infrastructure as in Figure 3.6. In thigdy, they hypothetically try to put
forward strategies to solve the congestion on timvay. Congestion directly increases
the operating cost of the airlines which is usupligsed on to the passengers as higher
ticket prices. Once the congestion is observedapaaty increase is needed after a
period of time. That is why, the combinations ohgestion threshold limit, amount of
capacity to increase and the time required to asmeahat capacity describe the different
types of capacity delivery strategies. In simulasiouns, it is found that small capacity
increments in short response times can yield maeefits than large capacity
increments in long response times. However, slespanse time to raise the capacity
require a priori investment. The strategy to deeuthen to increase the capacity can be
the observation of the congestion threshold. Is 8imulation runs, 75% congestion
threshold is considered as a triggering situatiamthermore, Monte Carlo simulation is
used to address the multiple sources of the unogri@Miller & Clarke, 2007).
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Figure 3.6.System Dynamics Modiwof The Hypothetical Situation Considerin
(Miller & Clarke, 2007)

Suryani et al. (2010) expand the model use(Miller & Clarke, 2007)by incorporating
the GDP and population growth as well to forechst air passenger demand anc
investigate the impacts of scenarios that expaedranway and terminal capacity
seen in Figure 3.7In optimistic scenario, 6% GDP growth with stambldeviation 1
and 0.48% population growth is tested whether thevay utilization and passenc
terminal capaty accommodate the forecasted demand. In pessinsiséinario, 2.89
GDP growth with standard deviation 1 and 0.48% (etmn growth is used for tr
same purpose. In optimistic scenario, runway w@iian will be greater than 1 after t
year 2013 whichmplies the more runway capacity while the same \ieh& observe(
after the year 2024 for the pessimistic scenarinother issue, other than runw
capacity, is the terminal building capacity usedidaggage claim, flow space, ch-in,
holding and geeric area. In simulation run, the lack of terminapacity is seen aft
the year 2012 for optimistic scenario and, after year 2020 for pessimistic scene
(Suryani, et al., 2010).
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Suryani et al. (2012¢xtend their model to forecast air cargo demassociated with
terminal capacity expansion based on scenariosh#ae optimistic and pessimis
economic projectiondn view of this fact, it is stressed thihere is a strong positi\
correlation with the size of the air cargo demamd #&ad volume and economi
activity. Air cargo demand is affected by factors suc foreign direct investmer
(FDI), import, and transit growths bthe most influential factor is the GCgrowth
among othes as it represents the economic activThe scenarios te«d for the 20
years horizon for # Taiwan Taoyuan International Airport (TTlfand capacity
expansion will be needed after the year 201&optimistic scenario and after the ye

2030 for pessimistic scena (Suryani, et al., 2012).

Manataki and Zografos (201proposed a generic system dynamics modassess the
performance of the Athens International Airportgmawger terminal based on differ
'what if' demand increase and resource allocati@marios. The model is built on t

intention of being generic so as to adopt it ealyhe other airports. Ithe model,
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airport is decomposed into two hierarchical levélst one is the functional areas and
second one is the decomposition of these functiareds into the service levels. These
service levels are represented by modules whichirdegconnected to compose the
airport functional areas. At a higher level, thésectional areas are also combined to
form the airport terminal. In scenario run basedtlom of 25% increase in passenger
traffic, delays are observed on the security sengemareas, check-in areas and at
passport control facility accompanied with levelsefvice deterioration. The solutions
of these delays are assessed by deploying additiesaurces to the screening points

and check-in counters (Manataki & Zografos, 2010).

Steverink and Van Daalen (2011) have investigatedfactors that affect the airport
demand shift of passengers due to the immediaieeaticket price increase/decrease.
In a more concrete sample, they try to explainasygmmetric response of the system
observed when Dutch government introduced the aathé airline ticket fares at all
departing flights in The Netherlands and quitteak tlax after one year. This tax policy
is introduced so as to compensate the emissionf &hd other greenhouse gases
related with the associated air travel. After the introduction to the ticket prices, an
immediate passenger shift observed from Eindhoweriational Airport, Netherland,
to the airports Charleroi, Belgium, and Weeze, Garyn After the abolishment of the
tax, the same sudden shift is not observed; rattsow backshift is seen. In this study,
a cognitive decision making sequence of (Erasmiual.,e2001), which consists of the
sequences gbroblem recognition/pre-search stage, informati@areh, evaluation of
alternatives, choicandoutcome evaluatigris put forwarded to form the foundation of
the system dynamics model. The information seaachbe regarded as a triangle whose
corners are the preferences, alternatives antb#tits. The selection of the alternatives
depends on the three factors, first one is the éudgd other constraints, second one is
the situation of missing some alternatives (notrdhez them), and third one is the
discarding some of the alternatives as they aremest the minimum requirements. In
order to obtain the required information, personexgberience, word-of-mouth, and
marketing (advertisement) are used as a sourceevatuate the alternatives while

selecting a specific airport, a utility functionused which is the weighted combination
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of the average ticket pricaverage arrival time to the airport atite numbelof the
flights available at the airpc (Steverink & Van Daalen, 2011).
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The information acquisition CL of (Steverink & Van Daalen, 201 is depicted in
Figure 3.8.In system dynamics simulation, awareness of therratives is a ke

enabler to select the other competitive airportenduthe introduction of taxation ¢

airline tickets. If there is aigh awareness, a sfegassenger shift can be obser

towards the alternative airports. On the other haven though the taxation policy

abandonedall of a sudden, thsame reverse passenger shift mayheaibserved due to
the slow awareness of t situation.The competing airports should be ready to n

these kindof demand shifts by supplying the additional cajyafir demands and k

publicizing themselves as a good altern: (Steverink & Van Daalen, 201.

Pieron and Sterman (2013) have developed a behavigrandic airline industr
model to investigate the roots of the cycles sitheederegulation established in 19
The model includes the endogenous capacity expandiemand, pricing, costs a

other feedhcks in that several strategies are tested toiaéethe cycle (see Figure 3.9
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and Figure 3.10)They used maximum likelihood methods to estintati partial anc
full model parameters while Markov Chain Monte ©aniethods are employed to

up confidence intervals. It's found in s study that the delay in capacity acquisi
does not have very influential impact on profit leycAggressive revenue (yiel
management policy plays the main role by increasind decreasing the prices

ensure the high seat load factors, which ts with varying variances in proi(Pierson
& Sterman, 2013).
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Sterman, 2013).

As in the previous system dynamics studies, thso found evidence that cycles wi
caused by the late realization of the delays iraheg feedbacks that try to regulate

demand, capacity, load factor (capacity utilizatj@and prices. However, contrary to
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previous studies, they found that icycle in the capacity can be smoothed by adoy
airline pricing policy, especially usage of the erue management increases
responsiveness of prices to changes in demand cethpa the capacity and raise -
average load factors. Thus, airline ing business rules increase both operati
leverage and the variability in the profitabilitych can provide a globally minimu
risk-return space for the industry. In summary, profitles are usually induced by t

late recognition of the delays in negative feedbacK®ierson & Sterman, 201.
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The study of Von Beuningen (2014) aims to identifg competitive resources of four
airlines by adopting system dynamics in combinatioth resource-based view. The
four airlines group are Cathay Pacific, Emiratesftlhansa, and Singapore Airlines
whose competition is investigated on the routesvéen four German Airports and
three top financial centers in Asia, namely Hongé&oSingapore and Tokyo. The open
source data of airlines and limited surveys ared use study the resource of the
companies. Three competitive resources, namelgrairtravel time and appealingness
are designed to control the model. Likewise, it \wassible to observe the cause and
effect results inside the individual airline systamd among the all airline players by
changing one or more of these variables. The cdeopl diagram model is split into
three sub-tasks, namely demand, capacity and cdbhese sub-models are merged
based on leisure and corporate (business) travklttan interrelated at high level as
seen in Figure 3.11. One reinforcing loop, namelstemer needs, and three balancing
loops, namely demand/supply balance, yield managearal capacity adjustment, are
highlighted. Several hypothesis are suggested estdd in the study (Von Beuningen,
2014)
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4. SD BASED MODEL DEVELOPMENT FOR AIRLINE
MAINTENANCE OPERATIONS

Turkish Airlines has significantly increased aidipassenger transportation capacity in
last decade from 10.4 to 50 million passengers éetwyears 2003 and 2013
respectively (THY, 2015a). Turkish Airlines is thst dominant local airline company
in the aviation industry in Turkey. Especially, destic airline transportation demand is
almost met by Turkish Airlines. It expanded botbnustic and international
destinations especially in the last decade andcheshap to 241 (199 international and
42 domestic) different flight destinations worldwidy the end of 2013 (THY, 2015b).
Compared with the other local airlines, it has tighest amount of market share and

the market share of other local small airlineslsamgnored for now.

Turkish Airlines currently has approximately 26€ceafts and ordered nearly 200 brand
new aircrafts to incorporate its fleet to becomealdwide airline carrier brand. The
expansion of the airline fleet will have impacts afl airline operations. At the
beginning of study, we aimed to investigate thatrehs and resulting impacts in the
whole company departments. But, due to the limdpdn source and proprietary data
issues we could not obtain enough data to modeWtiide company and constrained

our focus on the MRO department.

When airline operations examined in the literatunefortunately, there is almost no
contemporary study that focus on the relations eebwMRO activities and other airline
operations. So, this study aimed to fill this gapliterature by using very limited
available data about Turkish Technic MRO departmehhe publicized data is very
limited and like other airlines, Turkish Airline¢sa prefers to keep its data as private.
Therefore, it is decided to start the study asse céudy.

In summary, this section explains the adoptionystesm dynamics methodology to the

Turkish Technic MRO department.

4.1. Problem Definition

There are lots of airline operations including, bat limited to, flight scheduling, fleet

assignment, aircraft routing, crew scheduling, noavgr planning, revenue
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management, fuel management systems, airline laegyerations, gate assignment,
aircraft boarding strategy, airline operations aobeduling (Bazargan, 2010). In these
operations, direct MRO activity cost is very sigraht and it is approximately around
10% of the all other cost drivers as shown at Table. (Merkert, 2010)(Von

Beuningen, 2014). When MRO activities are handiedn unsatisfactory manner, this
situation causes more aircrafts to lose their aitttmoess. The aircrafts sitting on the

ground means losing revenues, and burdening additemsts.

/AIRCRAFTS IN SERVICE

ﬂRO Department \
ENTER . EXIT

MRO Capabili

Tools &
Documentation

MRO Task

Scheduled
Unscheduled

- /

Figure 4.1.Maintenance Cycle in a MRO Facility

Aircrafts lost
airworthiness
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airplanes

There are some studies that aim to model the apesadnd activities in airline industry
as mentioned in literature review section. The eaftect relationships of the MRO
activities with the other airline operations are imvestigated in detail at these studies.
That is why; this study will try to shed some lightmodel and reveal the interactions
of the MRO activities within the airline operatiobg using system dynamics modeling

methodology.

