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Abstract

Abstract

A malfunctioning or failed part in a machine must be replaced as soon as possible
with the same or a similar functioning part. On the one hand, it is required to have
enough parts in stock to address customer requirements and avoid expensive
downtimes andn the other hand, capital gets tied up in the form ofnewenue
generating inventories. Finding the balance between servicing customers and
reducing inventory costs is an imminent struggle for organisatasrge and small.

This study aims at categomg spare parts into groups based on their characteristics
like replenishmentdad time, functional importancenit costs etc. so as to determine
theopti mal 6 i nvent orSmulption optienisatidn anethodoklogyh g r o u
is developed for this problem tfetwo conflicting interests of service level and total
costs ands implemented using MATLAB software. The program proposes the best
inventory policy for all spare parts within a gpand at the same time suggests the
respective inventory policy parameters for each part within gheup. The
methodology isllustrated using an example with segénerated spare pariata. The
thesisthusdevelogs a structured approach to managing sgaarts andhelps tomove

from intuition-based to dathased inventory management and ordering behaviour for

spare partghatin some cases may cost millions of Euros.
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Zusammenfassung

Eine fehlerhaftes oder ein versagendes Tegiirer Maschie muss so schnell wie
maoglichmit denselbean oder eirem ahnlich funktionierendenheil ersetzt werden. Auf

der einen Seite igtundenseitig gefordergenigend Teile auf Lager zu hahamm
kostenintensive Machinenstillstandszeiten zu vermeiden und auf der anderen Seite
wird dadurchKapital ohne Generierung von Umsaitz Form vonLagerkestanden
gebunden. Didalance den Anforderungen des Kundenservicesl gleichzeitig der
Reduktion von Lagerbestardsstenzu geniligenist eine grof3e Herausforderurfgr
kleine wie gro3e Unternehmen. Diese Studie zialiff die Kategorisierung/on
Ersatzteila in  Gruppen ab, basierend auf Charakteristika wie
Wiederbeschaffungszeit, uriktiorale Bedeutung und Stiickkosten um so die
"optimale" Lagerbestarspolitik je erstelltetGruppe zu bestimmemie Methodik der
simulationsbasierten Optimierungrd fur das Problem vorden beiden irkKonflikt
stehendernteressen von Servideevel und Gesamtkostesntwickeltund durch die
SoftwareMATLAB umgesetztDas Programm schlagt die beksgerbestandspolitik

fur alle Ersatzteile innedib einer Gruppe vor und empfieh§ileichzeitig die
entsprechenden Parameti#r Lagerbestandspolitik fir jedes Teil innerhalb einer
Gruppe Die Methodk wird anhand eines Beispiels von selbst generidersatzted
Daten dargestellt Der Ansatz stelt eine strukturierte Vorgehensweidtr die
Handhabung voErsatzteilendarundtragt zu einetJbergang voreinerintuitiven zu

einer datenbasitmn Lagerbestandshandhabung sowie des Bestellverhaltens fur

Ersatzteilebei.
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Introduction

CHAPTER 17 INTRODUCTION

Spare parts he traditionally been a source obncernfor a number of industriebe

it automobile manufacturinghavy shipbuilding or IT majors like IBM and Dell. A

large number of spare parts is kept in stoakither to avoid shortages during
breakdown of manufacturing equipmemibich canadversely affecproduction and

hence result in delays ifulfilling orders of finished products or to service the
customers that are facing the issue of failed spare part(s) and require immediate
assistance and replacement. In both the cases, the downtime costs can be high,
ranging from loss of revenue to loss of customer loyadiywever, stocking large
numberof spare parthas a negative effect dhe inventory holding costs, which
might be in the range of millions of Euros in capitdensive organisationsience

making spare parts managemaaugtitical and opportunistic field of resed.

Costs 4

Total cost

Inventory
holding costs

Unavailability
costs

b

Stock level

Figure 1: Trade-off between total cost and stock level; adapted
Cavalieri et al. (2008)

It is not only he tradeoff between servicing failed machinavithin the facility or at

the customer loation and keeping the inventory holding costs under control,
commonlytermedas cost vs. service levedtadeoff, but also the sheer number and
variety of spare parts that an organisation has to maintain that makes the task of spare

parts maagement a challengy one. So far spare parts have beemanaged by
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organisationsn a similarmanneras raw materials for end product. There have been
very limited usage ofspecific tools that deal with spare parts classification,
forecasting, inventory and logistics managat. It is important to understand that
spare parts supply chain functions drastically different than the manufacturing supply

chain, neatly summarized by Cohen et al. (2006) :

Parameter Manufacturing Supply Spare parts Supply
Chain Chain
Nature ofdemand Predictable, can be forecast Always unpredictable,
sporadic
Required Response  Standard, can be schedule ASAP (same day or ne)
day)
Number of SKUs Limited 15 to 20 times more
Product Portfolio Largely homogenous Always heterogeneous
DeliveryNetwork Depends of nature of produc Single network
multiple networks necessar:
Inventory Managemen Maximise velocity of Preposition resources
aim resources
Reverse Logistics Doesndt ha Handlesreturn, repair
and disposal
Performance Metric Fill Rate Product availability
(Uptime)
Inventory Turns 6-50 per year 1-4 per year

Tablel: Contrast between a manufacturingd a spare parts supply chaindapted from Cohen et al.
(2006)

Historically, organisations have focussed mvenues earned through tkele of
products, but witltcommoditization and customization of products and the increasing
power of customer in the market, the margins through product sales is decreasing.

