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Management summary

The DutchMinistry of Defenc§MoD) has recenthacquiredl185 lveco Manticoreehicles, als&nown

as the Medium Tactical Vehigléhe first of whichare to be delivered during the second quarter of 2023.
In order toguarantedghe availability of the Manticores, Vebus Engineering has the task of setting
requirementshat ensurermavailability of 350 days a yeaWerebussets these requirements by means
of Integrated Logistics Support, a process that helfegrate and communicate information from
several parties across the lifespan pf@ject

The process of guaranteeimghicle availability is subject to several factdfirst of all, thenovelty of

the vehicle makes that users and mechaaiesyet togain experience with the vehicl&herefoe

opinions on which measures to take to ensure availability Vaig.is further complicated by the fact

that there are multipheehicle variations that each require a different selection of spare compdments.

final factor at play is the experiendde MoDhas with leaving the creation aprbvisionof spare parts

packages for vehicles to the manufacturenich previouslyresulted in significant overstocking of
componentsThis leads to the main research questibiwh i ch s par e pardtbe compos
maintained by Verebus to ensure the requanadlabilityof 350 days a year ?0

Effectively,the MoDand Verebus are looking to establish a safety inveritorgpare componentkat
meets the availability requirememtsile minimising cost The c&emand for spare components consists
of two parts, one preventive, one correctikesafety inventory intends to cover for uncertainty in the
demand and suppbf these componentsijth the objective to maximize availability for a ctisat isas
low as possibleAs demand and supply for preventive maintenanpeadictablethe focuswill lie on
managing uncertaintyor corrective maintenance, which can be modelled as a Poissoasgroc
Subsequentlythereordering policy can be modelled as & ($) process thaalculates the expected
backorders based on therrent stock level of an item and tieerage pipelinayhich isthe product of
the average annual demand andrdpair timeof a componentBy comparing the backorder reduction
achieved bythe addition of one unit of stock of said component to its ¢betcheapest option to
minimise the number of backorders can be found.

This single echelormodel can then be extdedinto a two-echelon model thadlso include a depot,
which allows for cost savings kyooling inventory. To achieve this, the average pipeline to each
workshop needs to be adjusted to reflect the average order apohghiime of two daysbetween the
depot and thevorkshops, wheréne pipelinefor any itemto the depot itself is now the product of the
demandor said canponentat all workshops and thererage repair or reorder tint@onsequentlythe
total system availability can be founyg taking the weighted averagetbe vehicle availability at each
workshop. In turn, vehicle availability is basedtba product of all component availabilities, which are
dependent on the number of backorderg&mhcomponentBoth models were creatédeping in mind
future changes ithe number of items considerex well as potential changes in the properties of the
items such as demand, and lead time.

After some small adjustments for optsation and to account for some requirements set by the MoD,
the single echelon and twazhelon models can then be set to produce a result for the desired 350 days
of system availability, keeping in mind the two days required to perform other tasks staitspsert,
diagnostics, and repairéfter performing calculations foboth the single echelon and twchelon
modelsto the desired level of availabilignd comparing their performance, the tachelon model
comedorwardasthe best option fathe MoD. The tweechelon modelsequiresa spare parts inventory

that isaround20% lessxpensivahan the single echelon system

As the manufacturer has not yet made any recommendations on a spare parts composition for the
Manticore, we have establishedraugh baseline for inventory cost performance based on the
Bushmaster and Mercedes@lass vehicles. This baseline is a ratio comparing the cost of the spare
parts inventory to the acquisition cost of the fleet of vehicles, this ratio is approximate$y It df2ould
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be noted that the comparison to these vehicles is limited, due to the technical and financial differences
between the vehicle€alculations were performed for two scenarios. The first scenario represents the
expected situation where prevemstimaintenance is easily plannable and theredoesnot require

safety inventory. The second scenalomks into what the results would be in case preventive
maintenance is subject to randoRvissordistributed demand. The recommended spare parts
distribution per location can be found in Appendices C1 and C2 for the single echelon model, and
Appendices D5 and D6 for the tvezhelon model.

Single echelon Indexed investment Ratio Availability
(millions)

Scenario 1 1.155 1:144 96.45%

Scenario 2 1.429 1:11.6 96.45%

Tablel: Two-echelon spare part to fleet acquisition cost ratio

Two-echelon (adjusted) | Indexed investment Ratio Availability
(millions)

Scenario 1 0.920 1:18.1 96.44%

Scenario 2 1.175 1:14.2 96.44%

Tablell: Two-echelon spargart to fleet acquisition cost ratio

For the availability standards set by the MoD both models outperformed the baseline in the first scenario,
as can be seen in Tableandll. In the second scenario, only the techelon manages to outperform

the baselineA downside of the twachelon model is that vehicle availability per workshop varies to a
larger degree. Where the singlehelon model optirees for a vehicle availability #t meets the
requirements for evenyorkshopindividually, the tweechelon model approaches the fleet agale,
meaning that the vehicle availability per workshrapges from 95% to 9894 this does not pose an

issue, then the twechelon model that oplccounts for corrective maintenance, as found in Appendix
D5, is the best option for the MoD.

Both models and scenarios showed diminishing returns on investment after approaching an availability
of approximately 95%. It could therefore be a considerdtiothe MoD to slightly lower the desired
vehicle availability to save costBurthermorethere is a selection of expensive items such as the
complete transmission, the front axle, and armoured doors, windshields, and windows that take up a
large sharefdthe total spare part investment required. Purchasing more of these items ducungehte
productionphaseas investment spares could help reduce costs in the future.
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CHAPTER1: INTRODUCTION

1.1Background

As part of the defenewide effort of replacing operational wheeled vehicles, or in Dutch, Defensiebrede
Vervanging Operationele Wielvoertuigen (DVOW), the Dutch Ministry of DeféMw®D) has recently
procured 1185 Iveco Manticore vehicl@gure 1) Thefirst Manticores are to be delivered during the
second quarter of 2023. Verebus Engineering has the task of overseeing this process and setting
requirements to ensura availabilityof 350 days a yeafheManticore is a result afarrowcooperation
betweerthe MoDand Iveco and concernst justa completely new type of vithe, but aboincludesa

new type of maintenanceagreemeny a performancdased contractjin which Iveco performs
maintenance fomalmost half of the vehiclesAs a result of this new way of operating, and the
inexperiencedf mechanicwith the new vehicle htere iscurrentlyno consensuat The MoD on what

an ideakpare part compositiamould look like.The 15 days of allowed unalelility needs to account

for problem diagnostigshetransportation of theehicleto a workshop, antthepreparations for repairs
Combined this amourd to approximately one dayf all theseconditions are metthe mechanics are
able toreturn the vehicle to the state of mission capable within one day

i
L |

N\

%

Figure 1: lveco Manticore/Medium Tactical Vehicle (MTV)