Aircrafts usually need a wide variety of periodi@intenance activities in order to
sustain their airworthiness. These activities ageegally called as A, B, C and D
checks. The tasks in these certain checks carahsférred or handled in other type of
checks. For instance, B checks can be executed andA C checks as in Turkish
Technic. C checks can be divided into C1 and CzlchgHasekioglu, 2014). The
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contents, means and volume of maintenance activiierered in these checks differ
according to aircraft type. They are well plannedtine tasks which are triggered after
reaching a certain operation condition such asdjime, age, number of flights and
executed periodically as seen in Figure 4.1. Othan this planned MRO tasks, there
are also unscheduled breakdowns, or detected nesithus during inspections. The size
of this unscheduled MRO tasks are not small andreanh to almost 60% of regular
scheduled tasks (Hasekioglu, 2014). The strateggxtrute these MRO tasks may
differ from maintenance department to maintenanepadment and for Turkish

Airlines fleet a summary is given at Table 4.1.

The MRO activities of Turkish Airlines fleet arertitled by the both Turkish Technic
and Turkish HABOM Maintenance Departments which are the subsidiafidsirkish

Airlines Companies. Turkish Airlines ordered appnoately 200 aircrafts lately and try
to increase its share in the airline matkatis study will investigate how the aircraft
fleet growth will affect the productivity of the Tkish Airline MRO Departments and
will propose some scenarios to incorporate new MRrations Staff to cope with this

new situation.

Table 4.1.Turkish Airlines Major MRO Check Types

MRO Type | SUMMARY

A Check It needs to be applied every week. TheiredUMRO man power i§
approximately between 100-500 man-hour for eaarair
C Check It needs to be applied at every 2-3 yeads admost takes 1 month

period to finish. The required MRO man power isragpnately 5000
man-hour for each aircratft.

Line This work is handled by approximately 500 MRO opierss staff.
Maintenance

The scheduled and unscheduled MRO activities for kind of aircraft requires
fulfillment of a wide variety of tasks. The diffity and time required to finish those
task are not the same. So, while modeling the AGgbe MRO activities, these issues
are raised as challenging ones. Later, in orderkéep the model simple and
understandable, it is decided to convert thesestasskesource need, in another word, to

1 Recently HABOM joined to Turkish Technic.
2 The total number of aircraft in the aircraft fléearound 264 currently (THY, 2015c).
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the man power (man-hour). From judgment and pgs¢mrence, the required resource
for A type MRO checks, which are executed approx@étyaon weekly base, is
estimated between 100-500 man hour for each airctaf the other hand, the tasks
executed for A type check may also appear unexglgchs pilot observation or during
routine flight checks. The C type MRO checks, whach executed on 2-3 years base, is
estimated as in the order of 5000 man hour for eaatraft. In the model, the man
power needed for unscheduled A and C type MROseatienated as the 60% man
power of each scheduled MRO check group based peregxperience and judgment
(Hasekioglu, 2014).

Each MRO operations staff has 8 hours potentiakimgrhours daily. But, he/she has
legal rights like tea breaks and almost 1.5 hoassid spent likewise. Therefore, on
average, only 4.5 working hours can be used effelgtito produce value for the
department. So, the utilization of one staff isuam 4.5/(8-1.5)= 0.6923. MRO
operations staff also leaves from department dulkdgoetirement or any reason and it is
around 5% of the total MRO operations staff yeaflye MRO departments do not have
a regular staff recruitment policy. The existingtbrical staff population including the

administrative staff can be seen at Table 4.2.

Table 4.2.Existing MRO Staff Data

Year | Approx. Total # of MRO Staff Total # of Aircrafts
2003 2000 65
2004 2250 73
2005 2500 83
2006 3000 103
2007 3000 102
2008 3500 127
2009 3500 134
2010 3500 152
2011 4000 179
2012 4500 202
2013 5000 244

Not all of the MRO operations staff execute thenl & type operations. Almost 500 of
them are used in line maintenance operations. Tdrerenonthly potential man power

Is calculated by excluding this resource. The ayeraumber of MRO staff per aircraft
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according to years can be seen at Figure 4.2. Tiderelecline in the ratio possibly as a
result of increasing the productivity of MRO depagnt.
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Figure 4.2.Number of Total MRO to Number of Total Aircrafts tika

This potential man power is used in both A and @etgcheduled and unscheduled
MRO operations. As an approach in the model, &sisumed that C type MRO checks
last nearly one month and resource allocation fyias given to finish these tasks.

After that, remaining resource is used to handk Ahtype checks (scheduled and
unscheduled). As the time step is selected as ryoiitie unfinished aircrafts at C type
MRO checks will stay at least one more month inMRO department. That is why,

priority is given to the C type checks. After finisg all the MRO operations, the model
store the remaining man power to observe if compaay excess or spare human

resource. The purpose of storing this spare resagno see the flexibility at hand.

Another important factor directly affecting the nebds the number and the timing of
aircrafts that is going to join the aircraft fledtew aircrafts will have impact on the

increase of number of passengers and extra burdé&medVIRO facility. Thus, different
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combination of sizing and timing of new aircraftsdaits effects on MRO operations
will be investigated.

4.2. Causal Loop Diagram of the Model

Most of the SD models use parameters at macro iagtdad of micro level and adopt
policies, behavioral trends and changes in higgyr@gate way. Therefore, these kinds
of models are abstract, simple and general in tti@ mimic the real world system

under question. While deciding to use such abstraxtels, the level of detail and their
dynamics are sometimes sacrificed. In these casasponents of the models can be
disaggregated and refined to get more sound nuatesidput (Abbas & Bell, 1994).

Considering these facts, to make the model undetatde, the detail in the model kept

in the macro level in an aggregated manner.
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Figure 4.3.Overview of the Model Structure and Boundary
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Figure 4.3 shows a high-level causal diagram sunzingrthe principal feedbacks and

their influences in the model. A summary of the elodoundary, listing the main

endogenous, exogenous and excluded variables@areled at Table 4.3.

Table 4.3.Model Boundary Diagram Emphasizing the Most Imparégndogenous,
Exogenous and Excluded Variables in the Model.

Endogenous Variable

Exogenous Variable

Excluded Vable

Maintenance Operations
Staff

Staff Look-Up Table

GDP

Staff Increase Hour available per person Marketing
Monthly staff capacity Utilization Rate Advertising
Productivity per person Aircraft look-up data JaeF

Used man power Passenger Demand Forecast Inflation

Man power wasted

Scheduled A type MRO man
power per aircraft

Unemployment

C Type MRO executed
aircrafts

A type MRO Generator

Runway capacity

A Type MRO executed
aircrafts

Weekly A Type MRO checks in
a month

Aircraft Delivery

Man power need for A type | Scheduled C type MRO man | Wages
MRO per aircraft power per aircraft

Man power need for C type Brand image
MRO per aircraft

Unscheduled A type MRO Budget

man power per aircraft

Unscheduled C type MRO
man power per aircraft

Actual aircrafts in use

Average flights per aircraft ir
a month

-

Flight capacity per month

Purchase of aircrafts

Potential Aircrafts to Use

Aircrafts at C Type MRO

Aircraft Retirement

Total aircrafts

Passengers per month

Passengers

Average number of
passengers in a flight

Man power per aircraft

MRO capacity shortfall

Aircraft capacity shortfall
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The model is organized into four principal secteesource requirement calculation for
MRO checks, MRO human resource management policyaét MRO planning policy

and passenger capacity.

The main limiting resource that affects the MRQwist is the availability of the skilled
man power. There are also other kinds of issuesctafig the MRO such as ground
services equipment, hangars, and maintenance tobks.effects of such things are

incorporated in model with the “productivity” vabile of staff.

Boundary diagrams are very useful to capture theradl structure, constraints and

limits of system under investigation.

The main feedback loops at the casual loop diagteansummarized at the following

paragraphs.

MRO capacity shortfall loop (see Figure 4.4) statest when MRO activity tasks
requiring more man power are introduced into the&tesy, the aircrafts usually may be
accumulated at MRO facility and as a result, comparay lose significant revenue.
Thus, MRO operations capacity has to be increasetliis case either by hiring new
staff or improving the productivity of the staffn Ithis case, an additional MRO
capability increase will be observed and this iaseewill help to handle more aircraft

maintenance.

The balancing loop is triggered after observinggaiBcant passenger seat capacity loss
due to the unsatisfactory MRO capacity to handleOviieeds. Even though fleet size is
large enough to carry the intended passenger dentlaadhircrafts may not meet this

call as some of them lose their airworthiness aatling to be repaired or checked.

A significant gap between total aircrafts and alctamcrafts that in use triggers
recruiting new MRO staff. This new staff will inage the number of total MRO
operations staff and subsequently MRO staff capacihis new capacity will help to
handle the MRO activities of more aircrafts and@ase the size of the aircraft fleet that
Is actually used to carry goods. Increase of thwaxthy aircrafts will reduce the gap

between total aircrafts and actual aircrafts iwviser(aircrafts in use).
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Figure 4.4.MRO Capacity Shortfall Feedback Loop

Flight capacity expansion loop (see Figure 4.5)p$ymstates that procuring new
aircrafts will usually increase flight capacity aasl a result aircraft fleet will carry more
passengers. The trigger to increase the flight@gpe usually the observation of the
demand increase towards the airline and lack oté#pacity to carry those passengers,

that is, aircraft fleet seat capacity shortfall.

After reaching the triggering point of the balarginop, new aircrafts will be integrated
to the fleet to meet the passenger demand. Newa#gavill increase the fleet size and
if MRO capacity allows, more aircrafts will undergmMRO operations to sustain their
airworthiness. This will initiate a chain relati@s more aircrafts in use to more flight
capacity and more flight capacity to more passengsiter all, loop will be enclosed by
decreasing the gap between passenger demand toaechavailable seat capacity for

passengers.
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Figure 4.5.Flight Capacity Expansion Feedback Loop

The impact of fleet expansion on MRO capacity |¢sge Figure 4.6) states that a net
increase in the fleet size usually requires moreQMEapacity to handle the new
aircrafts’ MRO needs. That is why, it is reasonableonsider recruiting new MRO
staff while acquiring new aircrafts. Otherwise, tttanpany may not reach the intended
flight capacity and will lose revenue as some poridf the aircrafts will be waiting on
the ground to become airworthy. On the other h&mhg additional MRO staff is a
cost to the company and a balance is required leetwevenue losses due to the
shortfall of MRO staff capacity and costs of hiriadditional MRO staff. The ultimate
goal may be to minimize both these relevant costs rmaintenance service durations

simultaneously.