This has resulted in a shift in focus to aféates srvice (andthereforespare parts
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management) as a source of highrgin revenue and increasing customer loyalty and

competitive advantage.

With organisations understanding the importance of the spare parts supply chain
management, the need to take decisiina holistic manner to result irffective

planning increases. This has resulted in a need to have a methodology that acts as a
guiding tool for spare part supply chain managers to achieve the basic goal of
redci ng overal/l c o s ingentayn Devekping this meghoddlegy o u g h 6
iIs the aim ofthis research workin this thesis, the perspective is that of an
organisationwith a single location facilitythat manufactures a product, sells it to

other organisations and end customers and is mefige for maintaining the

equipments sold.
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CHAPTER 2 - RESEARCH CONTEXT

2.1 Spare parts

Spare parts are parts that are required to replace or in support of an existing part in a
machine. They can range from nuts and bolts tolsdliings and expansion joints.

The terms spare pagervice part or aftermarket part are used interchangeably.

According to DIN24420 (from the German institute of standardizatoo @e ut s c hes
l nstitut )fspare phrs cambendgfidned as parts or groups of parts which
replace damaged, worn or missing pai@pare parts can be classified into two major

categorie$

Repairables When a failure occurs, these are the parts can be technically and
economically repaired. Post repair, the part becomes +ffeadse agai. Therefore
they do notneed to be scrapped.h@se parts are also called repairable parts,

recoverable parts, recoverables, rotation parts or rotables.

ConsumablesWhen a failure occurs, these parts need to be scrapped since it is not
possible to technically or economically repair them. They aresalswtimes known

as consumable parts, expendable parpgendables, disposable parts or disposables.

Arts (2013) includes another spare parts type in theéelisied agotables. These are
items that are comparatively largand more complex than a typical normal spare
part. They argjenerallysubsystems of a machine that require a separate usage based
maintenance stratedyFurthermore, spare parts atsed either during planned

maintenance (preventive strat@gy for unplaaned demandcbrrective strategy

Different types of organisational settings need spare parts, from manufacturing

companies for maintenance and repair of production equipments to smieicted

! http://wirtschaftslexikon.gabler.de/Archiv/82244/ersatzteii8.html
2 Botter and Fortuin (2000), p. 656.

3 Driessen et al. (2034p. 411.

4Arts (2013), p. 7.
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companies for timely repair of failed customer product® folowing three different
types of demand situations might arise for spare parts:

1. To servicecompany 6s own pr Bhd uncludesoprovidingg c i | i t i
spare parts for the machines thate placedi n t he companyo6s
manufacturing facility orat a sulsidiary plant (based upon the type of
contract).

2. To service ast omer 0s pr of Ehe snachinea lor podusts e ms :
supplied by the company to other businesses form a part of this type.

3. To repair end customer productsnd customers, also known as cansus,
can demand spare parts when their machine fails. A company may choose to
provide spare parts for products manufactured only by them or to also service
same or similar products by other companies.

Whatever the demand situation may be, the companyakes the responsibility of
providing its customers with high level of aftesles service must be prepared to face
a |l arge number of O6urgenté or Oemergencyo

customers with the required spare pattszing the folowing four sources:

1. Suppliers:In certain situations, it is economically feasible and sometimes
even profitable to service a demand directly from the supplier of the spare
parts to the customer. At the same time, a demand situatgit arisewhere
the cowntime cost of the failed part is extremely high or the part demanded is
highly critical and hence has to supplied to the customer as soon as possible
and the company has no stock of the gdarhandedin such cases, emergency
shipments from the supplienight prove ¢ be the ideabkolution, even if
costly.

2. Spare parts inventorylost companies either own or rent warehouses so as to
store enough stock of spare parts based on their own methodologies of future
demand prediction. It is a strategic decision whether to have a central

warehouse taking care of the demands of the varfatysiomers or to have a
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central warehouse that services various regional/local warehouses. These
decisions depend upon, among other factors, the geographical spread of the
customers, planned budget and service level promised.

3. Raw materialinventory Spae parts can be sourcetirectly from the raw
materialinventory when needed. The parts in this inventorystmekedfor
manufacturing the end product. But in situations where there is an urgent need
of a part such that the normal production flow can bapromised to service
the customer spare part demand, then raw materials inventory can act as a
backup source for spare parts.

4. Additive manufacturing:A relatively new method of manufacturing spare
parts is through additive manufacturing, alswown as 3D printing. This
method of producing parts is currently limited by technical, material and cost
factors. Airbus, in collaboration with Satair group, is activekploring the
possibilities of manufacturing parts on demand usingDa@inter and hence
are emoving dependencies on supplier and bringing down the tied up capital

and inventory holding costs.

2.2 Spareparts management

The demand and inventory characteristics of spare parts make #remgement a
challengingtask. Some of these characteristiece large numberfgarts managed,
variety of parts presence of lumpy demand patterns, high responsiveness required by

customers due texcessivalowntime costs and the risk of stock obsolescénce.

The most widely used tool for spare parts managemeheimdustry is provided by

SAP. Various studies by renowned analyst firms including Deloitte support SAP
spare parts management solution as an effective tool to reduce order and processing
time and to improve the customer service level. Though some authee criticized

the use of SAP tool for spare parts management. Porras and Dekker (2008) state the

following two major drawbacks:

5> Bacchetti et al(2013), p. 263.
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1. The forecasting methods used in SAP, like exponential smoothing and
moving averages are not suitable with the intermittexitine of spare parts
demand

2. There is no possibility to implement continuous review methods in SAP.
Therefore,the widely suggested anddvised(S' 1, S)model with Poisson

distributed demand over lead time cannot be applied.