The Manticore also known as the Medium Tactical Vehicle (MT38rves as a replacement for the
established 'Tactical Armoured Vehicle with 12kN load capacity (12kN)' vehicle Elarzbe vehicles

that will be maintained bfpefence four main variatias can be identified: soft top, hard top, pick up,
and casualty émsport For each variation, there are several sub variations, which usually is a rhatter o
designated use case or compatibility with external componknistder to curb the scope of the
assignmenthe four main variations will be assessBde to the differences between the variations, the
inventory composition will need to account swmevariationspecific componentsLhe Manticores

will be maintained in six different statavnedworkshops, each workshop maintainiagdifferent
combinaton of vehicle variationgs can be seen in Figure Rurther impressions of each vehicle
variation can be found in Appendil.
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Figure 2: Vehicle variation distribution

Maintenance of the Manticore has beentsplio several levelf complexity In the workshops,
inventory needs to be kegor the lowest two levelsnamelyorganic levelmaintenance@LM), and
intermediate level maintenance (ILM)LM consists ofactivities that can be ezated by a single user
with no specific skillswith a limited amount of time, toqland spare partsyith the support of the
necessary documentatiodsually this is done both right before and right aftese. OLM does not
strictly have to be performed in a workshop, but the required spardgratt® be performed will have

to be kept at the locaticat which the vehicle is assignddM is comprisedf preventive, corrective,

or reparative maintenan@ndrequires traiing and special tool$n short,the MoDrefers to preventive
maintenance as plannable due to normal componert which means a component has to be replaced
after a certain expected lifetime. Corrective maintenance refarddaceseemlamage that has occurred
as a result of trainingexercisepr potential irresponsible use. Reparative maintenance refers to damage
from combat situationsThe distinction between reparative and corredtivemostly of degal nature
ratherthan a practideone

As OLM and ILM are generally concerned with relatively-tepel maintenancehe list of components
required at theix workshogs can be limited to a fair extent. In the maintenance agreement between the
parties conamed, spare parts are definedfas | | neces qusa and corswemahles) cfer s
executing ILM andOLM. This with reference, but not limited, to operating materials/fluids (excluding
fuel), tires, wheels, filters, seals, batteries, exhaastizompore n t Feirthérmore, there is one central
distribution location that can supply any of the workshops within 48 hours if necesSaigmens
between workshops are disregarded for sake of model simplicity

Findings are baseoh internal documents provided by Verebus, such as (vehicle) delivery agreements
(betweenthe MoD and Iveco), maintenance agreements, technical vehicle specifications, component
specifications and maintenance guidesper the confidentiality agreemenitwWerebusjn case some
data are not stablefor publication they will be replaced by a represéine value instead, which will
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be determined in agreement with Verebus. This is afgmicable when some required data are not
available due téor instarceintellectual property rightsr military confidentiality

1.2Scope

The required spare part compositismot just determined by the number of vehicles, but alsody th
conditions to which theyra subjected. Peace keeping missions in different parts of theaooittlilead

to considerale changes in the required sppegts compositiowhen a subset of the vehicles would be
deployed Not only would the composition for the remainder of the vehielethe workshops have to

be adjusted, but a different spare part composition taking into account location, climate, and available
resources for the concerning location would have to be provided for. Therefore, the spare part
composition will be calculate only for the situation that all vehicles are in maintenance at their
designated workshopkence only in training situation in the Netherlands

As many ofthe components of the Manticore require highly specialized tools and equipment to replace
or repair these tools are generally seen as pagmyfspare part packagBespite these tools having

their own wear pattegthese will be disregarded due to data availability. Instead, these toolsewill
assumedo be availablat the designated worksho@milarly, qualified engineers need to be present

for different levels of repairs, assessing which mechanics need tesmnpat which location at which

time is outside of the scope okthssignment and will therefore not be taken into account.

Furthermore, delivery of the Manticores will happen gradually over the following years, therefore, not
all vehicles will be availale right from the first deliveries during the second quarter of 2023. The to be
determined spare part composition will be applicable for the situation when all vehicles have been
delivered so the ramjup period will be disregarded.

1.3 Researchpproach
The Managerial ProbleiBolving Method, or MPSM in short (Heerkens et al., 2021), offers a concise
framework for tackling management issues. Heerkens identifies the following seven steps:

Defining the problem

Formulating the approach
Analysing the problem
Formulating (alternative) solutions
Choosing a solution

Implementing the solution
Evaluating the solution

NogasrdwdbE

Specifically, the first five steps of the MPSM are relevant for the problem at Aarichplementatio

of the inventory compositiois a process thatill happen after the timespan of this research assignment,
this step willmainly consist of giving recommendations for implementatmilarly, actualevaluation

will have to be performed after the Manticore has been in service for a reasonable dntipoat o
Thereforethe recommendation on the composition of spare parts widviatuatedbased on some
theoretical scenarios.

1.4 Problem identification

Applying the first step of the MPSMye will start by defining the problenRReplacing therevious
vehicles from the 12kN class comsih an array of logistical and managerial challendgrestof the

problem comes fronthe lack of experienceith the situation at hand’he first part of thassueis a

result of the fact that the implementation of a new technology within any organisation is normally paired
with a period in which, in this case the users and mechanics, need time to get accustomed to the
technology.This posesan issugasthe usersas well as the engineeasid mechanichave their own
preferences at what their ideal spare part composition should look bksed on their previous
experiences and insightso it is difficult to pinpoint which composition is ideAldditionally, there are
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varying viewpoints whethepurchasing and inventory keeping should happen straight &ach
workshop, otinventory should be pooled at the depot.

Furthermore, use of the performartzased contractyhere Iveco takes care ofaintenancef half of
the vehicleshas caused some unforeseen issuekdisagreements betwettie MoD and Iveco as to
wherecertain responsibilitiesdi Within the MoD itself, the performancbased contract has caused
another issue, in that transferring part of the rasjmlity of the maintenancef the vehiclego the
manufacturerhas created degreeof nonchalancand a lack of feeling of responsibility for the project
itself. In past experienceswvith different vehiclesthis has led tasignificantoverstocking of components
and unnecessarily high costghichVerebus evidently wants to prevemherefore, a core objective of
finding a spare parts composition is to help Verebus and the MaDal uat e t he manuf
recommendationsFor the sake okimplidty, only the vehiclesn maintenance by the State are
evaluatedand theperformancebased contract is disregardéshving costs and responsibilitiestte
MoD. Components arpurchasedrom lvecq andfailed components are repaired by Ivedule of
thumbused bythe MoDfor repairs is that thegre performeet 60%of the cost price of the component.

Potential unnecessary |,
costs B
Six different locations Yy
with different |
combinations of vehicle
variations - -
No clear in-house Prewpus gxpgrlences
overview of the required Insufficient information overs}cigtt:rlli?\gglgg?gaving
—» spare part composition to > when entering :
guarantee deployability negotiations with supplier e L pf spare
Several vehicle variations standards part c:LTpché\:\on 0
with different component — A x -

wear and usage profiles

Tendency to leave
determining what belongs

New situation with
maintenance

Various preferences on
which components

No consensus whether a in spare part <
depot should be used to should be part of spare compositions to agreements; performance
pool inventory for all part compositions maﬁufacturer based contract

workshops.