If the significant gap between demand forecast passengers is not caused by the

capacity shortfall of the MRO facility then a triggghg action initiated from aircraft

fleet capacity shortfall to minimize this gap. Bamly, procurement of the new aircrafts

indirectly introduces more MRO activities to the ERacility. So, procurement of new
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aircrafts causes to recruit additional MRO stafimeet the MRO needs of these new
aircrafts. Thus, enhanced MRO capacity will servtoemore aircrafts. This will
increase the number of aircrafts in service and essult, the flight capacity. Elevated
flight capacity will usually result with carrying ene passenger and closing the afore

mentioned gap.
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Figure 4.6.The Impact of Fleet Expansion on MRO Capacity Faekt.oop

Man power waste loop (see Figure 4.7) highlighesdituation in which there are excess
resources that do not produce any value to thesyahd wait idle. In case of procuring
new resource, this excess resource capacity canrsedered and a portion of it can be
subtracted from the planned new resource. Likewile, company can save from
unnecessary costs. Another option may be to useidie resource at giving MRO
service to the other airlines. The loop is triggert there exists a significant idle
resource. In any case, this spare man power alsbeaonsidered as insurance during

the periods of elevated MRO operations.
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Figure 4.7.Man Power Waste Feedback Loop

Efficient usage of resource loop (see Figure s8)cates that when a high portion of
available resource is used to produce value, wisith handle MRO needs of the fleet,
then the resource in hand will not be wasted artresult with less cost and more
revenue. The MRO need of more aircrafts will bewanred. If there is a balance
between the volume of the MRO capacity and the M€&ds of the aircraft fleet, MRO
capacity will not be wasted. But the regulationtlis balance is not easy due to the

stochastic nature of MRO operations.
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Figure 4.8.Efficient Usage of Resource Feedback Loop

Effect of increased MRO activity on MRO utilizatidoop (see Figure 4.9 ) indicates
that when system introduces high volume of MROVvégti then this will affect the
utilization of MRO facility. If MRO facility has ite resource, then this resource can be
used to compensate the unexpected additional bamlgmncrease the utilization of the
MRO facility. In case of inadequate MRO resourtes high MRO burden will cause
less aircrafts to be serviced. On the other haragted man power will be reduced to
minimum levels. To overcome the situation of insudint resource, MRO staff capacity

has to be increased.

Staff capacity can be increased not only by inéngathe staff productivity but also by

recruiting additional staff. Likewise, overall MR@&xtivity is also increased in two

ways: One is to increase the number of aircrafes tteed MRO and the other is to

enhance the content of the MRO which requires mmaa power. The increased MRO

tasks will consume more resources and, as s rebaltytilization of MRO operations

staff will also increase. But, keep in mind thatstdoes not guarantee the increased
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productivity for MRO department. Because the cotecaaitput of MRO department can
be measured with number of airworthy aircrafts.sTimimber may not be increased due
to the likely increased volume of MRO tasks, evkeaugh the utilization of MRO

operations staff is increased.

Demand Forecast

average
+ - PAX + " d

fights per
aircraft
. monthly
aircraft fleet fight capacity
capacity shortfall
+
: VRO o
. r
MRO capacrry‘/_\ . . aircrafts
shortfal aircrafts in
use + unscheduled
+ MRO for
aircrafts
man power /
¥ + . needed for +

new total Ty M RO
aircrafts aircrafts aircrafts atm
MRO
execute d
aircrafts

) +
maintenance staff

operations Capac'“E of Increas d MRO Actiyfty on MRO Utilization

new staff for staff

MRO

productivity
per person wasted man
power

Figure 4.9.Effect of Increased MRO Activity on MRO Utilizatidfeedback Loop

MRO activity increase loop (see Figure 4.10) inthsahat an increase in MRO activity
man power due to any reason, such as the increake number of aircrafts that need
MRO or enhancement of the content of the MRO wiéxfuires more man power, will

bring forth the fact the there will a backlog at MRacility consist of aircrafts that need
MRO and size of the serviced aircrafts in the fiedt be lessened. Thus, aircrafts at

MRO facility will be accumulated.

Routine MRO cycle loop (see Figure 4.11) indicaled aircrafts at MRO joins the fleet
to bring value to the airline company after a aarteme and other aircrafts take place of

these aircrafts to undergo the MRO activity.
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4.3. Stock and Flow Diagram of the Model

The stock and flow diagram of the model is preskrdae Figure 4.12. The model
separated into sub-models to comprehend more ylaad explained in detail in the
following paragraphs. The parameters used in theemnare calculated from the
historical data and from expert judgments and taolighem is presented in the Table
4.4,

The stock and flow diagram is implemented at VenBi8S version 5.10d. The time

horizon is start from 2003 to 2025 and time stepnis month (approximately 0.08333 /

Year).
Table 4.4.Parameters List
Variable Value Unit
aircraft retirement rate 0.00833 1/Month
C Type MRO ratio 1/2.5/12 1/Month
(Total aircrafts/2.5
Years/12 Months
C type MRO to Month ratio 1 1/Month
man per aircraft 35 man/aircraft
Potential Aircrafts to Use: Initial Value g4 aircraft
scheduled C type MRO man power per aircraft 5000 man*hour
/aircraft/Month
line maint. oper. staff 500 man
Maint. Operations Staff : Initial Value 2000 man
Man Power Wasted : Initial Value 0 man
staff leaving rate per month 0.004(16 1/Month
utilization per person 0.692
waste man power save filter a.5
work days in a month 24 day/Month
average number of flights per aircraft in a month 00 2flight/(Month*aircraft)
average number of passengers in a flight 139 Passenger/flight
Demand Forecast : Initial Value 10400000 Passenger
Monthly aircraft shortage filtering ratio 0|5 1/Month
Passenger: Initial Value 10400000 Passenger
to month 1 1/Month
total aircraft MRO desired ratio 0.98
Total Flights : Initial Value 100000 flight
hourly man power cost 80 Dollar/man/hour
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Aircraft MRO planning policy sub-model try to scheel the MRO checks of the
aircrafts according to the regulations. As mentibbefore, A type MRO checks are
performed for each aircraft on weekly basis, wiileéype MRO checks are performed
on 2-3 year periods and last almost one monthtigonumber of aircraft that require C
type MRO in a month is calculated by dividing totaimber of aircraft to the 2.5 years
period and then to 12 months. It is assumed thatadis at the C type MRO check are
unavailable for service during this period. Thawisy, all aircrafts other than the ones

at C type check are potentially can be used inseprovided that they are airworthy.

At the end of each month, aircrafts requiring Cetyglheck join to the “Aircrafts at C
Type MRO” section and some of them leave from #astion for service if they are
successfully checked and repaired. There must loeighn potential man power to
successfully complete the MRO operations. For exanipthere were 30 aircrafts at
the C type MRO section and MRO facility had man power at most 20 aircraft C type
checks, then 20 aircrafts would leave from MROlifigcand 10 aircraft would stay at

MRO facility at least for one month period.
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Figure 4.13.Aircraft MRO Planning Policy Sub-Model

As the size of the aircrafts increase, the volurhéaih C type checks and A type
checks are also elevate. This will indirectly fotoerecruit additional MRO operations
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staff. On the other hand, fleet seat capacity élenhanced and probably will carry
more passengers. More detail about Aircraft MRQpilag policy sub-model can be
seen at Figure 4.13 and Table 4.5. This portiomodlel can be detailed by adding the

financial constraints to buy new aircrafts.

Table 4.5.Aircraft MRO Planning Policy Sub-Model Equations

Equation Unit Number
A type MRO executed aircrafts= MIN (Potential Améts to aircraft| (4.1)
Use, potential to end A's)
aircraft capacity shortfall=MAX(O,INTEGER(Monthlyraraft | aircraft/Month| (4.2)
shortage filtering ratio* (demand rate-passengeraonth
)/(average number of passengers in a flight*averageber of
flights per aircraft in a month ) - MRO capacityostfiall ))
aircraft look-up table = GET XLS aircraft/Month| (4.3)
DATA('MRO_Data_model.xIs', "Yearly', 'a’, 'g2")
aircraft retirement= IF THEN ELSE( Time < 2014 aircraft/Month| (4.4)
,0,INTEGER (total aircrafts * aircraft retiremeste ))
Aircrafts at C Type MRO= INTEG (to C type MRO-Qoty aircraft| (4.5)
MRO ends, 1)
C type MRO ends=C type MRO executed aircrafts*@typ | aircraft/Month| (4.6)
MRO to Month ratio
C type MRO executed aircrafts= MIN(Aircrafts at @o& aircraft| (4.7)
MRO, potential to end C's)
C type MRO need per month= INTEGER (total aircrafs aircraft/Month| (4.8)
Type MRO ratio)
man power for new aircrafts=man per aircraft*(pasd of man/Month| (4.9)
aircrafts + MRO capacity shortfall)
MRO capacity shortfall= MAX(O, IF THEN ELSE( (C tgp aircraft/Month| (4.10)
MRO need per month + actual aircrafts in use* toithg >
total aircraft MRO desired ratio*total aircrafts*toonth , O,
INTEGER( to month*(total aircrafts-actual aircraiitsuse)) -
C type MRO need per month) )
new aircrafts= MAX(aircraft look-up table, aircrafpacity aircraft/Month| (4.11)
shortfall)
Potential Aircrafts to Use= INTEG (C type MRO aircraft| (4.12)
ends+purchase of aircrafts-aircraft retirement-tyge MRO,
64)
potential to end A's= INTEGER( remaining monthlgf&t aircraft| (4.13)
capacity / man power need for A type MRO per aftgra
potential to end C's= INTEGER(monthly staff capacitman aircraft| (4.14)
power need for C type MRO per aircratft )
purchase of aircrafts= new aircrafts aircraft/Monti4.15)
to C type MRO= C type MRO need per month aircraftivh | (4.16)
total aircrafts= Aircrafts at C Type MRO + Potehrcrafts aircraft| (4.17)
to Use
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Figure 4.14.MRO Checks Sub-Model

MRO checks sub-model highlights the routine MROcg&iseand required man power to
execute these operations. In this sub-model, twm RO checks are considered as
important and implemented. These checks are cordpafstnousands of different tasks
and the volume and the required time to finish tleeenquite different. At first, it was a

challenging task how to implement these tasks enntiodel. After discussing the issues
with subject matter experts, it was decided to eohall these well defined tasks to man
power, which is sometimes referred as man x howveryftask can be converted to its

equivalent man power value.