2.2.1Importance of spare parts management

The nature of business has changed in the last few decades. Organisations are looking
to continue what they do the beatso termed as thecore competencyand are
outsourcing wherever they think it would cost ledsle not adversely affecting thie
customes Gsatisfaction The pressure on businesses are more than evdr, wit
cust omer s b e candtthis liping the goldérkagenof) srvices, companies
must look into transforming themselves to services busireagicularly considering
manufacturing industries, a gradual change in their role, focus and characteristics is
beingnoticed® Many organisationsni North America and Europe have implemented

a changen their strategy from pushingroducts to the custeer to delivering value
through aftersales services. This change can be attributed to the slowing of overall
demand, intensified domestic and international competition and imploding profit

margins?

The primaryreason why the study of spare parts managens important is because
of its direct influence on customer servidae. most cases, downtime costs (both
operational and financiafor machines of which a part has failednd requires a
replacementare extremely Igh. Unavailability of a simple andexpensivepart can
result in lost productionand thereforédle manpower and inoperable machine or lost

capacity), delay in delery of finished goods resulting in cost penaltyesent lossf

8 Porras and Dekker (2008), p. 104.
" Cohen et al. (2006), p. 129.
8Duchessi et al. (1988), p. 8.
9 Cohen et al. (2006), p. 129.
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profit as well asfuture loss in the form of goodwill er@sil® With the growing
importance of services and the high dependency of-sdles service on spare parts
management it becomes important not to underestimate the role that timely adressal
of spare part demand has so that the customers are satisfigdy@ssgible delighted.

Another major reason is that the margins of profit genergteservicesare often
higher than themarginsgenerated with the ergroduct sale’s. However with a
globalized market comes globalized competition. This implies thahag#ons need
a robust differentiation strategy to attract new customers and tleéaexisting ones.
Service that includesfficient management of spare parts supports this objedthes
increasing worldwide competition and reducing profit margins fareing high
technologyproduct manufacturers to find new ways to differatetithemselves from
competitorsand an important way to achieve this is by providing fast,-figddity
aftersales servicé? After-sales service here refers to the bundle offedhgervice

engineer, the necessary spare parts and the tools required for servicing.

Spare parmanagements an important and expanding area where significant cost
reductions can be achieved through improved management and control teckhiques.
A study revealsthat 4050% of the préits made by manufacturers corfrem parts,
maintenance and servicing making spare parts logistics a $21 billion ifdustry

the same timethe never ending struggle betwdamentory cost and customer service

makes thdield of spare parts management all the more challenging and interesting.

2.2.2Challenges in spare prts management

Due to the inherent characteristics of spare parts descrili&ection 2.1there are a
number of challenges that are faced by a spare parts makageer and Dutta
(2011) explais how challenging spare parts management can get and how integration

10 Sarker and Haque (2000), p.752.

11 Bundschuh and Dezvane (2003), p. 116.
12 Candas and Kutanoglu (200p. 159.
13Duchessi et al. (1988), p. 8.

14 Cohen et al. (1997), p. 6589.



Research Context

between parts management and logistics can result in speeding up the tings requir
resolve an issue and at the same timeeducingcosts associated with inventory and
labour redundanci€’é.Baccheti and Saccani (201€ummarize the major challenges

in each aspect of spare parts management as follows:
Aspect Challenges

Identify relevant criteria. Implement and update mu
Parts clasification criteria classifications for differentiating planning
choices

Specific approaches and methods for demand
. forecasting, considering the different demand patte
Demand forecasting
(for e.g.regular vs. lumpy) and the stock control
objectives

Multi-echelon inventory management with global
Inventory management

information and centralized control of the supply ch
Organizational aspects are of utmost importance w
implementing inventory or demand management

models. Intraand interorganizational integration
Organizational aspects should be strengthened to adopt a system perspec

Need to combine qualitative and quantitative

information and to increase communication
surrounding criticalssues

Table2: Spare parts management aspects and corresponding chaljextggsedfrom Bacchetti and
Saccani (201p

As it can be observed, breaking down the entire problem into 4 major aspects helped
the authors talive into detail and carry out empirical analyses on the survey data

collected from ten manufacturing companies based out of Italy.

15 Pinder and Dutta (2011), p. 5.
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Cohen et al. (2006) observedw poorly large companies manage service networks
and how little coordination exists between apoemny 6 s spare parts
its dealers® Boone et al. (2008¢arried out a comprehensive study with 18 spare
parts managers to understand some of these typical challenges. Their work
highlighted that weakness in the relationship among the suppig ehdties (for
example, lack of communication and data exchange), inaccuracynandeforecasts
followed by complications in inventory management (especially for new products
with spare parts having no past demand data), difficulty to maintain efféeviels

of inventory at different stocking points in the supply chain are some of these

challenges.

Farris et al. (2005) argued that although aftermarket support is an important topic in
the field of logistics and supply chain, it is often overlookedvioreover,
technological progress has resulted in better product quality and at the same time
shorter life cycles which reduces the possibility of collecting historical demand data,
demand data being an essential element in many models for inventory tbAsal.
consequence to the variable market demand situation, increased product quality and
importance of efficient resource usage, it becomes the responsibility of a company to
supply its customers with spare parts for products manufactured loigGigavrly, a
company cannot possibly afford to keep all the spare parts for all the products that it

manufactured since its beginning till now.