T

Legend

Users and engineers General problem

inexperienced with new
vehicle

Little data on use and
wear patterns of vehicle Action problem

Core problem, not solvable
within timeframe

Core problem, solvable

Other contributing factors

Figure 3: Problem cluster

The difference between norm and realisyslightly difficult to establish. In its simplest forinthere
currently is nospare part compositiomnd Verebus anthe MoDwould like there to be onés of
writing, the manufacturer has not yet shared a recommlesplee parts composition,\se are not able

to compare our findings tthis either It is difficult to compare relative monetary gains compaduea
previous spare part stocking strategythésstudy concerns entirely different vehicles, and therefore the
situations are natompletelycomparableNeverthelessye do want to offer a frame of refererafehe
existing situationFor this, we have selected two vehiclgmsebeing the BushmastéFigure 4), due
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to the similaritieswith the Manticore ints deployment methodand the Mercedes-Glass(Figure5)
as ithas a comparable fleet siaad has the same types wéhicle variationsThe extent to which
comparisons can be made will lmited asthe confidentialnature ofthe documents and daties not
allow for extensive perusahor are theyuitablefor publication.

Figuireil:' Bushmaéte(Ministry of Defence NL) ' Figure5: MercedesBenz 290GMinistry of Deferce- NL)

1.5 Research goal

The core problem of the situation at hand is that then® idata on theise and wear patterns of the
Iveco Manticore. This is simply a result of the féwat the vehicle is still in produon. However,
Verebusand the MoDdo require some sort of spare part compositiformationfor negotiationsvith
Iveco.Therefore, the research goal is to find a compositighefequiredpare pesin each of theix
workshopghat ensuresraavailabilityof 350 days a yedor each othe various variations of the lveco
Manticore taking into account the various viewpoints from several stakeholders.

1.6 Research questions

The main research question that willtaekled is fiWwhich spare part composition should be maintained
by Verebus to ensure the requisadiilability of 350 days a yead?n order to answer the main research
guestion, severaubquestions need to be answered first. Elsed-questionswill be answered in the
remaining chapterg hese chapters will cover the following topics:

Chapter 2Context analysis

The problem ownehas encountereissues regarding inventory management for other vehicles
experiencing significant oveiscking andncurring unnecessary expenses. This chapter aims to identify
the current strategy employdaly the MoD andto assess where potential poinfsimprovement lie
Therefore, thenain research question is:

Researcljuestionl f Wh at i sehitldspare part keepmg dtrategy usedtbg MoD? 0

In order to answer this research question the following activities will need to be carried out:
Approach Data type | Activities
Interviews Qualitative 1 Assess various viewpoints of representatives of the u
(gebruiker), maintainer irfstandhoudgr and standardetter
(normsteller) departments to evaluate preferences and
requirementsindcurrentsparepart management strategy
Identify potential points ofmprovement.
Discuss with ILSmanagerDefensieto identify currentand past
inventory management practices employedhsyMoD.
Data review Qualitative 1 Review data provided by Verebus to identifpgreements o
vehicle maintenance, identify potential root causegfevious
experiences with overstocking.

E R

Tablel: Activitiesfor problem assessment
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Chapter 3L iterature review

After identifying the strengthsyeaknessesnd potential points of improvements of the current strategy
employed bythe MoD, this chapter will focus on finding anventory modelling approach that takes
into account the situation at hand and helpsinate current weaknesses.

Research question AWhichinventory modellingpproach can best be used to determine the required
spare part compositiofor the lveco Manticorgd

In order to answer this research question the following activities will toeleel carried out:
Approach Data type | Activities
Literature review | Qualitative 1 Research whicinventory modelling theoriesurrently exist ang
compare findings.
1 Combine findings from literature review inguitableresearch
approach.
1 Compare points of improvement of previous situatioamMailable
literature, identify potential solutions
Table2: Research types for systatig literature review

Chapter 4Applicationof literature
Where the third chapter served to expladeat literature currently exists to tackle the probldhis
chapter aims to bundtbe insights from the literature rewieandapply them tdhe Manticore

Research question BHow can the selecteabproach le applied to theparepart composition required
for the lveco Manticore®?

In order to answer this research question the following activities will need to be carried out:

Approach Data type | Activities
Model application | Qualitative 1 Fitting theselected approach to the available data.
Validation Qualitative 1 Discusssuitability of model with Verebus

Table3: Activities for model definition

Chapter 5: Numerical analysis

In the fifth chapter the previously determined approach will be usprbthuce resultsTogether with

the project supervisdrom Verebs intermediate results will be validated in order to assess whether the
produced results are realistic.

Research question @Based on the previously determined approach, wépetne part compositiobest
meets theequirements set byerebus®

In order to answer this research question the following activities will need to be carried out:

Approach Data type | Activities

Process data Quantitative 1 Prepare dateof processing in model

Application of data| Quantitative 1 Apply data to model anfind results

Validate results Qualitative 9 Discuss initial results with ILS Manager, assess whether re
seem likely or further adjustment is needed

Analyse results Quantitative 9 Draw conclusions based on results

Table4: Activities for problem analysis

1.7 Deliverables
A prototypetool (spreadshegtlashboarythat helps Verebus determine the required gpamténventory
in each of the six workshofiisr thevarious variations of thireco Manticore
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CHAPTER2: CONTEXT ANALYSIS

The aim of this chapter is to contextualise the probldisussedn the first chapterSection2.1 and
2.2aim tooffer insight into theheoreticabpproach fronthe MoDand Verebus to tackle tlvhallenges
around the Manticorén turn, Section2.3 and 2.4vill look into the expected usage of the vehicles, and
the accompanying wear prigfs. Section2.5 looks into the uncertainty regarditomponent demand
and supplyAfter sectiors one through five have givem dlustration of the general situatioBection
2.6 will allow for some nuances specificttee military nature of tis research assignme®edion 2.7
then provides aperformance baselintor the Manticore, by analysing the performancesiohilar
vehicles.Section 2.8 will provide an overview of the main conclusifsom this chapter.

2.1Prqgect lifecycle

To paint a clear picturef the tasks Verebus has during the design process of the Manticore and on
which levels it is involved, it is helpful to explore some definitions. Formally, Verebus is involved with
dntegrated_ogisticsSu ppor t 6. A cNADO LdgisticgHandbook (20£2), integrated logistic

support, or |1 LS, Ais the deliberate integration
the systembébs | ife cycle management durintgl the ou
elements of logistic support be planned, acquired, tested, and provided in a timely aaftectige

ma n n &imilady, Shuklaet al.( 201 4) describe I LS as fian integ

developing material and support strategy, guidiregsystem engineering process to quantify and lower
|l ife cycle cost. o

Hence, ILS processes are relevant during the entire life cycle of a project. The project lifecycle is
generally subdivided by a-ffflaaongiviSiikassseSoblpSghatr t An a
provides the framework for monitoring and controlling the systematic development and execution of the

I LS pr ogr aeghal02014)RBDR/AA (2010) identifes five phases of a project lifecycle.
Consecutively, the Aconception and risk reduct:i
i ntroduesteirovric,e ofiiamd f i nal | WhileVerbus isvgrsdf setting inisap o s al 0
conventions foall phases, the project will be handed ovethis MoDinternally once the Manticores

are fully in service.