From experience, scheduled A type checks requie500 man x hour resource for
each week while scheduled C type checks do 5000 fawur resource at 2-3 years
intervals. As stated earlier, there also unscheddleand C type checks. From expert

judgment, size of these tasks are almost 60% afc¢heduled A and C type checks.
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Table 4.6.MRO Checks Sub-Model Equations

Equation Unit Number
A type MRO executed aircrafts= MIN (Potential Améts aircraft| (4.18)
to Use, potential to end A's)
A type MRO generator for weekl= RANDOM man*hour/aircraft/ (4.19)
UNIFORM(100,500 , 2148) Week
A type MRO generator for week2= RANDOM man*hour/aircraft| (4.20)
UNIFORM(100,500, 7876 ) Week
A type MRO generator for week3= RANDOM man*hour/aircraft| (4.21)
UNIFORM(100,500, 1974 ) Week
A type MRO generator for week4= RANDOM man*hour/aircraft/ (4.22)
UNIFORM(100,500, 1997) Week
C type MRO executed aircrafts= MIN(Aircrafts at @pe aircraft| (4.23)
MRO, potential to end C's)
man power need for A type MRO per aircraft= weekly | man* hour/aircraft (4.24)
Type MRO checks in a month * (scheduled A type MRDO /Month
man power per aircraft +unscheduled A type MRO map
power per aircraft)
man power need for C type MRO per aircraft=schedlule man*hour/| (4.25)
C type MRO man power per aircraft+tunscheduled @ typ (Month*aircraft)
MRO man power per aircraft
monthly staff capacity=MAX (0,(Maint. Operationsa8t man*hour/Month| (4.26)
line maint. oper. staff)*productivity per person)
potential to end A's= INTEGER( remaining monthlgf&t aircraft | (4.27)
capacity / man power need for A type MRO per aftfra
potential to end C's= INTEGER(monthly staff capacit aircraft| (4.28)
man power need for C type MRO per aircraft )
remaining monthly staff capacity= monthly staff eapy- | man*hour/Month| (4.29)
(C type MRO executed aircrafts*man power need for ¢
type MRO per aircraft)
scheduled A type MRO man power per aircraft=A type| man* hour/aircraff (4.30)
MRO generator for week1+A type MRO generator for Week
week2+A type MRO generator for week3+A type MRO
generator for week4
unscheduled A type MRO man power per aircraft= man* hour/aircraff (4.31)
0.6*scheduled A type MRO man power per aircraft /Week
unscheduled C type MRO man power per aircraft= man* hour/aircraft (4.32)
0.6*scheduled C type MRO man power per aircraft /Month
used man power= A type MRO executed aircrafts*man man*hour/Month| (4.33)
power need for A type MRO per aircraft+ C type MRO
executed aircrafts*man power need for C type MRO pe
aircraft

The model assumed that MRO execution priority sthdnd given to the C type checks,

as they almost last one month. The monthly man poiWwBIRO staff first used to finish

C type checks and then remaining man power is tsdthish the 4 weeks’ A type
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checks as many as possible. Available man powaivided by the required man power
need for MRO checks so as to find the maximum nurmbaircraft whose checks can
be completed, that is the variables “potential nd &’s” and “potential to end C’s”

respectively. The detail of the sub-model can lem s Figure 4.14 and Table 4.6.

Table 4.7.MRO Human Resource Management Policy Sub-Model s

Equation Unit Number
C type MRO executed aircrafts=MIN(Aircrafts at Cpgy aircraft| (4.34)
MRO, potential to end C's)
Maint. Operations Staff = INTEG (staff enteringfta man| (4.35)
leaving, 2000)
man power for new aircrafts=man per man/Month| (4.36)
aircraft*tMAX(purchase of aircrafts, MRO capacity
shortfall)
man power need for C type MRO per aircraft=schetie man*hour/| (4.37)

type MRO man power per aircraft + unscheduled @typ| (Month*aircraft)
MRO man power per aircraft

man power waste rate=wasted monthly man power*to man/Month| (4.38)
month
Man Power Wasted= INTEG (man power waste rate,0) n mé&t.39)

monthly staff capacity=MAX (0, ( Maint. OperatioB¢aff | man*hour/Month| (4.40)
- line maint. oper. staff )*productivity per pergon

potential to end C's= INTEGER(monthly staff capacit aircraft| (4.41)
man power need for C type MRO per aircratft )
productivity per person= work days in a month*hour hour/Month| (4.42)

available per person*utilization per person

remaining monthly staff capacity= monthly staff aajy- man*hour/Month| (4.43)
(C type MRO executed aircrafts*man power need for C
type MRO per aircraft)

staff entering=staff increase man/Month(4.44)

staff increase= IF THEN ELSE(Time < 2014, staffkaq man/Month| (4.45)
table , MAX(0,man power for new aircrafts- man powe
waste rate*waste man power save filter+ staff leg)i

staff leaving = IF THEN ELSE( Time < 2014 ,0,INTERE man/Month| (4.46)
( Maint. Operations Staff * staff leaving rate peonth))
staff look-up table = GET XLS man/Month| (4.47)

DATA('MRO_Data_model.xIs', "Yearly', 'a’, 'j2")

used man power= A type MRO executed aircrafts*man | man*hour/Month| (4.48)
power need for A type MRO per aircraft+ C type MRO
executed aircrafts*man power need for C type MRO pe
aircraft

wasted monthly man power = (monthly staff capaaggd man| (4.49)
man power)/productivity per person
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MRO human resource management policy sub-model gesnthe human resource need
of the MRO department. While maintaining human uese policy, model takes into

account of joining new aircrafts to the fleet, metj aircrafts, wasted man power and the
productivity of the employees. The business prodlesg and the equations used are
presented at Figure 4.15 and Table 4.7. respegtiféle wasted man power is taken
into consideration while recruiting MRO staff. It&lue is filtered with multiplication

by “waste man power save filter” to sustain a maeust staff increase policy and

balance the excess staff and new staff.

This portion of model can be detailed by addingfth@ncial constraints to recruit MRO
operations staff.

<man power need for C

type MRO per aircraft>
) <Time> ;

<C type MRO
staff leaving executed aircrafts>
<man power for staff leaving® rate per month
new aircrafts> ’ <used man
ower>
staff entering Maint. ine maint. oper. » < P
Operations I . : -
pSlaf; staff remaining
monthly staff
\ ‘ capacity
monthly stafr_/ wasted <to month>
staff increase capacty — e monthly
\ / man power
. e
/ N prgrduztr“s/g] work days man powet_Wasted
<Time> utiization per perp 2 morh waste rate

staff look-up table
waste man power
save fiter

person __—7 \
hour available per
person

Figure 4.15.MRO Human Resource Management Policy Sub-Model

Passenger capacity sub-model introduces the twariamt shortfall mechanisms to
keep up with the forecasted demand, MRO capacivytfsii and aircraft capacity
shortfall. MRO capacity shortfall is triggered whtére MRO staff capacity lacks the
capability to execute MRO activities of the fleéthis situation causes to lose
airworthiness of some aircrafts and they becamélan@a carry passengers or goods.
Aircraft capacity shortfall appears when the fleeat capacity is not enough to carry the
desired forecasted passenger capacity. To solhge thieuations, recruitment of MRO
staff and expanding the aircraft fleet are chosemusiness policies respectively. The

detailed business flow and formulations are preskat Figure 4.16 and Table 4.8.
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Table 4.8.Passenger Capacity Sub-Model Equations

Equation Unit Number

A type MRO executed aircrafts=MIN (Potential Airfteato aircraft| (4.50)

Use, potential to end A'S)

actual aircrafts in use=A type MRO executed aitsraf aircraft| (4.51)

aircraft capacity shortfall=MAX(0,INTEGER( Monthly aircraft/| (4.52)

aircraft shortage filtering ratio* (demand rate-g&sgers pef Month

month)/(average number of passengers in a fligleraye

number of flights per aircraft in a month) - MR@pacity

shortfall ))

C type MRO need per month= INTEGER (total aircrafs aircraft/| (4.53)

Type MRO ratio) Month

Demand Forecast= INTEG ( demand rate, 1.04e+007) ssdphger (4.54)

demand rate=forecast look-up table Passengét/55)
Month

flight capacity per month= INTEGER (actual aircsaift flight/Month | (4.56)

use*average number of flights per aircraft in a thpn

forecast look-up table = WITH LOOKUP (Time,([(2003, Passenger/ (4.57)

2025,2e+007)], (2003,1.658e+006),(2004,1.742e+006), Month

(2005,1.989e+006), (2006,2.343e+006),(2007,2.66&)}+00

(2008,2.953e+006),(2009,3.414e+006),(2010,3.717&)+00

(2011,4.353e+006),(2012,5.019e+006),(2013,5.909)+00

(2014,6.759e+006),(2015,7.187e+006),(2016,7.849&)+00

(2017,8.272e+006),(2018,8.873e+006),(2019,9.387&)+00

(2020,9.981e+006),(2021,1.049e+007),(2022,1.09681+00

(2023,1.133e+007), (2024,1.2e+007), (2025,1.236€})0

MRO capacity shortfall= MAX(0, IF THEN ELSE( (C tgp aircraft/| (4.58)

MRO need per month + actual aircrafts in use*to thgre Month

total aircraft MRO desired ratio*total aircrafts*toonth , O

, INTEGER( to month*(total aircrafts-actual airdisain use)

) - C type MRO need per month) )

Passenger= INTEG (passengers per month,1.04e+007) Passenger (4.59)

passengers per month=flight capacity per month’ayer Passenger/ (4.60)

number of passengers in a flight Month

total aircrafts= Aircrafts at C Type MRO + Potehtia aircraft| (4.61)

Aircrafts to Use

Total Flights= INTEG (total flights per month, 101T) flight| (4.62)

total flights per month= flight capacity per month flight/Month | (4.63)
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<average number per month
passengers in a fight>

<Time>—___ forecast look-Up
table
—
'/‘% passengers

aircraft capacity

<average number cL/”
fights per aircraft in s‘horﬂall total aircraft MRO ber of
a month> / / desired ratio pzvsif,?;e?: r; : irli;ht
. ﬂ|ght capacity
Monthly aircraft MRO capacity Total Fl;gh per month

shortage fitering ratio

shortfall total ﬂlghtS
per month
< type average
number of
MRO need . month fights per
per month> actual aircrafts aircraftin a

month
<total aircrafts> inuse

<A type MRO
executed aircrafts>

Figure 4.16.Passenger Capacity Sub-Model
MRO cost sub model simply puts forward the cosalbfthe MRO production. The
hourly man power cost includes all the related erltares regarding MRO tasks. The
used man power and its hourly cost together witle ¢fne overall MRO operations cost

as seen at Figure 4.17 and Table 4.9.

hourly man
<used man power cost

bower \

man power cost

T

maint. Costs

Figure 4.17.MRO Cost Sub-Model

Table 4.9.MRO Cost Sub-Model Equations

Equation Unit Number
maint. costs = man power cost Dollar/Montl§4.64)
man power cost=hourly man power cost*used man Dollar/Month| (4.65)

power

used man power=A type MRO executed aircrafts*mapnman*hour/Month| (4.66)
power need for A type MRO per aircraft+ C type MRQ
executed aircrafts*man power need for C type MRO pe
aircraft
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4.4. Validation of the Model

There is a strong dependence between the valitlityoolel and its purpose. The notion
of the validity can be seen as “usefulness witlpeesto some purpose”. This brings
forth the question of judgment about the validifynwodel which directly encapsulates
the judgment about the validity of its purpose. rElfigre, this judgment is basically
introduces the nontechnical, informal and qualratmeasures into model validation
(Barlas, 1996). Moreover, as stated by(Greenbeggel,, 1976, pp. 70-71), it is almost
impossible to validate a model completely. Thusnay be more appropriate to say

illuminating,” “convincing,” or “inspirng confidence” rather than “valid”
(Sterman, 2000).

“useful,

System dynamics modelers have developed variowss ki tests to reveal the flows

and enhance the quality of models. The detail e¢hkinds of tests can be found at
almost all text books about system dynamics likerf8an, 2000). The most common

tests are, but not limited to, boundary adequatiyictire assessment, dimensional
consistency, parameter assessment, extreme caorglitiotegration error, behavior

reproduction, behavior anomaly, family member, sagobehavior, sensitivity analysis

and system improvement(Sterman, 2000). In validgpimcess, it is enough to apply a
subset of these tests to be sure about the ussfutiie¢he model to serve to analyze the
problem and establish confidence, communication peuasion among modelers,

clients, and other related parties. So, each modeles his or her own judgmental

criteria about the quality and suitability of a neddAll in all, a model is considered as

realistic to the degree that it can be clearly cahended and approved (Sterman,
2000).