Studies by Duchessi et al. (1988) also provided insights into challenges in practicing
spare parts management. Compartleat use bottorap approach and hence focus

attention on only those parts that are important according to managerial discretion
and intuition were found to have inconsistent spare parts management performance.

Dependence of spare parts classificatiomomnquantitative methods and lack of data

16 Cohen et al(2006), p. 130.

17 Farris et al. (2005), p. 7.

18 Fortuin andMartin (1999), p. 951.
19 Yamashina (1989), p.195.
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(primarily maintenanceelated) were the other major challenges highlightethen
studies?®

Traditionally, a comprehensive and holistic view in understanding the spare parts

supply chan has been lacking anfocus has been put on local interests/
optimizations’! Through crossase analysis of 10 companies in the durable goods
industry,itwasé und t hat most of themtobparéphrtsan &éi nt
mang e ment while only a f eex thalvesdifferencdes uppl vy
between the two types li@s the fact that a particular department (or company) in a

supply chain takes decisions without considering its influence on the others.
Surprisingly, there is an absence of a comprehensive approach exgnpanies that

run programmes especially targeted towards improving performance in spare parts

managemert

The nondifferentiated techniques used for tackling product (also called
manufacturing) supply chain problems and spare parts supply chain rpsoide
anothemajor challenge. Common inventory management technigtesslinvalid in

case of spare parts management since the demand process is different and demand
data is scarc& Across industriest is a wellaccepted fact thatelivering aftersales

services is more complex than manufacturing prodid®articularly for consumer
products, service parts are highly varied, with differing costs, service requirements
and demand patterd.Completely different from finished product inventories and

WIP inventories,that are driven by customer demands and production processes,
sparepart inventories are kepd support maintenance activities and to protect in case

of equipment breaklown?’ Martin et al. (2010) clearly stated that maintenance

20Duchessi et al. (1988), p. 9.

21 Martin et al.(2010), p. 22&45.

22 Bacchetti and Saccani (2010), p. 15.
2 Duchessi et al. (1988), p. 8.

24 Fortuin and Martin (1999), p. 950.
25Cohen et al. (2006), p. 129.

26 Boylan and Syntetos (2008), p. 480.
27 Porras and Dekker (2008), p. 101.
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(spare parts) inventories are very different from other types of inventories such as
work in progress or finished products inventories thereforelading that both of
theseresearch areaare differem.?® The need for spare parts is motly based on the
market demand for new products, but also on the already sold products, internal
demand, failure rate of the part (which has a different value when the part is in use as
compared to whea part is storeth inventory) the skill of service engineer etc. This

IS in contrast to product demand whichnianycases is directly related to the market
demandAs a result, almos23% of parts become obsolete every yé@ometimes,
managers are willing to utilizepecialized techniques but are not able to do so due to

limited amount of resources and budget constraints.

The nature of business is changing andhis has resulted in a number of entities to
come together to deliver a product to the end customer. tolisnoted here that the
entities might be physically situated within a range of a few hundred meters or might
as well be located thousands of kilometres from each other. These entities interact
and depend on each other to perform actions and takeatexci3ihis meandat they

can have diversiterests which increases the overall complexity in the decision
making process for each entity. Hence, a monolithic approach cannot be used to

understand such situatioffs.

Another challenge that organisationgdas choosing a means to satisfy customer
demand for spare parhs highlighted in the earlier sections, there are foays in
which a paticular demand can be fulfilled existing stock, supplier or OEM,
traditional production or additive manufacturingp deliver a part to the customer,
the organisation must strategically plan which method to adopt. And if sing u
more than one method, themhen to switch between them. The factors to be
considered while making this decision is the costs assosatiecach method, their

respectve capacities and production or replenishment lead times

28 Martin et al. (2010), p. 230.
2 Cohen et al. (2006), p. 130
30 Schneeweiss (2003), p. 1.
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As already mentioned, the servicequirement timefor spare parts is very small
(within a few hours or days) as the downtime costs associated withfanmioning
customer machine are extremely high. Nwoailability of a critical spare part can
lead to loss of revenues, customer dissatisfaction and in ceds@s claims for
refund or even gublic safety hazard (for example in military settings and power
plants)3! Complexityfurther increases when the machine for which the spare part has
to be serviced is no longer in production. Automotive companies, in some cases, offer
a service period of upto 30 years after the production of the primary product ceases.
In the® situations, the company should decide whether to place a final order with the
spare parts supplier twok for another supplier or production methoHswever, in

the first case, companies face a high risk of etecking, high inventory costs,
obsolesence risk and demand estimation for a long tpagod while the second
case may be technically infeasible or prohibitively expen&ivemust be noted that

still, close t050% of customers face delays in getting their vehicles fixed because the

deales b nothave the right parts to servige.