Project lifecycle

(r Ve Ve Ve Ve N
Conception.and risk Design and Pr_oduction. and i In-service b Waste disposal
reduction development introduction
\ U\ AN AN AN /)

< Duration of Verebus' involvement in the 12kN project >< Responsibilities for Defensie internally >

Figure 6: Project lifecycle

There is a wide selection of tasks during these phases upon which ILS touchesafare, software
supportand personnel training needBailure Mode, Effects, and Criticality Analysis (FMECA&Nd
Level of Repair Analysis (LORAAmMong many moté his research assignment focuses mainly on the
design and development phase,ibutality, boundaries between the phaaesnot as clear, as there is

a high level of feedback and communication betweemphiased-or example the expectationset,and
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assumptions madguring the design and development phasesan component failure rates, sets the
precedent for the initial number of required spare components. Subsequentiyyltiisad to potential
over and understocking. If performed correctly, data from theeirvice phase will return thattual
componentailure ratescould behigher or lower than expected, upon which required stocking levels
can once again be adjusted to meet some desired level of availability.

Another factor that is normally at play during théial procurement of inventorys that component

prices change over tim&@he MoD usesprice indicesfromtheDut ch o6 Cent r adel Bur e
Statistield (CBS) to account forprice changes for different resourc&siwrthermore componentsare

often cheaper to procure during the first production run, as the manufacturer can make use of the
advantages of economies of scdlfis is especially relevant fahe MoD, as many compongs are

produced specifically for use in their vehicles, and for that reason not commercially available, again
resulting in smaller production batch@herefore, later orders for spare components often turn out to
besignificantly more expensive thalne initial orderassetup costs and times are high for the relatively

low volume of requiregdomponentsAs we do not have accurate information on potential future price
changes with regards to batch size, we disregard this far now

In terms of the assignment at had, his means that setting standards during the design and development
phase has consequencestha inservice and waste disposal phagdse MoDhas indicated that they
want to ensure a high level w&hicle availability, meaning taking into account thegervice phase,
while reducingwaste. In this case, waste can be seen both in terms of expenditure, apreettasng

the purchase of itenthat are likely never to be useat of which its shelf life will expire beforéhe

item isrequired.

Currently, the lveco 12kN projects i n t he &épr oduct asthevelichesdturrentyt r od u ct
in production andto be introduced later this yedn order to make an assessment of ribguired
infrastructure to support the vehicle,large number of analyses are performedr instance, the

FMECA analysis as descri bed b ydepihanalgsis of thg tal @quipnientshata n i n
identifies all the ways in which it canifd Thi® means FMECA is highlgetailed andffers insight

into which components are expied to be a returning point of failure.

These points of failurean happen at multiple indenture levalke indenture level specifiglke dierd

in which a component, or one of its subcomponents can be,fasagemplifiedin Figure7. In turn,

this allows for structuring and establishing line replaceable units (LRU), scheduling mechanics with
varying levels of expertise for differetdasks andenablegshe MoDand Verebus to start planning for
preventive maintenanc®uig & Basten (2015)yemark the following about line replaceable units:
fiDefective capital assets may be quickly restored to their operational condition by replacing the item
that has failed. The item that is replaced is called the Line Replaceable Unit [ERU)Vhen a
redacement action is required in the field, service engineers can either replace the failed item itself or
replace a parent assembly t hat failure h miechanicaeanyfoh i | e d
the workshops needs to be able to removeraplhce any of the ILMevel components using LRUSs.
Generally repairs that require higlevel mechanics will béor components a lower indenture level.

After the failed LRU has been replaced at@eowned workshop, it is sent to Iveco for giresis of

the issueafter which the failed subcomponentéplacedoy a Shop Replaceable Unit (SRU). Driessen

et al. (2020describe this process as folloisA f ai | ed L RU i dor-useqnéfoomad by
single stock poinfé ] The failed LRU is returned to a repair shop, where it is inspected to identify

which Shop Replaceable Units (SRUs) causeddif@e andis repaired by replacing the failed SRU

After repairthe LRU isreadforr-u s e agai n. 0
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Indenture level () Manticore

Indenture level 1
LRU

Complete engine

Transmizsion

Indenture level 2
SRU

Basic engine

Water temperature

Eange

Indenture level 3

Cvlinder head

Indenture level 4

Figure 7: Tree diagram component indenture level Manticore

This isnormally wherea Level of Repair Analysiss performed According to Basten et al. (2009)
fiGiven aproduct design and a repair network, a level of repair analysis (LORA) determines for each
component in the product (1) whether it should be discarded or repaired upon failure and (2) at which
echelon in the repair network to do thifue to the time available for this research assignment, the
threshold used for this research assignment will be the one employled bloD, meaningthatnon
consumableomponents bove 0750 will be repaired

In reality,t hi s 0750 mar k eiflect thethreshadolwitglthe intwoductipn of the

Manticore Once the vehiclbas been kservice for a whileand more data is available on the lifespan

and failure rates of componeniswill likely be reconsidered. For instance, components dimsiee

threshold that are often replacaddrelatively expensiveare likely subjectsas it could result in cost
savings.Nevertheless, athe Manticore is currently in the introduction phase, and ata on the
components6 | ifespan is available yet, we assume
and replaced by a new item.
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2.2 Technical specifications

In order to enable cooperation and interoperability among NATO memdmrsral software and
inventory keeping systems are set in place to allow involved parties to share data and information during
the entire lifecycle of a vehicl@his ensurethe specifications of the vehiceeup to date with renewed
insights into prewusly unforeseen characteristasd issuesFor this, a set of standards developed by

the AeroSpace and Defence Industries Association of Euré®D) and Aerospace Industries
Association (AlA)areused.A selection of these standards that apply toMlaaticore projectan be

found inTable5 below.

Sx000i

iThe ASD/ Al A SX00O0i is a joint transatl a
and European aerospace manufacturers and customers participate, so as to establish a gl
integrated product support specification that is the overarching document for the AIAAASD
Series of | PPASHAA 2RFL) cati ons. 0

S1000D

fi S 1 0 & GnDnternational specification for the procurement and production of technical
publications. It is aixXML specification for preparing, managing, and using equipment
mai ntenance and o fASD Butopep20&l) i nf or mati on. 0

S2000M

iThe specification S2000M defines the pr
dataexcange to be used for materi al managem
(ASD/AIA, 2021-2)

S3000L

fiThe ASD/AIA S3000L is a joint transatlantic specification development, where European
American industrial, aerospace and defence manufacturgrsugtomers participate. The goal
to establish a global specification describing the LSA process, which is one of the most im
processes to realize the requirements of Integrated Logistic Suppord((ASP/AIA, 2021-3)

S4000P

i The SAMOP is a joint European specification development, where both manufacturg
customers participate, so as to establish a methodology for the development of sc
maintenance plansandsner vi ce mai nt enanc ASDIANA 2028) zat i

S5000F

fiThe AIA/ASD S5000F is a joirtransatlantispecification development, where both America
and European aerospace manufacturers and customers participate, so as to establish a gl
specification describing the48ervice Data Feedback, which ritical to improve inservice
support and the associated productdSD/AIA, 2021-4)

Table5: Sx000i variations and descriptions

While all specifications are relevant for standardi the procurement process for the Manticohe, t
S2000M specification in particular is of use for the assignment at hand, dsallawl for insight into
tests performed by Ilvec&asadiegdViranda et al (2021) describe S2000M &% a

standard

fo

managiement of materials management processes. Topics such as procurement, spare parts lists and
materi al sour ci ngmilady; Shukia et \ale(R0&4) statese tha#iS2@00M[is arj

international publication for material management. This is a standard for spares and provisioning.
S2000M defines the process and provides the mechanism for communicating and exchanging
provisioning data between contractgpsrtnersand government ageies. This information is a key

component of the required ILS data &et.