For boundary adequacy test, the important feedlmds, endogenous and exogenous
variables and equations are formed as explainpdewious sub-sections. There are also
other important variables and feedback loops thay tme originated from the other
departments or the factors of the company likenogaduring the procurement of new
aircrafts and the recruitment of MRO staff. But,r fthe sake of simplicity,
understandability and their negligible effects tloe purpose of model, they are omitted
from the model.
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For the structure assessment test, it is impottaptit forward how in reality the model

represents the physical structure of the systeavael to the purpose (Sterman, 2000).
Thus, the level of aggregation and compliance t® rdal physical system such as
conversation laws are investigated on the casagraim, stock and flow diagram, and
on the inputs, outputs and units of equations. atiohs of the physical laws must be
eliminated from the model such as conservation aften or energy (Sterman, 2000).
While doing these checks, levels are controllecdbéosure of not being negative as
physical quantities at the levels (stocks) of thecls and flow diagram cannot be

negative. The more detailed sub-portions of the ehasl aggregated later to make it

simple by preserving overall structure and funcion

The dimensional consistency test is executed wéhsim Unit Check capability and by
examining the equations of the model. This tesery useful to reveal the flaws in the

construction of the model (Sterman, 2000).

Parameter assessment is another important valdatep in modeling and there are
various methods such as ordinary least squaresjmuax likelihood and Kalman
filtering if numerical data exists. Even thoughe thxistence of numerical data, expert
opinions and judgments are also important factousing the estimation of the
parameters (Sterman, 2000). The historical dateeapdrt judgment are used altogether
to estimate the values of parameters used in i svhose list are presented at Table
4.4,

Extreme conditions test is a good way to obsereehbhavior of the model in rare
conditions. If model shows the expected functidgah these rare conditions, it can be
thought as a good sign to trust to the model. teoto test this, some extreme values

are applied in the model and the behaviors arerobde

The following is a sample for this purpose in thia initial value of MRO staff is
zeroized, the real MRO staff capacity removed dredliehaviors in the Figure 4.18,
Figure 4.19, Figure 4.20 and Figure 4.21 are oleserv
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Selected Variables

600

aircraft

2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025
Time (Month)
actual aircrafts inuse : Curept+—+—+—+—+—+—+—+—+t—t+—t—+—% Potential Aircrafts to Use : Current

Figure 4.18.Initial MRO Staff Zeroized: Aircrafts in Use

Selected Variables

100 aircraft/Month
6,000 man/Month

75 aircraft/Month
4,500 man/Month

50 aircraft/Month
3,000 man/Month

25 aircraft/Month
1,500 man/Month

0 aircraft/Month 3 .
0 man/Month WA AL .

2003 2005 2007 2009 2011 2018 2015 2017 2019 2021 2023 2025
Time (Month)
aircraft capacity shortfall : Current—4+——+——4+—4+—+—%+—4+—4+—%+—+—+—+—%+—+—+—+—+——+—+—+—+—+—+—+—+—+—+—+—+ aircraf/Month
MRO capacity shortfall : Current 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2— aircraftMonth
staff increase : Current—= 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 man/Month

Figure 4.19.Initial MRO Staff Zeroized: MRO Staff Capacity Skail, MRO New
Staff, Aircraft Capacity Shortfall

Figure 4.18 states that if MRO facility is initiallack of the full capability, even though
airline has aircrafts, the available aircrafts woke the airworthiness and will not serve
to carry the passengers at the initial years gotihe kind of MRO capability sustained.
Later, the model tries to reach equilibrium to ntaiim the aircrafts by introducing high

capacity of MRO operations staff.

Figure 4.19 states that as the MRO facility isiatiiy lack of the full capability, MRO
capacity shortfall behavior is observed and modeduits lots of MRO staff.
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Selected Variables

4,000 man/Month
100 aircraft/Month

3,000 man/Month
75 aircraft/Month

2,000 man/Month
50 aircraft/Month

1,000 man/Month
25 aircraft/Month

o arcrationt I w‘m I “ | : LK

2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025
Time (Month)
+—t—t

man power waste rate : Current—
MRO capacity shortfall : Current

+ man/Month
aircraft/Month

Figure 4.20.Initial MRO Staff Zeroized: MRO Staff Capacity Skfail, MRO Staff
Waste

Selected Variables

20M

5™

Passenger/Month

2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025
Time (Month)

demand rate : Current—+—+—+—+—+—+—+—+—+—+—+—+—+—1 passengers per month : Current

Figure 4.21.Initial MRO Staff Zeroized: Demand and Actual Pagpas

Figure 4.20 states that as the MRO facility isiatiiy lack of the full capability, MRO
capacity shortfall behavior is observed and assaltrehe man power in hand is fully
utilized and not wasted approximately until 2005.

Figure 4.21 shows that if the MRO facility is imillly lack of the full capability, even
though airline has enough aircrafts, MRO facilipsé its capability to sustain the
airworthiness of all those aircrafts and airlindlwot carry the intended number of

passengers in early years.
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The next scenario is the opposite of the previmesia that the number of initial staff
MRO is very high whose sample figures are Figue2 4nd Figure 4.23.

Selected Variables

600 aircraft
20,000 man/Montl

450 aircraft
15,000 man/Montl

300 aircraft
10,000 man/Montl

150 aircraft
5,000 man/Montl

0 aircraft
0 man/Month
2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025
Time (Month)
actual aircraftsinuse: Currett—+—+—+—+—+—+—+—+—+—+—++—+—+—+—+—+—+—+—+—+—+ —+—+—F—+—+—F—+—+—% aircraft
Potential Aircrafts to Use : Current aircraft
man power waste rate : Current man/Month

Figure 4.22.1nitial MRO Staff High: Potential and Airworthy Adrafts to Use and Man
Power Waste

Figure 4.22 states that if MRO facility has morgawity than needed, all the MRO
needs of the aircrafts will be handled in time latsignificant portion of this MRO

capacity will be wasted.

Figure 4.23 states that if MRO facility has morgawty than needed, there will be no
MRO capacity shortfall initially and thereafter.

In an extreme condition scenario where model stitht zeroized aircrafts as seen in
Figure 4.24, the model tries to increase the sizbeaircraft fleet to carry the desired

passengers.

Behavior Reproduction Tests are performed by ployapoint comparison of the real
data series with the model outputs over a timezoori For this purpose, some measures
such as R the coefficient of determination, the mean absolerror, MAE; mean
absolute percent error, MAPE; mean absolute erraapercent of the mean,
MAE/Mean; and (root) mean square error, (R)MSE used (Sterman, 2000).
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Selected Variables

aircraft/Month
EN

0

2003 2005 2007 2009 2011 2013 2015 = 2017 2019 2021 2023 2025
Time (Month)
aircraft capacity shortfall : Curreptt——+—+—+—+—+—+—+—+—+—+—+t MRO capacity shortfall : Current—=
Figure 4.23.Initial MRO Staff High: Aircraft Capacity Shortfaind MRO Capacity
Shortfall
Selected Variables
400 aircraft

200 aircraft/Montl

300 aircraft
150 aircraft/Montl

200 aircraft
100 aircraft/Mont

100 aircraft
50 aircraft/MontH

0 aircraft
0 aircraft/Montl A
2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025
Time (Month)
actual aircraftsin use : Curret—+—+—+—+—+—+—+—+—+—+—+—+——+—+—+—+—+—+—F+—+—+—+—+—+—+—+—+—+—+—+—+% aircraft
aircraft capacity shortfall : Current 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2— aircraft/Month
MRO capacity shortfall : Currents 3 £ £ 3 £ £ 3 = = 3 £ £ 3 £ £ 3 £ £ 3 3 £ 3 3 £ 3 3 £ 3 3 aircraft/Month

Figure 4.24.Initial Aircraft Zeroized : Available Aircrafts, Acraft Capacity Shortfall
and MRO Capacity Shortfall

To check the behavior reproduction, the model dugpuompared with the real data as
seen at Figure 4.25 and Figure 4.26 whose datmielight number and total number
of passengers respectively. The model actually tree catch up with the forecasted
demand and regulates the flight and MRO staff dépdo do so. There was an
economical recession during years 2007 and 20@Bthendowngrade effects of this can
be seen at Figure 4.26. Even though the flight cpaeems steady at those years, due

to the low load factor, fewer passengers are ahrrie
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Selected Variables

600,000

450,000

S 300,000
150,000
0
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 5 201
Time (Month)
real total flights : Currept——+——+—+—+—+—+—+—+—+—+—+—+—% Total Flights : Current

Figure 4.25.Total Flight Number Capacity Comparison

MAPE for flights is approximately 7% as seen atufeg4.25.

Selected Variables

60 M

45M

w
o
=

Passenger

15M

0
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 5 201
Time (Month)

Passenger : Curreat——+—+—+—+—+—+—+—+—+—+—+—+—+—% real passengers : Current

Figure 4.26.Total Number of Passenger Comparison

MAPE for passenger is approximately 10% as seé&igate 4.26.

80



5. RESULTS AND DISCUSSIONS

The MRO activities of Turkish Airlines fleet arerftled by the both Turkish Technic
and Turkish HABOM Maintenance Departments which thee subsidiaries of Turkish
Airlines Companies. Turkish Airlines ordered appnoately 200 aircrafts lately and try
to increase its share in the airline market. Thises concerns about how the aircraft
fleet growth will affect the productivity of the Tkish Airline MRO Departments and
needed new resource to be incorporate into MRO &ipers Staff to cope with this new

situation.

Another important factor directly affecting the MRI@partment is the number and the
timing of aircrafts that is going to join the amfir fleet. New aircrafts will have impact
on the increase of number of passengers and eutdced on the MRO facility. Thus,
different combination of sizing and timing of newcaafts and its effects on MRO

operations have to be investigated.

To evaluate these situations, two scenarios arpogenl respectively, scenario 1 and

scenario 2.