One of the consequences of the above stated challenges is that customers who need
specialized parts quickly but unpredictably are underserved and customers needing
standardized parts are overcharéedt the same tirg, large inventories of expensive

parts collect dust, while there are delays and lost capacities due to shortage of
others®®

Despite the relevance of afteales service and spare parts management, this area has
been traditionally overlooked in many compnprimarily due to the above stated
challenges. At the same time, spare parts research has been mostly focused on

inventory modelling® while ignoring the relevance of incorporating a comprehensive

31 Driessen et al. (2034p. 407.
32Kleber et al(2012), p. 1477.
33 Cohen et al. (2006), p. 130.
34 Fuller et al. (1993), p. 90.
35 Duchessi et al. (1988), p. 9.
36 Huiskonen (2001), p. 126.
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approach to spare parts planning and control. Unfatéyn the decisioamaking
processn realityis distributed across several managers and stakeholders withgvaryin
levels of information detaifat different points in time and different levels) and it is
computationally infeasible to solve one singleencompassing modél But dill, the

search for a practical and robust solution to spare parts management is on.

37 Driessen et al. (2034p. 408.
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CHAPTER 371 LITERATURE REVIEW

3.1 Spare parts dassification

To start with, it has been recognised thasiimportant to classify spare parts into
groups or families so that the consequent decisions, especially regarding demand
forecasting and inventory control are assisted. Even though efficient and faster
computing systems now make complex demand ancdhiake modelling possible,
practitioners still have to choose control parameters, allocate control resources and
make purchasing decisions for different types of itéimcorporating different
policies for each spare part is a tedious and complicated aadktherefore,
practitioners are interested in grouping parts with similar properties together so that
forecasting and stoekontrol decisions can be taken on them collectively, making

management of spare parts easier.

Spare parts classification serveHatient objectives for different decision makers. For
example, while warehouse operators are interested in part weight and volume,
management is more concerned about parts that can generate the most revenue and on
the other hand strategic planners areregied in life cycle stage of products that

need to be supplied with spare p&ftslence, it isnecessaryo decide which relevant

criteria to incorporate while classifying parts so that the resultant groups are

meaningful for the particular entity and #akeholders in the supply chain.

It is alsoimportant torealise that as a first step the spaaets have to be sortédhis

means that the parts that share similar or have same characteristics should be grouped
together into families where each fayntan eventually be treated in a particular
manner. Hence, for thiesearch workidentifying homogenous group of spare parts

is important to ultimately choosing a stocking strategy for each group. There have
been various attempts, methods and algorithmscarry out parts classification

ranging from ABC analysis to complex clustering techniques.

38 Huiskonen (2001), p.126.
¥ Heinecke et al(2013, p. 455.
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The spare parts classification talffennexure L providesan overview of the existing
literature in the field of spare parts classificatidihe following observations were

made after analysing tharietyof literaturein this area

1. Spare parts classification is a comparatively recent phenomenon

2. It has only been dealt with as a standalone activity, without any consideration
of future inventoy implications. Of the 28 papers researched, only Wang and
Kang (2007) suggest inventory control strategies post classification.

3. Most research in the recent years is concentrated\raalytic Hierarchy
ProcessAHP). In fact, post 2002, majority of reseangfipers have used AHP
techniques to classify spare parts

4. Whil e ¢6épart criticalityd has been wused
it has also been used as cumulative indicator that factors in various other

indicators like price, downtime costs etc

Another important observation post analysis of research work in this area is that three
important questions constitute thetivity of spare parts classification which are as

follows:

1. Whichcriteriaare used to carry out classification
2. Whatclassificationscheme/methodologyg used to carry out classification
3. What are tkb cutoff valuesfor these criteria for every group formed

3.1.1 Criteria for spare parts classification

Unfortunately, the topic of spare parts classification criteria hasegeived as much
academic attention as that finished products. Of the 28ticles analysed, 17 utilize
replenishment lead time as a classification criteria, part cost/value is used in 14
articles and annual ceamption in 11 articles, demonstratithgit these three qualify

as the most sought aftenes. Very oftenthe criteria to adopt either depends upon the

aim of the classificatio or on the local circumstances like the creativity of spare

401 olli et al(2014), p. 63.
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parts managers, their experience and their common $efke.importantdetailsto
be kept in mind while selecting criteria is that they should be mutually independent

andtheyshould have discriminating power and relevattce.

Bacchetti and Saccarif012) neatly summarizethe contributions addressing the
selecton of classification criteri& While it selecs articlesspecificdly focussing on
spare parts, the studdiso includesarticleson slow moving demand products that
havesimilar behaviour aspare parts. Among the mastmmonly usedriteria are
part costand part criticality, demand volume or value, supply characteristics
(replenishment lead time, supplier availability, risk of +supply) and demand
variability. Comparatively fewer studies concern with part life cycle, specificity and

reliability while filtering parts criteria.

Fuller et al. (1993) proposea 0 mefrpoaténtial variables thatao be used to
segment products or spare pdhat include unit value, sales volume, degree of order
coordination,degree of service involvement of the field teidan order response

time, order quantity, handling and storage characteristics and substitutability. Before
beginning with the classification of parts, the paper suggests segmenting customers
and establishing appropriate service levels for differerdtocner groups. The
logistical stages of analysis built using @mer segmentation is termed as
dogisticd | y Di sti nct oBuDBinagthedss met hods 6

Duchessi et al. (1988) devekp two-principal criteria for classifying spare parts
inventory cost, which includes cycle stock and safety stock, and parts criticality. The
three important constituents of parts criticality are: downtime cost, lead time and
reliability.*> Even though mthematical formulations for calculating both the criteria

have been provided and it i's suggested

41 Fortuinand Martin (1999), p. 957.
42 Partovi and Burton (1993), p. 32.
43 Bacchetti and Saccani (2012).
“Fuller et al(1993), p.93.