Ideally, a complete S2000M datt would give insight intmuch of thanformation requiredor many

of the activities that lie withirthe ILS range of responsibilitietem propertiesare described in
extremely high detbwith up to 140different identifiers, includingfor instancepart numbes (for the

MoD, NATO, and manufacturer), measurements (height, width, length, volume, both of the part itself
as well as itpackaging if applicable), weigiindenture level, mean time to repair, lead tioost, mean

time between failure@MTBF), and thdevel of mechanic rguiredto replacérepair. The database allows

for different partiesnvolved along the lifespan of the vehicle keep consistent recor@sd share
adjustments, to ensure efforts are well coordinaditetirn, this datés then used ithe MoDd Enterprise
ResourcePlanning (ERPyystemso coordinatanternal resources and efforts along ILS processes.
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2.3Deployment areas and expected usage

The MoD has identified four deployment areas for training scenarios. These deployment areas give a
general indication of yearly expected kilometres travelled for each respective deployment area, the
average vehicle speed per deployment area, and help establish common forms of damage that will
require corrective maintenancehese values can be foundTiable6. Figures 8, 9, 10 and11 give a

visual impression of the deployment areas.

Deployment area Avg. distance covered | Avg. Speed (km/h) | Expected yearly
(km/year) hours

Good pavement / asphalt 8000 60 135

Poorasphalt / good brick paving 2500 30 85

Poor paving brick / compacted rubk] 1500 20 75

Off-road 1000 10 100

Running idle - - 100

Table6: Expectedyearly deployment

Figure 8: Good pavementdsphalt

Figur 10: Poor brick aving / compated rubble

2.4 Preventive and corrective maintenance

Taking into accounthe default deployment scenario frddection2.3, weshed some light othe
average component failure and replacement rates. For this, we will divide the demand into the
aforementioned preventive and correctoagegoriesThe demand tasdiscussed in thisectionare
applicable to the usage profile discussed irsection2.3.

Preventive maintenance can best be described as a combinategiacEmerstdue toa component
reaching its expected lifespan beingreplaced due to scheduled maintenaki¢kile it may seem that
for theseare largely overlappingt first, the distinctiorlies in the difference betweehe mechanical
failure of a componerdn the one &nd andwear as a result of usm the otherThe data provided by
the manufacturesuch as the FMECAnly takes into amunt isolated mechanical failurieslaboratory
circumstancesoften resulting in mean time between failuresnifions of hours, which wouldmply
thata component would rarely ever have to be replaBeteduled maintenance on the other hand, is
based orthe expected lifespan in real world circumstaneesl theaverage component wear that goes
along with it. Scheduled maintenance is essentiallpnaasure to replace the component on a regular
basis to prevent it from actuallgiling, potentially damaging other components in the process.
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Lastly, preventive maintenance does not just consist of regularly reptamimgonents butary from

simple functional and visual checks of doors, hatches, and seals, to replacing oil or bearings. As long as
this maintenance is performed correctly and ladyy somecomponentssuch as the engine, do not
havea preventive demand rates they are not designed to be replaced regularly like an oil filter, nor
are their isolatethechanical failure rates high enoughaasonablyccounfor. As a resulttheMTBFs

provided by the manufacturer will not be particularly relevamractice, asnany components will be
replacedhrough schedulechaintenancevell before the end of their theoretical lifespan. Therefore, we

will model the preventive demand as a resulscfiedulednaintenanceThe figures for scheduled
maintenancarebased on the maintenance calendar provideddsgbus For instancethe oilfilter is

replaced yearly, resulting in an annual preventive demand ratitef per vehicle

Apartfrom the preventive, or plannable, maintenance, other aspects of spare component provision that
need to be taken into consideration are corrective and reparative maintenance. In this case, reparative
maintenance is straightforward; due tothe assumedare t ances of vehti chienusego
only, no reparative maintenance, referring to maintenance that needs to be performed due to combat
damage, will have to take pladggorrective maintenance is maintenance due to damage as a result of
unforeseen circumstances such as training or transport incidents, component wear, irresponsible use
sometimes unknown reasons.

While the concept of corrective maintenance is fairly straightforward, the difficulty lies in accurately
predicting it. A good indiator would normally be a distribution based on historical data from other
vehicles such as the Bushmaster or MercedesBenz 290GD, but due to data confidentialityese

were not availabld-urthermore, the accuracythie comparison would be limitees the Manticore has

a substantially different design resulting in damage to different comporiestsad, corrective
maintenance values are basednsightsfrom thelLS manager ahe MoD, providing a rough estimate.

In the end, théigures for corrective maintenance will have to be treated as.Stleh tool provided to
Verebus will offerroom to adjust expected demand rates baseaerwed insights at a later point in
time.

Unfortunately, as of writing the S2000M dataset for the Manticore deniplete,as inportant
information such as compondatlure rates, price, multiplicityas well ashipping and repair times
only availableto a limited extent, which is not enough to draw any usable conclusionsTihemefore,
the MoD has provided a reference list of components (Appen@x Bssentially, the list is a concise
overview of commonly stocked spare pdrésed on experienc®m other vehiclesStrictly speaking,
not allcomponent®n the reference ligtrefirst indenture put we will treat them as such, s MoD
considers it to be decent overview of relatively taevel items. With that, failures of items such as a
glow plug, which would normally be considerddrd indenturewill not be considered as an engine
failure, but as a separate, independent faildmother consequencd asing the reference list is that
this means we canndistinguish between the different vehicle variations, as the listdprasentation
of a generic vehicle similar to the Manticore. Therefore, variagjacific items are not accounttxt

as of now.

Fordata confidentialityitem cost has been indexé¢kle cost of the alternatbeing the reference point

Zpmm

Averageannual Averageannual Indexed Repair time Resupply
Iltem name Multiplicity demand (corrective) demand (prewentive) | cost (years) time (years)
Oil Filter 1 0.125 1 1.35 - 0.0833
Engine 1 0.125 1681.28 | 0.5 -
Glow plugs 6 0.225 0.1 4.54 - 0.0833
Oil pan 1 0.125 302.41 - 0.0833
Spring rear 2 0.1667 0.333 6.69 0.5 -

Table7: Item characteristics for selected components
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We have randomly selected several componiemtmeans of demonstration Table7. The demand
figures represent the average annual demandsifogle component, meaning the multipliciy said
componentin each vehicle needs to be taken into accearrfind the average annual demand for a
vehicle As becomes evident frorhis selection of components, tleeare a few compenttypesthat
need to be identified, which requidéverginginventory keepingpproached-or instance, the oil filter

is a componentthat cannot be repaired aftirfails, so it will have to be replaced insteddther
components are repairalitetheory, butconsideing the labourequired and its accompanying cakts

is notfinancially feasible forthe MoDto do sq therefore these components are discaasheldreordered
Next to thatthere are components that will be sent back to the manufafdiurepairsn case of failure,
as repairing said component is cheaper than wholly replacing it.