5.1. Scenario 1 : The Varying MRO Operations Volume : Under Low, Normal
and High Load

The MRO operations volume is changed by takingvdreéable A type MRO man power

at its minimum and maximum levels. The minimum leagehe approximately 100 man

x hour / week and labeled as “Low MRO Load” in figures. On the other hand, the
maximum level is approximately 500 man x hour / kveed labeled as “High MRO

Load” in the figures. For normal level, a randontueais taken between 100 and 500
100 men x hour / week. These minimum and maximwmel¢ecan be thought as a
confidence interval to portray the optimistic aresgimistic work load expectation. The
same approach can be tested for the C type MRQ leadthis scenario, the C type
MRO man power and all the other variables are kepthanged as explained in
previous section. In the scenario, the historicthds used until the year 2014. 1t is

assumed that aircraft fleet will get 20 aircrafes pear after the year 2013.
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MRO capacity shortfall

100

75

50

aircraft/Month

0 Ll il

Time (Month)

;;;;;;;;;;;; MRO capacity shortfall : Normab
MRO capacity shortfall : High_MRO_Loaztt

Figure 5.1.MRO Shortfall Monthly Comparison

staff entering

6,000
4,500
s
IS
o
2 3,000
=
[
£
1,500
0 g
2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025
Time (Month)
staff entering : Low_MRO_Loa—+—+—+—+—+—+—+—+—+—+—+—1 staff entering : Normak

staff entering : High_MRO_Loasg

Figure 5.2.Monthly MRO Staff Recruitment Comparison

As seen at Figure 5.1, due to the heavy MRO Idegl MRO facility is lack of enough
capacity to sustain the airworthiness of all thailable aircrafts. This behavior can be
seen at the figure with a highly elevated MRO cé#pashortfall. The model uses the
historical MRO staff and aircrafts until the yedd12. That is why, you can see an
elevated MRO capacity shortfall until this year Fogh MRO load. Following the year

2013, the model balances this shortage by introdu@ large number of MRO
operations staff.
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The introduction of this new MRO staff can be olisdrin Figure 5.2 on monthly basis.
For the low MRO load, there is almost no need twuié MRO staff as the available
MRO staff can handle the MRO operations. This beltalso can be seen at Figure 5.3

with no slope at related line, which is numbered.as

Maint. Operations Staff

20,000

15,000

g
g 10,000

5,000

0
2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025
Time (Month)
“Maint. Operations Staff' : Low_MRO_Loagt—+—+—+—+—+—+—+—+—+t “Maint. Operations Staff* : Normat—:
“Maint. Operations Staff" : High_MRO_Load= 2 2 2 2 2 2 2 2

Figure 5.3. Total MRO Operations Staff Comparison

actual aircrafts in use

600

aircraft

0
2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025

Time (Month)

actual aircrafts in use : Low_MRO_Lea—+—+—+—+—+—+—+—+—+—1 actual aircrafts in use : Normat
actual aircrafts in use : High_MRO_Load>

Figure 5.4. Aircrafts in Service Monthly Comparison

When the recruitment of MRO staff sketched on a wative manner as seen Figure
5.3, the optimistic, the regular and the pessimiBtRO operations staff can be clearly

spotted. The effects of adoption of these MRO rigment policies end up with the
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number of airworthy aircrafts or the number of gassengers carried as seen at Figure
5.4, Figure 5.5 and Figure 5.6 respectively. Trexig-represents the MRO department
production as the airworthy aircrafts in Figure.5% seen at Figure 5.4, when MRO
load is low, represented as line number 1, theem@migh MRO capacity to handle the
MRO needs of all the aircrafts. This enables artim use all the available seat capacity.
On the other hand, when MRO load is high, represkas line number 2, MRO facility

is unable to handle the MRO needs of all aircraftsl a significant portion of the
aircrafts wait on the ground. In this high work doease, airline carrier cannot use all
the available seat capacity. The number of airgraitil 2016, represented by this line

is lower than the other two lines, low and normalkdoad.

There is a behavior overlap with the number of aitiw aircrafts and the seat capacity,
in which they are directly related, as seen at lgdu5 and Figure 5.6. They follow the
same pattern.

After the year 2013, the model introduces the nément of additional MRO operations
staff. That is why, the heavy MRO staff airworthiceaft shortages disappear as seen at
Figure 5.4. But, on the other hand, keep in mirat #dditional MRO staff also bring

financial burden to the airline company.

passengers per month
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Time (Month)
passengers per month : Low_MRO_Leat—+—+—+—+—+—+—+—+—+—% passengers per month : Normab—s= 3 3 £ 3 3 £ 3 3 £ 3
passengers per month : High_MRO_Leatt——2——2——2—»2—2—2—2 2=

Figure 5.5.Passenger Monthly Comparison

The more MRO operations tasks may mean less almwaitcrafts if the airline MRO

facility does not have enough capacity to handésehtasks. This will cause to reduce
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the number of potential passenger and to lose vmgeMhis behavior is observed in the
Figure 5.5 and Figure 5.6 as fewer passengers.

Passenger
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o
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50 M

Nia
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Time (Month)

Passenger : Low_MRO_Loatt—+—+—+—+—+—+—+—+—+—+—+—1 Passenger : Normat
Passenger : High_MRO_Loa¢

Figure 5.6. Total Passenger Comparison

The balancing of the adequate number of MRO opmratstaff and the utilization of
this staff is a challenging task. The excessive M&R&¥f is a financial burden, but the
lack of enough MRO staff is also indirectly anotfieancial burden as fewer airworthy
aircrafts in service. So it is sometimes inevitatd¢ to waste the man power of MRO
capacity when MRO facility faces light work loadska. The wasted or spare man
power for MRO facility is depicted monthly and culaively at Figure 5.7 and Figure
5.8 respectively. This spare force can be thou§hsansurance during the unexpected
extra ordinary situations or it can also be outsedrto earn extra revenue. During the
low MRO needs, depicted as line 1 at Figure 5.7Fgdre 5.8, a good portion of man
power capacity wait idle. On the other hand, whenfronted with heavy MRO load,
depicted as line 2 at Figure 5.7 and Figure 5r@pat all MRO staff capacity is used for
maintenance. For the normal work load, depictedires 3, no specific overcapacity

pattern is observed except the amplitude increbgeeavavy pattern.
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Figure 5.7.Wasted Man Power Monthly Comparison
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Figure 5.8. Total Wasted Man Power Comparison

Figure 5.7 and Figure 5.8 also give idea abouptbductivity and the utilization of the
MRO facility. The higher the slope of lines, thenmonan power waste (see Figure 5.8).
When the MRO work load is low, a significant amowfitresource seems excess as
shown with line 1. On the other hand, in case ghiVMIRO work load, almost all the

resources seem to be used efficiently as shownlingls.
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Figure 5.9.Overall Model Response

When the model simulated with the default settini® system tries to reach

equilibrium as seen at Figure 5.9.

Based on the simulation run in this scenario, tlhendn resource need of MRO
department can be foreseen for the next decadedeoing the optimistic/pessimistic
approaches. In order to preserve the sustainabilitie company, these resource need
has to be taken into account. Again, the sparauresaan be used to give service to the
third party airline MRO operations for extra reverfar the company.

When the Figure 5.9 examined closely, normallyatkntial aircrafts, showed with line
2, should be in service. But due to the inadeqiR®O capacity, the MRO needs of
some aircrafts cannot be handled and as a resgé#pais observed between actual
aircrafts in use and potential aircrafts to usas Diehavior is depicted in the figure with
lines 1 and 2. Actual aircrafts in use is the otffutnormal system behavior and can be
thought as the number of available aircrafts tao ibe gap mentioned here is the result
of inadequate MRO capacity. Model detects this télband tries to reach equilibrium
by incorporating new resources. This is the behldwetween lines 1 and 4. The notches
on these lines are in opposite direction as expedtee size of aircraft fleet is normally
big enough to carry the forecasted seat demancpistdd with line 3. But after the
year 2018, there some small notches on this linehwmeans that fleet seat capacity is
short to meet the forecasted seat capacity. Theshmohics the real system behavior

as expected.
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5.2. Scenario 2 : The Different Aircraft Procurement Poicies

In another scenario, the behavior of the system teated with aggregated fleet
expansion. In the previous scenario, aircrafttfeegpanded with 20 aircrafts per year as
seen at Table 5.1. For this scenario, aircraft #ag@ansion was assumed to be planned
as in Table 5.2.

Table 5.1. The Aircraft Fleet Expansion Policy in the Main 8ago

™ < Lo O ~ e} (o2} (@) — N ™
ver & 8 8 S 818 8 8 8 & g

N N N N N N N N N N N
Aircrafts | O 8 10 20 -1 25 7 18 27 23 42

< Lo © N~ [ce] (e} o -l N ™ < Lo
vve |3 2 /328 8/8 8§ 8 8 88

N AN N N N AN N AN N N N N
Aircrafts 20 20 20 20 20 20 20 20 20 20 20 20

For this scenario, the total number of aircrafteerathe year 2013 is depicted in the
Figure 5.10. The shape of the graph is a stepiimcThis means sudden overload for
MRO facility and instant passenger capacity exparssi Another issue may be the

passenger seat capacity shortfalls in the intefat® new aircrafts.

Table 5.2. The Aircraft Fleet Expansion Policy after the Yead 3

(9p] < Lo (o} N~ [e0] ()] o — N (9p]
ver |2 '8 S8 8 8 g 8 8 8 g8 8

N N N N N N N N N N N
Aircrafts | O 8 10 20 -1 25 7 18 27 23 42

< Lo (o} N~ 00] (o)} o — AN (90] < Lo
Year S © o & © '8 8 &8 & 8 |8 8

N (q\] N N (q\] (q\] N (q\] N N N (q\]
Aircrafts | O 0 60 0 0 60 0 0 60 0 0 60

When the Figure 5.10 and Figure 5.11examined tegetturing the aircraft not
expanded, flat period in total aircraft graph, iftcapacity shortages are observed and
as a result, the passenger seat capacity remansathe and not meets the forecasted
passenger demand as seen at Figure 5.12 and Big#eThe big waves in the Figure
5.11 regarding the aircraft seat capacity, lineepresents these seat capacity shortages.
Keep in mind that these seat capacity shortagesareed mainly by inadequate fleet
size and MRO capacity does not have big impachnduthese periods.
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Figure 5.10.The Total Aircraft Fleet Expansion
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Figure 5.11.Aircraft Capacity Shortfall and Monthly PassengeeS
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Figure 5.12.Monthly Comparison of Passenger with Forecast andeéVlOutput
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Figure 5.13.Comparison of Passenger with Forecast and Modgudut

The highly aggregated aircraft fleet expansion odiices the highly aggregated
recruitment of MRO operations staff to answer thR@tasks of those aircrafts as seen
at Figure 5.14 (look at line 4) within the samediperiod. So, almost all potential
number of aircrafts can be used for service dufivonew MRO operations staff. The
result of this can be observed at the graph asomgtmatching between ‘potential

aircrafts to use’ and ‘actual aircrafts in use’.
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Figure 5.14.The Recruitment of Additional MRO Staff to Meet MROperations of
New Aircrafts
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Figure 5.15. Used MRO Operations Staff Capacity

As the MRO operations staff salaries are importarpenditures for the airline
companies, it is a reasonable action to try to kbem at minimum level. On the other
hand, when aircraft fleet has unexpected high amainMRO occurrences, the
company will have a lot of aircrafts that lose theérworthiness due to inadequate MRO
capacity. So, the MRO facility must have enoughitamithl MRO capacity to meet
these kinds of events. In this view, Figure 5.16vehthe monthly MRO staff capacity
and how much of this capacity is used. There aps @g@tween two lines at the graph.

This gap can be considered as waste or spare msas&gure 5.16. It may be a good
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option to outsource this capacity to earn addilioe@enues for the company during the

low levels of MRO operations of own company.
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Figure 5.16.Wasted or Spare Man Power

When the Figure 5.16 is examined, there is trendnofeased variability at the
amplitude of the wasted/spare man power when th&eu of aircrafts is increased. So,

it may be a more challenging task to decide howynRO operations staff to employ.