4 Duchessi et a(1988), p. 9.
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should be formed to bring down the total number of parts processed, the paper does
not suggest any technique téoakcutoff values in the costriticality matrix created.

Even thoughin general,several criteria have been proposed, damyted attention

has been given to identify in which context a particular criteria is preferable to the
others* However, afew studiestried to connect classification criteria to assist
forecasting and stock control. Williangs984) can be attributed as the first paper that

proposed a method to categorize demand patterns.

Lumpiness

v

v
iL

0.5

0.7 Intermittence

2.8

Figure 2: Williams' categorization scheme based
demand pattern; adapted from Syntetos et al. (20

Wi | | i a ms @ariancg @aatitiod requiresthe splitting of variance of demand
during lead time for spare parts into its constituenisbeing the mea lead time

durationandd w @ corresponding to the squared coefficient of variation of demand
size for parta Thel is the mean Poissatemand arrival rateThe term— denotes
the duration (in multiples of lead time) between successive demandtharefore
providesan indication about the intermittency of the demand. The ternmon the

other hand indicates how lumpy the demand is. The&uwtalues of 0.5, 0.7 and 2.8

46 Bacchetti and Saccani (2012), p. 723.
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have been suggested for practical situatiofi$iis exercise divides apts into 5
categories, as illustrated Figure 2; A 1 smooth, Bi slow moving, C and DI
lumpy and D2 very lumpy.The methodologyused by Williamswill be discussed in

detail in the nexsection.

Eaves (200gcritic i z ed Wi | | staingthad it deesbt elevaibe the demand
structure adequately amgéncesuggested a revised schebased on variability of the
transactionso rate, demand sThe gansactani abi | i |

Demand size variability

»

0.10

0.74
Transaction B D1
variability

0.53 Lead-time variability

D2

Figure 3: Eaves' classification scheme; adeg from Syntetos et al. (2005)

variability is divided into slowmoving (B) and fast movindA) categories. Théast
moving parts are further categorized based on theiraddnsize variability into
smooth (A) and irregular (C), which implies that category A constitutes of parts that
are smoothregular partsThe slow moving, irregular category is further divided
based on leatime variability into erratic (D1) and highly ratic (D2). The cutoff
values were decided based e characteristics dhe considered demand data set

andadequate susample size consideratioffs.

Syntetos et al. (2005) on the other hand used a different technique. Instead of using
characteristics for classifying spare parts so as to take demand forecasting and

inventory decisions, the paper uses demand forecdséisgd parts classification.

47 Syntetos et al. (2005), p. 496.
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They assumed a constant lead time and compared simulation results for three

di fferent forecasting methods (Crostonos
EWMA) to group parts with the same methbdt providesthe best resultd he only

drawback of thispaper isthat their methodhas only beenused for partswith
intermittent demand naturélso, Heinecke € al. (2013) verified the claim by

Kostenko and Hyndman (2006) that an alternative scheme to classifyns of

superior forecasting performance between CRO and SBA performs better than that
suggested by Syntetos et al. (20@)ll, Syntetos et al. (2005) will remain one of the

pioneer works in classifying parts with forecasting and stock controeasnth

Huiskonen (2001) goes a step further and classifies parts based on criticality,
specificity, demand pattern and value to discuss their effects on different logistics
elements like network structure, material positioning etc. Although qualitative in
nature, the rules suggesteth the studyprovided considerable base for further
research.An overview of his methodis illustratedin Figure 4. Wang and Kang
(2007) followed suit andefined part criticalitypased on part value, failure rate and
repair turnanundtime and eventally suggestedtock control strategie®ersson and
Saccan(2009) suggestarehousing strategies for parts categorized based on supplier

characteristics.

Criticality
Low High
Standard parts Value Low e Order processing simplified o User’s decentralized safety stocks and generous
e.g. by automated orders or replenishment lot-sizes

e Outsourcing of inventory
control to a supplier

High e Stock pushed back to the o Optimized user’s safety stock (with high
supplier and smooth demand)
o Time-guaranteed supplies from established service
company (for lower and irregular demand)
o Several users’ co-operative stock pools (for very
low demand)

User-specific parts e User’s own safety stock + partnership with local supplier to shorten leadtimes, to
increase dependability and get priorities in emergency situations.
e In the long run, standardization of parts when possible.

Figure 4: Huiskonen's categorization of control situations and respective suggested strateg
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Out of the 29 papers review, 13 definepart criticality as a cumulative indicator
one that factors in various indicators to result in a single consolidated indiClagor.
definition of part criticalityvariesfrom article to articleand isbased on the case,
empirical data and industry analysesbme very interesting factoused todefine
part criticality were observed For examplelolli et al. (2014) included assembly
stage along with consequence of failure to define criticalibe paper explains that
since different parts are used in different assembly stages, aostbokonepart may
lead to more serious consequences as compared to afoftrerther example is
Shangguan (2013hat defines part criticality basedn lead time, consequence of
failure and safety and inventory consideratioSafety considerations includée
envronmental or operational dangers that can be caused kstdbleout of a part
while inventory considerations considers factors 6ksolescence issues, weight and

dimensions of part and inventory handling costs.