The practical implication is thadhere is a set of items that will be repairfat, which the repair time
applies,and a set of items that will be discarded atieir respectivdifecycle, for which the resupply
time appliesFor components to be considekeable for repairs, they needéaceed the threshold value
of G 7 5 Ghe MaDt(Sedtion2.1). We assume that all components thaet this threshold are
actuallyrepaired and disregathe fatal failure rate of componen®hile it is a possibility to addome
percentage of fatal faites,there is no available datan this point, and therefore it would noglp
increase thaccuracyof the model.

2.5 Demand, lead times, and uncertainty

Minner (2000)i dent i fi es t wo s dngart@ingyan oekult eithec feodemand art vy : f
from supply processes. In a singlehelon system, these sources are external customers and suppliers
whereas in a muk&chelon system, the corresponding sources are succeeding stockpoints which induce
internal requirements on the demand siddanpr ecedi ng st oc k poherefatrestheon t he
potential points of uncertainty stemming from preventive and corrective maintenance, as well as repairs
and resupplieneed to be assessé&lie to thedata confidentiality regarding historicsare parts use

and supplywecannot establish a numerical baselin

Starting with thedemand for spare parts for the Mantigonhich consists ofthe aforementioned
preventive and corrective maintenanBeeventive maintenance [gedictable as it is performed ia
predetermined time interkal herefore themain source of demand uncertainty is duatmnsistency

of damage during training and exergisesulting in a demand stemming fr@orrective maintenance

For the supply side of thingthere are two sources of uncertainty. First offalled componentare

sentto Iveco for repairsandsome delays may occur during shippiAg.repairsareperformed at lveco

locations within the Netherlandshippingdelays will likely be fairly minorAt the same timethere are

some doubts ahe MoDabout the manufacturerds capacity to
timeframe, especially duringnties of significant demand for repaitait this remains to be seen.

Demand and supply uncertainties

Long, varying lead time on
Incc_>n5|ste_nt need for Little available data for Dependency on shipping military grade compo_nents
corrective maintenance due and manufacturer due to low production

common component

to seasonality of training failures availability for component volume and
and exercise. ’ repairs and replacements. government regulations
and requirements.

Figure 12 Demand and supply uncertainties
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The second source of uncertainty for replacement parts lies in the limited volume of specific military
components, resulting in long setup times for production. Furthermore, the manufacturer likely keeps
little stock of these components, as they are not@ahmonly stocked for commercially available
vehicles. Finally, due to the military nature of some of the components, they are subject to more strict
government regulations and requirements, potentially resulting in more and longer delays. Nevertheless,
this will likely not pose a problem for the MoD, as many of the components that are used for preventive
maintenance are items that are commonly used in other vehicles, ensuring a reliable level of supply.
With the assumption that no fatal component failuwesur (Section 2.4), the reordering time and
uncertainty for items that have a specific military designation can be disregarded.

2.6 Inventory keeping philosophy

As the Manticore project is still in the production and introduction stage, thedissbfspare parts are

yet to be determined and acquired. Jones (2006)
process of identifying and obtaining theiialistock of spare parts required to support fielded equipment.

[é ] Provisioning is one of the few ILS disciplines that uses input data from virtually all other
disciplines. Therefore, it represents one of the final outputs of the integrated logistiosrstpp e f f or t .
During this provisioning stagelecisions need to be made on the level of vehicle availathibtyvioD

wants to suppornd weigh it against the buddbat would be requireth do so.

Much of the existing literature surroundisgare parts inventory keeping considers a combination of

both preventive and corrective maintengreféectivelyoutlining the demand and its uncertainties for

certain spare componenisaking lead times into aoant, this then allows fateliberations to be made

between availability and cost. For nyacompanies, balancing between thege factors is the main

driver for establishing arfficient inventory keeping systems opposed to civil societihe MoDdoes

not have to make this balancing decision to the same ezltawing fordecisionmaking that is less

restricted by financial limitationsA good example of thisistheur chase of fii nvest m
Investment spares are ptoed as an extra layer ofsurance forespecially expensive comporten

which, in normal circumstances, are often not economicédijle to stock. Jones (2006) affirms this:
filnvestment spares are items that are normally extremely expensive; they are procured at the same time
asthe equipment they are to support in order to get a lower price by having them built concurrently with

the prime equipment. The concept behind this process is to invest money up front to avoid a major
expense at a later dafé. ] aspares model may not recommend that any of a specific item be procured

as spares, but a few are procured as insurance |

The most concretapplication ofthese norstandard inventory keeping practidesreflected in the
decisbn to keep at least one unit of stock for every item at every workékogill become appareii
Chapter 5thiscan lead to subptimal solutionsespecially when a large part of the stock is kefén
depot. Expensive, lowolume items will requireignificant investments to stock at locatiomisere they
might not be required to reach a certain level of availability.

2.7 Current performance

There are a fewhingsthat first need to be taken into account in ordestablishaperformancéaseline
regarding spare parts keeping and overstockisy.previously mentioned, evhave selected the
Bushmaster and MercedesC@assvehiclesas frame of reference for the Mamre. Reason for
selection of these vehiclese the similausage profiles and expected deployment areas, as wh# as
somewhatomparable vehicleharacteristics. Nevertheless, we do want to nuance this by emphasizing
that the similarities between vehicleselimited, and therefore angomparison these vehicles present,
should be treated as sudbue to the confidentiality of data,any of the key performance indicators
(KPI) thatthe MoD uses were not available for referend@@ereforean extensive expositioof the
current performance regarding vehicle availability and spare part inverdaniest be offered

The main indicatofor vehicle availabilityy s def i ned as ®Ma&Vve eannotalitectly eadi n
share these values with the reader, thaty are evidently available to Verebus ahé MoD for
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comparisonThe material readiness definedasthe average percentage of vehicles that were deemed
mission capable (MG3s part othe entie fleet, which includes vehicles which were deemed not mission
capable (NMC), measured over a yehus:

00

00 006
Another factor that we can use is the value of the spare parts invadigryo the confidential nature
of thefigures, no concreteiumbersan be shared with the readdowever the ratio between the value
of the spare parts inventory and thaue of hetotal fleet of vehicles is roughly 10. The spare parts
list from Appendix A2, as discussed iBection2.4, is a general reflection of spare parts that are usually
keptfor comparable vehiclebased on experience with other vehicldserefore we assume thisatio
to beapplicable for this selection of spare components as Asthe MoDused to keep SRUs for other

vehicles asvell butis not planning to do so for the Manticore, we adjust for the fact that BRtdsInt
for roughly 80% of spare part expendituresulting in a ratio of 1:12.5.

2.8 Summary

I The MoDuses an integrated logistics support structure, buttressed by the Sxeqeatid
product support specification for their vehicle maintenamkas input for their ERP systems
The S2000M dataset, part of the Sx000i specification, is not yet fully available for the Manticore
and can therefore not be used.

9 Theindenturelevelelf i nes the 6tierd6 in which a compone
found inside the vehicle. Component failure can happen at multiple indenture levels.