5.3. Discussions and Managerial Applications

There are lots of airline operations including, bat limited to, flight scheduling, fleet
assignment, aircraft routing, crew scheduling, noavgr planning, revenue
management, fuel management systems, airline laegyerations, gate assignment,
aircraft boarding strategy, airline operations auheduling(Bazargan, 2010). The
aircraft maintenance, repair and overhaul (MROjvis hold an important place in
all these airline operations. The cost of MRO atiéig in its pure nature is very
significant and around 10% in all cost drivers (k&at, 2010)(Von Beuningen, 2014).
Additional costs and revenue loses may be obsemgdesult of unsatisfactory

management of MRO activities.

When the aerospace industry is examined, the piém ®f aircrafts is usually around 30
years (Airbus, 1999). So, aircrafts need lots ointemance services in these years.
Thus, for aerospace industry, much of the profihas acquired from the sale of the

aircraft, but from the maintenance of them throughthe life span (Lee, et al.,
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2008)(Dutta & Wolowicz, 2005). Majority of the vele life cycle cost is caused by the
operations and support (maintenance and logisticgyities (Iwata & Mavris, 2013).
That is why, major OEMs like Boeing and Airbus toy capture the biggest market
share in MRO.

There is tightly coupled interaction between thantesmance activities and the human
resources function. The capacity and capabilitymaintenance is mainly based on
available human resources and the equipment. Thebewu of people, level of
knowledge and skill as a whole impacts the progigtof the maintenance department.
Overtime or high workload to increase maintenanapacity causes to lower the
productivity because of factors such as fatigue aitteintion disorder. Moreover this
policy in the long run, due to the greater persotum@over, may elevate rookies’ ratio
over experts, which in turn could result in redactin maintenance capacity and more

training costs (Bivona & Montemaggiore, 2010).

The MRO activities of Turkish Airlines fleet arerttled by the both Turkish Technic
and Turkish HABOM Maintenance Departments which thee subsidiaries of Turkish

Airlines Companies. Turkish Airlines ordered appnoately 200 aircrafts lately and try
to increase its share in the airline market. Nenarafts will have impact on the increase
of number of passengers and extra burden on the N&{Dty. Another important

factor directly affecting the system is the numbed the timing of aircrafts that is
going to join the aircraft fleet. Thus, differerdrnobination of sizing and timing of new
aircrafts will have varying effects on MRO operaso This study investigated how the
aircraft fleet growth affected the productivity thie Turkish Airline MRO Departments
and proposed new MRO Operations Staff incorporapitams to cope with this new

situation.

It is important to note that while procuring thewnaircrafts, MRO department
maintenance capacity has to be increased and imgrnovorder to meet MRO need of
the new aircrafts. If not, some portion of the &ifts will lose their airworthiness and
wait on the ground idly without bringing any revento the company and moreover,

causing additional expenses.
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MRO operations have direct impact on the availalmber of airworthy aircrafts and
the fleet seat capacity. The airline companies havéake into account the MRO
operations needs of the existing and new airctaftsustain a profitable airline fleet.
The most important and challenging factor is toidkcon the number of MRO
operations staff to employ as the variability of MRoperations work load is
stochastically very high. Another important fact®the cost-revenue trade-off between
hiring MRO operations staff and integration of naeiscrafts. If you hire more MRO
operations staff than needed then it brings exdstsc If you hire less than needed then
you may lose revenue due to the unused flightsagadcity which caused by inadequate
MRO capability. After setting up a certain degréeanfidence level, this number can
be decided based on simulation results. It is i@ewitable to waste the some portion of
this MRO operations staff. The human resource weatebe thought as an insurance
during heavy MRO operations and might also be kbdsegive service to third party

airlines during light MRO work load of own airline.

The aircrafts' MRO operations can also be outsautoehe other MRO departments.
But it raises the risks of losing not only the mtainers’ skills but also the company’s
know-how. Additionally, contracting out the mainéce activities bring burden of
outsourcing costs. Firing of the spare MRO openratistaff may not be an option as it
would introduce the problems with unions and ldeals (Bivona & Montemaggiore,
2010).

The THY managers can benefit from the model todkethe required number of MRO
operations staff and aircraft fleet seat capacityneet the forecasted demands. Aviation
MRO department usually needs skilled and trainaff, #0 management has to consider

the training needs in advance while hiring new M&&if.

94



6. CONCLUSIONS AND FUTURE WORK
6.1. Conclusions

The aircraft maintenance, repair and overhaul (MB@iyvities hold an important place
in airline operations. The cost of MRO activitigsiis pure nature is very significant
and around 10% in all cost drivers (Merkert, 20¥0){ Beuningen, 2014). Additional
costs and revenue loses may be observed as résuitsatisfactory management of
MRO activities.

When the aerospace industry is examined, the piém ®f aircrafts is usually around 30
years (Airbus, 1999). So, aircrafts need lots ointemance services in these years.
Thus, for aerospace industry, much of the profiha$¢ acquired from the sale of the
aircraft, but from the maintenance of them throughthe life span (Lee, et al.,
2008)(Dutta & Wolowicz, 2005). Majority of the vele life cycle cost is caused by the
operations and support (maintenance and logisticgyities (lwata & Mavris, 2013).
That is why, major OEMs like Boeing and Airbus try capture the biggest market
share in MRO.

There is tightly coupled interaction between theéntesmance activities and the human
resources function. The capacity and capabilitymaintenance is mainly based on
available human resources and the equipment. Thmbewu of people, level of
knowledge and skill as a whole impacts the progigtof the maintenance department.
Overtime or high workload to increase maintenanapacity causes to lower the
productivity because of factors such as fatigue atteintion disorder. Moreover this
policy in the long run, due to the greater persbtum@over, may elevate rookies’ ratio
over experts, which in turn could result in redoctin maintenance capacity and more

training costs (Bivona & Montemaggiore, 2010).

The MRO activities of Turkish Airlines fleet arerttled by the both Turkish Technic

and Turkish HABOM Maintenance Departments which thee subsidiaries of Turkish

Airlines Companies. Turkish Airlines ordered appnoately 200 aircrafts lately and try

to increase its share in the airline market. Nenaratfts will have impact on the increase

of number of passengers and extra burden on the N&{Dty. Another important

factor directly affecting the system is the numbed the timing of aircrafts that is
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going to join the aircraft fleet. Thus, differerdnabination of sizing and timing of new
aircrafts will have varying effects on MRO operaso This study investigated how the
aircraft fleet growth affected the productivity thie Turkish Airline MRO Departments
and proposed new MRO Operations Staff incorporagitams to cope with this new

situation.

This study mainly focused on developing a systemadyics model for Turkish Airline
MRO Department MRO operations. There are severstery dynamics studies in the
literature focused on airline operations but theI&oerations are almost neglected in
them. To the best of author(s) knowledge, thishis first system dynamics study
focusing on the interactions among aviation MRO @&#&pent and other airline

operations.

The developed system dynamics model presentedblaloaportunities to test various
MRO operations workload and aircraft fleet expangolicies in the modeling virtual
world. The model can easily be used as a learrabgratory by changing various
parameters and testing different policies. Suaimhis presented in the previous section
by changing MRO operation work load (pessimistiornmal and optimistic) and by
adopting different aircraft fleet expansion polgidt is important to note that while
procuring the new aircrafts, MRO department maiatee capacity has to be increased
and improved in order to meet MRO need of the neeraits. If not, some portion of
the aircrafts will lose their airworthiness and wam the ground idly without bringing

any revenue to the company and moreover, causthij@athl expenses.

It is found that MRO operations have direct impact the available number of
airworthy aircrafts and the fleet seat capacitye Hirline companies have to take into
account the MRO operations needs of the existing) @ew aircrafts to sustain a
profitable airline fleet. The most important andaldbnging factor is to decide on the
number of MRO operations staff to employ as theadlity of MRO operations work
load is stochastically very high. Another importéattor is the cost-revenue trade-off
between hiring MRO operations staff and integrabémew aircrafts. If you hire more
MRO operations staff than needed then it bringsaectsts. If you hire less than needed
then you may lose revenue due to the unused fBght capacity which caused by

inadequate MRO capability. After setting up a dardegree of confidence level, this
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number can be decided based on simulation redulis.also inevitable to waste the
some portion of this MRO operations staff. The hamesource waste can be thought as
an insurance during heavy MRO operations and nafgt be leased to give service to

third party airlines during light MRO work load ofvn airline.

The aircrafts' MRO operations can also be outsautoehe other MRO departments.
But it raises the risks of losing not only the mainers’ skills but also the company’s
know-how. Additionally, contracting out the mainéce activities bring burden of
outsourcing costs. Firing of the spare MRO openratistaff may not be an option as it
would introduce the problems with unions and Ideals (Bivona & Montemaggiore,
2010).

The THY managers can benefit from the model todkethe required number of MRO
operations staff and aircraft fleet seat capacityneet the forecasted demands. Aviation
MRO department usually needs skilled and trainaff, #0 management has to consider
the training needs in advance while hiring new M&&if.

6.2. Future Work

The model has adapted to the Turkish Airlines MRpaitment and does not reflect all
the interactions among the various departmentsadifa to the limited available data. It
may be interesting to expand the model to coveomapt departments that has impacts
on MRO department such as Accounting and Finanagch@sing, Marketing,
Advertising and Human Resource Management. Thiseinocan also be regarded as
sub-model and can be integrated to various systegramlics model in aviation industry.
In both cases, the cause-effect relations andactiens can be observed in a more
efficient and wider scope. The model is made gentriadapt to the other airline

companies but still it can be tested and improved.
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APPENDIX A. THE MODEL

This appendix presents the system dynamics modetlacumentation of the developed

model in Vensim software.

A type MRO executed aircrafts=

MIN (Potential Aircrafts to Use,potential to endsA'

Units: aircraft

The portion of the planned A type check executectats with
the required man power.

A type MRO generator for weekl=

RANDOM UNIFORM(100,100, 2148)

Units: man*hour/aircraft/Week

It is a random number generator whose range isdset00 and
500 man hour.

A type MRO generator for week2=

RANDOM UNIFORM(100,100, 7876 )

Units: man*hour/aircraft/Week

It is a random number generator whose range isdsetw00 and
500 man hour.

A type MRO generator for week3=

RANDOM UNIFORM(100,100, 1974 )

Units: man*hour/aircraft/Week

It is a random number generator whose range isdset00 and
500 man hour.

A type MRO generator for week4=

RANDOM UNIFORM(100,100, 1997)

Units: man*hour/aircraft/Week

It is a random number generator whose range isdset00 and
500 man hour.

actual aircrafts in use=

A type MRO executed aircrafts

Units: aircraft

The number of aircrafts available for use.

aircraft capacity shortfall=
MAX(0,INTEGER( Monthly aircraft shortage filteringatio* (demand rate-passengers
per month
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)/(average number of passengers in a flight*averagaeber of flights per aircraft in a
month

) - MRO capacity shortfall ))

Units: aircraft/Month

The number of additional aircrafts to reach therdds

passenger capacity.

"aircraft look-up table":=

GET XLS DATA('MRO_Data_model.xls', "Yearly', 'aj2")
Units: aircraft/Month

New aircrafts will be incorporated into the fleetarding to a
plan. This data is hold in this table.

aircraft retirement=

IF THEN ELSE( Time < 2014 ,0,INTEGER (total airasaf aircraft retirement rate
)

Units: aircraft/Month

The number of aircrafts leaves the system for aagaon.

aircraft retirement rate=

0.00833

Units: 1/Month

The percentage of aircrafts leaves the systemnipreason.