Gajpal et al. (1994) is one of the firssearch works in th@rea of AHRN spare parts
classification following Partovi and Burton (199@yhere AHP was usefbr ABC
analysis ofpartsSKUs). The paper usestatus of availability of production facility,
specificity of part and replenishment lead time as factors to define part critenadity
suggest that service levels can be specified based on the criticalijuation
Similar works followed in the nextears where part criticality was defined based on
different factors T Flores and Whybark (1987) utilizestockout penalty,
substitutability, replenishment lead time and even political consequences among
others; Winter (1990 uses replenishment lead time dnpart value;Celebi et al.
(2008) use part stock out penalty, degree of substitutability and commonality;
Teunter € al. (2010)consides only thestockout penalty; Schuh anwienholdt
(2011) only consider consequence of failureyYan Haperen (2013)consides
commonality, substitutability and replenishment lead time; Stoll. ¢R@LL5)utilizes

multi-level hierarchy and defisepart criticality as maintenance criticality (failure

48 Lolli et al. (2014), p. 75.
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frequency, installation time, lead time) and production criticalityc{mree priority,

equipment availability and shift plan)

Braglia et al(2004) also usedecision trees andHP to consolidate 17 attributes into

4 factorsi plart criticality, supply characteristics, ieatory problems and usage
rates. The studylinks the different classes of spare parts with possible inventory
policies to identify the best control stratefjMore details on AHP will bdlustrated

in the next section.

Various classification criteria have been suggested in literatuwstly depending
upon the data that is either derived from imeustry or from a specificcase.Even
thoughresearchers have tried to specify rules of thuimbcertaincaseshut still in-
depth research is required. Connecting these rules to evergssilky forecasting and

stockcontrol decision is also a research field that needs to be explored.

3.1.2 Methodology for spare parts classification

Classification methodologylso known as ctsification technique or schemis,the
procedurethroughwhich parts are classified once the criteria have been finalized.
Qualitative research on parts classification has be®mperformed, for examplsix-
factor classification by Fuller et alLl993 for normal partsbut he most widely used
methodology forfinished goodSKUs and spare partslassification is ABC
classification based on Pareto principle. Its simplicity and ease of espesially
suitablefor set of parts having similar characteristithe earliest recorded works in
this field can be traced bl to Dickie (1951)who proposed the ABC inventory
classificationusinga single ciierion’ annual usagealueto classify inventoryThis
work was carried forwa by Gelders and Van Looy (201&ho implemented the
study in a large petrochemical plant and suggested different models for slow and fast

49 Braglia et al. (2004), p. 55.
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moving items.In fact, it was observed that the most common approach to classify

parts is ABC analysis using demand voluthe.

However, severabtudies cafirmed the drawbacks of using a single critetion
Huiskonen (2001) argued that the afimensional ABC classification does not
discriminate all the control requirements of different types of itdaschetti and
Saccani (2010) carried out a catedy kased analysis on 10 durable goods
companies and found out that only 3 out of them followed a +oudéria
classification approach towards spare parts classification. Up to 9 different spare parts
classes were identified with the most common criteridasfsification being demand
volume, value of part and part criticality. In contrast, most of the organisations either
had no model for classification or considered asilmple monecriterion approach.

With the increase in the variety and complexifypartsarises the need to have multi
dimensional classification techniquaad herefore,research oimulti-criteria ABC
analysis gained pacé.| or es a n d198Ktapptoach ferdalassifying various

cost and nostost criteria for manufacturing and servimeganisationss one of the
examples. Celebi et al. (2008), Diallo et al. (200B¢unteret al. (2010) also
developed classification apgaches that used multtriteria ABC analysisMulti-
Criteria Inventory Classificationr MCIC is still considered as the most desired and
accepted method because of its ease of use and provision to consider multiple factors

to classify parts.

Qualitativeempiricalapproachesfiave also beeutilized to classifyparts.Huiskonen
(2001) analysed how standard and uspecific parts with varying criticalities and
values influence the ngbrk structure decisiond-igure 4). Winter (1990 alsoused
multiple-criteria and hierarchicalcoupled planning procedurefgr example MIT
approach by Bitran and Hax (197% define criticality of parts antb classifythem
into product groupsSimilarly, Van Haeren (2013) and Bacchetti (2Q1€mployed

multiple criteria thatwere deemed important in the respective casedies and

S0 Bacchetti and Saccani (2012), p. 723.
51 Guvenir and Erel (1998), p. 30.
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subsequentlguggested strategies for the groups forn&uhilar empirical analyses
were performed in many other researches,nbotly in the form of matrixanalysis
using quantitative dataWilliams (1989 started this trendFgure 2) and was
followed by a wo-dimensional classification schemsing inventory costs and part

criticality by Duchessi et al(1983).

Criticality

Inventory
cost B

High cost, High criticality

Low cost, Low criticality

Figure 5: Costcriticality matrix for classifying spare
parts; adapted from Duchessi et al. (1988).

Similar researchwork followed i Schuh and Wienholdt (201Xategorized spare
parts based omart criticality and wear behaviour for the wind energy industry
(Figure 6); Shangguan (2013also categorized parts faffshore equipments in
Bohai bay area using part criticality, frequency of demand and annual Geayges
(2014) analysea typical spare parts supply chain and proposed to classify parts on

the basis of demand frequency and price.
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Spare parts
categorization
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non-critical

predictable non-predictable
Wear behaviour

Figure 6: Spare parts categorization by Schuh
Wienholdt (2011).

A variety of othertechniqueghat usemultiple criteria to classifyparts have been
developed the most welknown one beingAnalytical HierarchyProcessing also
known as AHPIt is a decisioamaking tool developed by Saaty (1990) dealing

with complex, unstructured and mutdtitribute decisions.This method assigns
weights or relative priorities to the different criteria and their alternatives that

characterize a decisiomhere are three stepsusing AHP?Z

1. Description of a complex decision problem in the form of a hierarchy.

2. Pairwise comparison to determine the relative importance or weight of the
various elements in each level of the hierarchy.