1 The MoDaims to only keep LRUs in stock, meaning failed SRUs need to be repaired or replaced
atthe manufacturer.

1 The decision between either repairing or replacing a failed LRU is made on basis of the cost of
the component, with any components priced be
failure.

1 The demand for components can be split intoemive and preventive maintenance. Preventive
demand is straightforward as it is deterministic, but the stochastic nature of corrective demand
will require further enquiry.

1 The MoDdesires to keep at least one unit of stock of every item at every wprksho
1T 6Materi al readinessd represents the average
T The 6spare part inventory to acquisition valu

inventory costs, this ratio is roughly 1:12.5 for comparabléclesh
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CHAPTER3: LITERATURE REVIEW

In the previous chaters, we have described thi¢uationas atwo-echelonsystem with four levels of
indenture.As there only is data available for a list of components that roughly approximates a set of
first-indenture items, antthe MoDis not planning oikeepingany lower indenture level items, well

only consideafirst indenturesystem Lateraltranshipments are disregardedrthermorethe MoDhas

set the requirement of 350 days of availability per y®action3.1 explores ways to model the demand
stemming from corrective and preventive maintenaaftter which itdiscusses the implications of the
demandntherepairandreorderdistributiors for repairable and consumable pa8ection3.2 and 33

tackle single and tweechelon systems respectivend an availability metriccomparable to th&g
discussed irSection2.7 is establishedFinally, Section3.4 will provide an overview of the main
conclusions from this chapter.

3.1Demand andepairtime modelling

The premise of this research assignment isttitetMoD and Verebus are looking for the spare parts
inventory required to maintai@50 days of vehiclavailability. In order toguarantee this, a safety
inventoryneeds to be establishadhopra (2019) defines safeityventoryas invientory held in case
demand exceeds expect at i on [Thisiistcorrobsrated byl Silvertetoal. c ou n't
(2017), who state that keamy safety inventory is not necessarthéreism uncertai nty: ASa
is the amount of inventory kept on hand, on the average, to allow for the uncertainty of demand and the
uncertainty of supply in the short run. Safety stocks are not neededtivehfuture rate of demand and

the |l ength of time it takes to get cThengidregthee del i
inventory the MoD and Verebus are looking to create isatxountfor the uncertainty in the spare
componentdemand and supply.

As we have found that the majority of uncertaistgms fronrandom failureswe will shift our attention

towards corrective maintenandeccording to Sherbrooke (2004)cammon method to moddemand

as a result of random failures fgetPoisson distributioriiThe Poissorfé ] is the commorchoice for

modeling random demand, as contrasted with @egphenomena.This is buttressed bBgayer (2010)

fiPoi sson [4]alaws kndwing repeatability for a particulphenomenon without knowing

its causes, assuming that they are independent, and establishing the probability that an accidental event,
which causes its occurrence, exists or not

Similarly, Louit et al. (2011)statethe following about the use of the Paimsdistribution to model

random component failureA Many model s di scussed in the | itera
follows a Poisson process, where the failure (or replacement) rate for a population of m components in
operation follows a Poissondit r i but i on wi th mean ma, where & is

an individual component. This assumption is less restrictive than it initially seems, as the number of
identical units in operation is often relatively large. When this occurs, fesmsed demand process

for all the units converges rapidly to a Poisson process, independently of the underlying time to failure
distribution[é ]. Because of this, the use of the Poisson distribution in spare parts inventory modeling
has found wide applation &onsidering the fact that we do not have specific data regarding the
underlying distribution of the failured oomponents, we assume that they follow a Poisson distribution.

Assuming this Poisson distribution for the demahdomponentswe can appl y:fdRafl mdé s
demand for an item is a Poisson process with annual mean m, and the repair time for each failed unit is
independently and identically distributed accordingty distribution with mean T years, then the
steadystate probability distribution for the number of units in repair has a Poisson distribution with
meanmTO0 ( Sherbr dbkeus2004) Mhanultirtrelontsysteris batressed by
therepairable inventory theory reviewerformed byGuide et al. (1997)n their review Guide et al

show that METRIC theoty whi ch makes u ¢Sectian3.3),#drhanydvariations ad r e m
additions to MERIC are commonplace irepairableinventoryp | a n néi [MBTRICJrepresents a
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fundamental development in repairable inventory thdéry so many later models are METRIC

basePdalomés theorem allows us to calculate the pi
in repair simply by multiplying the average yearly demand for an item by its average repair time,
without having to measure the distribution of repair tinfdere f or e, Pal mds theorem

the issues of resupply and reordering uncertaiityilarly, as ourdemandor consumable items also
follows a Poisson distribution, we assume the samiéefois that are reordered instead of repaired.

3.2 Single echelon

As discussed isectionl.3, there are diverging viewpoints on whetimeentory should be pooled at a
depot,or if all inventory should be kept at the workshoplse case in which inventoiig kept only at
the workshops, results in six slagchelon systemsmouning to sixsinglesite inventory systems with
different combinations of vehicle variatiosach of the siteneeds to directly order from the supplier
to ensure its own supply of componetatsneetits respective demarahd keep inventory diecation.

For this, we wi || ma k e u-site inverftoy sydteeny dpacifically théd s ( 2 0
6r epaim aibn vee n tt oer (31, §) Shlerbroaokefthese repairable items tend to be higist,

and low demand atworkshop[é ] Because of this onfor-one repair, the reorder point (or the asset

position at which we send an item to repair) sl Hence resulting in the {&, s) notationlt should

be noted that not all/l i t e ms-co$t,low dmarud 6 cheg@pdrmiemtti d
thatthere are other inventory models availablbatier meet the propees of these item#evertheless,

with the limited time available for this assignmerew have deci ded to-1,pt for
model becase itis a canmonly used inventory modelling approach for spare p&usthermore, it

allows us to produce a resulithout having to make assumptions areas such as holding cost and

order cost for which the data is not availablas data availability haslreadyproved an obstacle,

introducing more assumptions into the model wdutther impair the validity of the results.

Assuming that vehicle use and wear patterns are identical across@#shop the demand foeach
componenbn everysite is dependent ahe numbeof vehicles of each variatiahat are stationed at
saidworkshop The meandemand for each component, isgiven by O® B ®0 L ®.As
we are using a Poisson distribution, the variance is equal to the expecthgogoal of the (4, s)
policy is tooptimisethe number of items in sto¢é& minimise the cost while simultaneousigcounting
for availability. Sherbrooke defines thtock level s,as:

i V'O 0060 Q&

where:
OH = number of items on hand
DI = number of items due in (from repair and resupply
BO = number of backorders

Combiningthe Poissordistributiondemandwith the givendemandigures fromSection2.4,allows us
to calculatetheexpectechumber of backorders fargiven stock levednd a fixed amount of timé&lote
that when quals0, EBO(s) = E[X]:

QK

Q8
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Now that we have a value for the number of expected backafansitemgiven a certain stock level,
we need to evaluate whidtem grants the largestelative decreasethe total number of system
backorderspffset against itpurchasingcost. For this, we will applynarginal analysisSherbrooke
describes thisa$t h e ahdecrepsénexpected backorders divided by theitemcast Thi s can
done by findinghe delta value for each itemiven its stock levedt that point

¥ oo u pd) oo u 0t T Q&

The equation for the delta value can alsoshmeplified into the followingfor a single site, single
indenture system

Q®

The delta value allows us to select the item tyiatds the greatediackorder reductiofor the ®st.
Subsequently, the stock level for that item is incremented byresidting in aeducedEBO and with
that, its deltavalue Once again, we will theavaluate the delta value for all items, incrementing the
stock level of the item with th@ghest delta valyauntil the desired level of expected system availability
has been achieved.