Aircrafts at C Type MRO= INTEG (

to C type MRO-C type MRO ends,

1)

Units: aircraft

Total number of aircrafts separated for C type MRO.

average number of flights per aircraft in a month=

200

Units: flight/(Month*aircraft)

Average number of flights executed for each aitdraé month.

average number of passengers in a flight=
139

Units: Passenger/flight

Average number of passenger for each flight.

C type MRO ends=

C type MRO executed aircrafts*C type MRO to Mordlia
Units: aircraft/Month

The number of aircrafts goes into use after thangd C type
check.

C type MRO executed aircrafts=
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MIN(Aircrafts at C Type MRO,potential to end C's)

Units: aircraft

The portion of the planned C type check executentadits with
the required man power.

C type MRO need per month=

INTEGER (total aircrafts * C Type MRO ratio)

Units: aircraft/Month

Auxiliary variable to spot the number of aircratist need C
type MRO.

C Type MRO ratio=

1/2.5/12

Units: 1/Month

The number of aircrafts need to undergo to C TypMchecks for
each month. Time interval is 2.5 years. (Totalraiits/2.5
Years/12 Months)

C type MRO to Month ratio=

1

Units: 1/Month

Used for equation unit conversion. All selectedraifts for C
Type MRO should go to MRO facility.

Demand Forecast= INTEG (
demand rate,

1.04e+007)

Units: Passenger

Forecasted passenger demand.

demand rate=

"forecast look-up table"

Units: Passenger/Month
Forecasted monthly demand rate.

flight capacity per month=

INTEGER (actual aircrafts in use*average numbditighits per aircraft in a month
)

Units: flight/Month

Total number of flights in a month.

"forecast look-up table"= WITH LOOKUP (

Time,
([(2003,0)-(2025,2e+007)],(2003,1.658e+006),(200442e+006),(2005,1.989e+006
),(2006,2.343e+006),(2007,2.66e+006),(2008,2.9536)+(2009,3.414e+006),(2010
,3.717e+006),(2011,4.353e+006),(2012,5.019e+00B)I5.909e+006),(2014,6.759e+
006),(2015,7.187e+006),(2016,7.849e+006),(2017282006),(2018,8.873e+006),(
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2019,9.387e+006),(2020,9.981e+006),(2021,1.0496H2022,1.096e+007),(2023
,1.133e+007),(2024,1.2e+007),(2025,1.236e+007) ))

Units: Passenger/Month

Forecasted passenger demand look-up table.

hour available per person=

6.5

Units: hour/day

Legal daily maximum potential working hour for amm@oyee (8 Hours-1.5 hours
breaks=6.5 hours)

hourly man power cost=

80

Units: Dollar/man/hour

The cost that includes all the expenses to produeeman*hour
work.

"line maint. oper. staff'=

500

Units: man

The number of MRO staff separated for line mainteea
operations.

"maint. costs"=

man power cost

Units: Dollar/Month

Man power cost for each month.

"Maint. Operations Staff'= INTEG (

staff entering-staff leaving,

2000)

Units: man

Human resource executing the MRO operations

man per aircraft=

35

Units: man/aircraft

Average number of staff needed to meet the MROireaents of a
single aircraft.

man power cost=

hourly man power cost*used man power

Units: Dollar/Month

Total cost of executed MRO operations for each mont

man power for new aircrafts=
man per aircraft*(purchase of aircrafts + MRO cafyashortfall)+staff leaving
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Units: man/Month

The additional resource(man power) need to mediiR®
requirements of all new aircrafts.man per airctd#X(purchase
of aircrafts,MRO capacity shortfall)

man power need for A type MRO per aircraft=

weekly A Type MRO checks in a month * (scheduledype MRO man power per
aircraft

+unscheduled A type MRO man power per aircraft)

Units: man* hour/aircraft/Month

Monthly man power need for scheduled and unschdduliype MRO

for each aircraft.

man power need for C type MRO per aircraft=

scheduled C type MRO man power per aircraft+unadeedC type MRO man power
per aircraft

Units: man*hour/(Month*aircraft)

Monthly man power need for scheduled and unschddilype MRO

for each aircratft.

man power waste rate=

wasted monthly man power*to month

Units: man/Month

Monthly man power waste, in another word, wastee il
resource.

Man Power Wasted= INTEG (

man power waste rate,

0)

Units: man

The potential man power that is not used and waS¥edcan also
call it spare man power.

Monthly aircraft shortage filtering ratio=

0.5

Units: 1/Month

A filtering parameter to smooth the required adaisil aircraft
size while system was unable to meet the forecattethnd.

monthly staff capacity=
MAX (0,("Maint. Operations Staff'-"line maint. opestaff')*productivity per person

)

Units: man*hour/Month
Monthly man-power capacity of all MRO departments

MRO capacity shortfall=
MAX(O, IF THEN ELSE( (C type MRO need per monthetwal aircrafts in use*
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to month ) > total aircraft MRO desired ratio*totatcrafts*to month
, 0, INTEGER( to month*(total aircrafts-actuaicaafts in use)

) - C type MRO need per month) )

Units: aircraft/Month

It shows the capacity shortfall of MRO facility neeet the MRO

requirements of the aircrafts and proposes to asa¢he MRO

capacity considering the related capacity shortfall

resource(man) per aircraft basis.

new aircrafts=

MAX("aircraft look-up table",aircraft capacity stitall)
Units: aircraft/Month

It is used to retrieve data from the data basec(Ait look-up
data).

Passenger= INTEG (

passengers per month,

1.04e+007)

Units: Passenger

Total number of passengers traveled so far.

passengers per month=

flight capacity per month*average number of passenm a flight
Units: Passenger/Month

The number of passengers traveled in that month.

Potential Aircrafts to Use= INTEG (

C type MRO ends+purchase of aircrafts-aircrafreatient-to C type MRO,
64)

Units: aircraft

The number of aircrafts, except the ones sepafated Type

MRO, which needs A type MRO.

potential to end A's=

INTEGER( remaining monthly staff capacity / man goweed for A type MRO per
aircraft

)

Units: aircraft

It shows the number of A Type checks that can lngllea with

remaining monthly staff capacity. It also includes

unscheduled A Type checks.

potential to end C's=
INTEGER(monthly staff capacity / man power needGadiype MRO per aircraft
)

Units: aircraft
It shows the number of C Type checks that can bdlbd with
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monthly potential man power the at hand. It alsdudes the
unscheduled C Type checks.

productivity per person=

work days in a month*hour available per personizailion per person
Units: hour/Month

Efficiently used monthly man-power capacity forirmgée employee

purchase of aircrafts=

new aircrafts

Units: aircraft/Month

Entry of new aircrafts to the system.

remaining monthly staff capacity=

monthly staff capacity-(C type MRO executed ains'ahan power need for C type
MRO per aircraft

)

Units: man*hour/Month

Monthly man-power capacity after execution of CayyyRO

activities.

scheduled A type MRO man power per aircraft=

A type MRO generator for week1l+A type MRO generdtor week2+A type MRO
generator for week3

+A type MRO generator for week4

Units: man* hour/aircraft/Week

Weekly man power need for scheduled A type MRCetrh

aircraft. From experience, scheduled A type MROvaES

requires 100 to 500 man hour.

scheduled C type MRO man power per aircraft=

5000

Units: man* hour/aircraft/Month

Monthly man power for each aircraft whose C type®fan period
reached. From experience, scheduled C type MR @itiesi

require 5000 man hour for each 2-3 years.

staff entering=

staff increase

Units: man/Month

Newly employed Maintenance Operations Staff

staff increase=

IF THEN ELSE(Time < 2014, "staff look-up table" ,MAX(0,man power for new
aircrafts

- man power waste rate*waste man power save Jilter)

Units: man/Month
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Auxiliary variable to balance excess and new humeanurce need

staff leaving=

IF THEN ELSE( Time < 2014 ,0,INTEGER ("Maint. OpBoms Staff'* staff leaving
rate per month

)

Units: man/Month

Retiring or leaving staff for any reason

staff leaving rate per month=

0.00416

Units: 1/Month

The percentage of man power leaves the systenmjoreason.

"staff look-up table":=

GET XLS DATA('MRO_Data_model.xls', "Yearly', '32")

Units: man/Month

The table that holds the past MRO human resourde ypear 2013.

TIME STEP =0.08333
Units: Month [0,?]
The time step for the simulation.

to C type MRO=

C type MRO need per month

Units: aircraft/Month

The number of aircrafts that need C type MRO.

to month=

1

Units: 1/Month

Variable used in unit conversions.

total aircraft MRO desired ratio=

0.98

Units: Dmnl

The parameter representing the percentage of ttrafs for
MRO facility to keep the aircrafts airworthy.

total aircrafts=

Aircrafts at C Type MRO+Potential Aircrafts to Use
Units: aircraft

The total size of the aircraft fleet.

Total Flights= INTEG (
total flights per month,
100000)
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Units: flight
The total number of flights of the aircraft fleet.

total flights per month=

flight capacity per month

Units: flight/Month

Total number of flights executed for each month.

unscheduled A type MRO man power per aircraft=
0.6*scheduled A type MRO man power per aircraft

Units: man* hour/aircraft/Week

Weekly man power need for unscheduled A type MRC2&xh
aircraft. From experience, it almost requires 608mmower of
scheduled A type MRO man power.

unscheduled C type MRO man power per aircraft=
0.6*scheduled C type MRO man power per aircraft

Units: man* hour/aircraft/Month

Monthly man power need for unscheduled C type MBIGech
aircraft. From experience, it almost requires 608 mower of
scheduled C type MRO man power.

used man power=

A type MRO executed aircrafts*man power need faype MRO per aircraft+
C type MRO executed aircrafts*man power need foyg@ MRO per aircraft
Units: man*hour/Month

Used man power used MRO operations

utilization per person=

0.6923

Units: Dmnl

It is the average utilization rate of an employee

waste man power save filter=

0.5

Units: Dmnl

Filter to reduce the wasted man power

wasted monthly man power=

(monthly staff capacity-used man power)/producjiyiér person
Units: man

Monthly wasted man power.

weekly A Type MRO checks in a month=

1

Units: Week/Month

The number of weekly A Type MRO Checks have toxexeted in a
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month.

work days in a month=

24

Units: day/Month

Total number of legal working days in a month.

Table A.1. MRO_Data_model.xIs File 'Yearly' Tab Data

Columns

Rows A G J
1 Year Delta Delta MRO

Aircrafts | Personnel
2 2000
3 2001
4 2002
5 2003 0
6 2004 8 250
7 2005 10 250
8 2006 20 500
9 2007 -1 0
10 2008 25 500
11 2009 7 0
12 2010 18 0
13 2011 27 500
14 2012 23 500
15 2013 42 500
16 2014 20
17 2015 20
18 2016 20
19 2017 20
20 2018 20
21 2019 20
22 2020 20
23 2021 20
24 2022 20
25 2023 20
26 2024 20
27 2025 20
28 2026 20
29 20
30
31
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