For themathematicaprod of the optimality marginal analysis, we would like to refer the reader to
Sherbrook€2004) In shortit relates tahe convexity of theurve when plotting the number of expected
backorders against the total cd8th e r br o o k e d e s c r Sinwectlse expdciedsbackaderf ol | o
function is convex, the marginal analysis values {EBQ(s- EBO(s)}/c,[€ ], are horincreasing[é ]

Suppose that the backorder functions were not convex. The marginal analysis procedure of looking at
the next i mprovement in backorders per doll ar fc
Therefore, theonvexity ensures thaaeh added item &slightly inferiordealcomparedo the previous

item whenconsidering its backorder reduction and cost.

For the availability oeachcomponenb, A,, we subtract thexpected number of backorders from the
total number of systems with saidmponent andivide this by the total number of vehiclisat contain

this component in thevorkshop Since the same part is sometimes present multiple times per vehicle,
we have tobe mindful of the fact that this does affect the demand total failure ratdor said
componentAs a single failure already leadsany vehicle being nomission capablehe number of
backorders needs to be compared to the number of vehicles in which the component isgwesent,
opposed to thntal number ofsaid component being present in the vehicles at any workshop.

08 wi 0QEmE anéx OO G QR
08 oif 00Q®HE dnet Qe

or

As many of the repairable inventory models have their origins in aircraft fleet management, we will use
similar availability assumptions here. Guide et al. (1997) state the follovidogt dhe impact of

component failure on system availability: i Compc
part will render an ai Altboughtome nuanees @uld bahaddeabdutdthe a m

conseqguences between a fatal eimcan aircraft compared to a vehidailure of most firstindenture
items on a missiowould result in it not beindeployable.

Thereforewe consider thé&ilure of one LRUO result in a vehicle beingorrmission capablesnabling
us tocompare this to the metric of material readin€ss from Section2.8 employed byhe MoD.
Subsequently, we can then calculatetthal system availabilityat aworkshopAw, by taking the product
of all component availabilities.
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Q8

0 or

Finally, we can repeat this procedure for eaochnkshop and find the total vehicle availability across all
workshopsAr, as theweightedaverage of the vehicle availabilities at eagirkshop

B 5 20 Q8
B 0

OMIAR & & OO WD | i

3.3 Two-echelon

Now thatthe base terminology for thatuation withsix individual single echelon systems has been
establishedwe can expand the moday addng a depotwhere items can be paal to reduce the total
amount of required inventory-or this, wewill first discuss theMulti-Echelon Technique for
Recoverable Item Control (METRICasproposed by Sherbrook2004)

Sherbrooke defines the following variables for a single item iMIBERIC system:
a AN ROTINAY: 0} 3Xs 040 os AT X HXAXRO0)

Y HL Q1 DR 0E D Q 0 iidd iR

' GO0 QI HORQG &E TN

i Ni € 6 & T @ehc 't

0 WU QI HINQIE XK QD EGANE D O D

VMM T QAN SV pdPpo L O AR ¢ &Q

> > > > >

Using thesgarameters, the average demand on the depot can be calasl#iedsum of the demand at
eachworkshop subtracted by thghare of itemshiat can be repaired at sarkshop Note that in our
situation, no items will be repaired at therkshopseffectively removing thisastparameter.

Q8

Subsequently, the average pipeline at the depoan be foundby multiplying the demand at the depot
by the average repair or reorder time.

: a’y Qfp n
In turn, this meanthe expected number wforkshopresupply requests can bepressed by
06 0Ysr Y Qp p
Using these valuethe average pipeline f@achitem atworkshopj can be calculated.
C & 1Y p i 0 080YH YT Qi ¢

Then the placement of eadlRU needs to be assessed individuaity every potential total number of
units of saiccomponent in stockAgain, this can be done by applyingarginal analysisAs eachLRU

is assessed individually, item cost does not have to be accounted for. Thishmtthe$dcation(either
the depot, or one of the workshopisat achieves the biggdsBO reductiorcompared to the previous
stock level for saidLRU is selectedThe optimal valudor each stock level can then be found by
analysingthe diagonal line between the cumulative stocklatvorkshopsand thecorrespondinglepot
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stocklevel andselecting the lowest valu€his is illustratedn Table8, where each value represents the
EBO forthe given combination of workshop and depot stock.

Table8: EBO atall possible stocking combinations for each stock |€sBerbrooke, 2004).

In turn, this then yielda combination of optimatock placements, consiiteg a given desired number

of units in stock Unfortunately, this does not always yield a convex cuntgch is required for the
solution to be optiral, as discussed iBection3.2 In order to solve tlsi Sherbrooke suggests to simply
disregardthe solutions that are naonvex.ié¢  wh en we +cameexpoint the stopenwill be
flatter than if we look at the next convex point. Thus, the backorder reduction per dollar for that item
will be understated. By dropping the interior points, the marginal analysis will jump to the next convex
point at the correct time (buying at least two more units of stock of the item because of the eliminated
interior p o This procedure garothem tepoatdd for alLRUs, after which marginal
analysiscan be performed once againfindt he -WVWalesde 6 | wwakshomfdr eaehastotk
potential stockevel, subsequently allowing iteration until the desired availability has been reached

While this approach produces mathematically optimal solutions, it is does have a major downside in that

it is computationally quite complex and inefficient. For instance, a single item with a mean demand of

500 per year would require ovBr ¢ p calcd ati ons just tosafiTmbe®the #:
(seeTable 8), after which the noitonvex point would still have to be removed. Therefore, we can

simplify this approach and drastically decrease the number of required computations by applying
marginal aalysis across allRUs. Cohen et al. (201®%esci be t hi s as f odolutionws : ATl
algorithm for solving ME models is a greedy heuristic based on a marginal analysis that evaluates the
benefit of stocking one more item at the bases or addpstd Similarly, Patriarca et al. (2016)
demonstratenarginal analysig a multiechelon system without lateral transhipments faréiteration

consists in finding the best value in term®of [system availabilityJandd  [system stock costs]

considering all the possible allocations of a new item at a specifié Aitalogously withthe single

echelon model, thenodelagainoptimises for the best backorder reduction to item price ratio.

Therefore, similariyto before the problem can be approach®dadding a single item to amyorkshop

or the depot. The main difference being that adding an item to the depot will require recalculation of the
pipeline to eachvorkshop Then theprocedure for finding the deltvalue for a level dbase stockis

as follows:

1. Calculate the depot pipeline

Calculate the pipeline to each workstiop™y '@

Calculate the EBO at each workshop using the pipeline from step 2
Calculate the EBO at the depot by enumeratinde®@s found in step 3.
Calculatethe EBO at each workshop for workshop stock %1, "Q
Calculate the delta value for every workshop

Calculatethe pipeline to each workshop fof  "Q p

Calculate the EBO at each workshop using the pipeline from step 7.
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