3. Integration of theseeights to determine the overall evaluation of the decision

alternatives.

The decision model structures the problem into a Aeiel hierarchy with th
overall objective at the topllowed by the criteria that characterizes the objective on

the seconddvel and the decision alternatives at the bottommost {&Udle criteria

52 Partovi and Burton (1993), p.30.
53 Gajpal et al. (1994), p. 294.
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can be subjective or objective and can be divided intocstdria for better
explanation of the objectivi.AHP evaluates the pairwise criteria with regard to the

goal and the alternatives with regards to the crif&ria.

Objective

Alternative 2 Alternative m

Alternative 1

Figure 7: Hierarchy structure for VED analysisAHP Model; adapted from Gajpal et al. (1994)

The trend of utilizing AHP for spare parts classification started fRartovi and
Burton (1993). Ths study defines qualitative and quantitative criteria to classify
SKUs and tests this model in a large pharmaceutical comg#igr works utilizing

AHP for spare parts classification include Gajpal et al. (1994), Sharaf and Helmy
(2001), Baglia et al. (2004) and Celebi et al. (2008) among others.

Development of ew AHP techniquegollowed, including AHP Sort and AHFK
which use robust clustering algorithms. The latest in this line isAthe-K-Veto
techniquethat adjusts for the hidden poacores for items by introducing a veto
system. Lolli et al. (2014) also propose a lustering Validity Indeg for
benchmarking this techniquegainst othepreviously knowninventory classification
techniquesErnst and Cohen (199@evelogd a comprehesive methodology using
statistical clustering to classify parts. Thmjor advantageof this technique is the
utilization of a large range of attributes that can be chosen on managerial dis€retion.
The drawbacks, as highlighted by Partand Burton (1998among other papers, are

the complexity and impracticability of the model and the problem of carrying out re

54 Partovi and Burton (1993), p.30.
SSLolli et al. (2014), p. 68.
%6 Ernst and Cohen (1990), p. 5398.
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clustering with the inclusion of a new part in the assortment which may result in
some parts being allotted to a totally different clusté&xHP has been integrated and
extended with many othetechniqueslike Data Envelopment AnalysisDEA),
Artificial I ntelligence Al) and Genetic Algorithm GA) but unfortunately, all these
models present disadvantages with respect to the compdxagplication2® Hence,
striking a balance between the utility of classification to create parts families and the
ease of carrying out this activity benes importantAlso, it is often argued that
limited attention has been paid to identifying the cases where the importance of one

criterion ishigher tharthe othe®

3.1.3 Cutoff values

Also known as threshold values, these are defined for @@ehion (or a group of
criteria) depending upon the classification methodology used so asrsolidate

parts into familiesResearch suggests that in several studescutoff values are
arbitrarily chosen such that they make sense for the partiemipirical cas€® The

setting is extremely subjective in nature and depends upon the available knowledge
about the criteria and the parts portfoResearchers argue that -mif values should

be wellassesed ad carefully chosen since the solution sevisy to the threshold

values is higi#!

57 Patovi and Burton (1993), p.29.

%8 Axsaeter and Marklund (2010), p. 5, Lolli et al. (2014), p. 67.
59 Bacchetti et al(2013), p. 264.

80 Syntetos et al. (2005), p. 496.

81vanHaperen (2018 p. 4.
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Average demand interval (p)

p=132

'
A
SBA SBA
erratic lumpy
Cr*=049
Croston SBA
smooth intermittent

Figure 8: Classification according to Syntetos et al.
(2005); adapted from Heinecke et al. (2013).

A classic example athe most widelyused set of cubff values used in spare parts
classification was pmosed by Syntetos et al. (200%)igure 8. Bacchetti(2010)
clearly stats that the cubff valuesfor each criterion in their classification method
was deci ded after consul tat i % mlithonght h
B a ¢ ¢ hworktfollovesd Syntetos et al. (2005) to define the-afiitfor ADI, it has
been mentioned that Boylan et al. (2pdémongratedthrough experimentation that
the insensitivity of the ADI cubff in the range of 1.18 1.86.Several other pape
like Partovi and Burton (1993 Ghobbar and Friend (2002nd Molenaers et al.
(2012)expressed the need to use extensive discussitinexpert teams to finalize

uponcut-off values.

3.2 Spare parts cemandand forecasting

Spare parts observaegular and unpredictable demand doiehe random nature of
occurrence of failure in the mach{sgwhere theymight berequired.This results in
added complications tthe process of forecasting their demand to better plan the
inventories and more imp@ntly, to reab thegoal of 100% machine uptimespare

parts demand pattern can be classified into four categories.

62 Bacchetti (2010), p. 99.
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Smooth A demand pattern iermed asmooth if the demand sizes in different time
periods are relatively similar and demand occurs reguldMiyst products have
smooth demand, although they might experience seasonal trends. Such demands can

be easily forecasted and unfortunately, few sparesgall under this category.

Erratic: Silver (1970) defing an erratic demand as one having relatively small
demand transactionsith ocasional very large transactiorfsuch a demand pattern
is characterized by demand instances in almost every timedpaut withvery high
variation in demand sizeMlany fastmoving spare parts constitute this category.

Intermittent : According to Silver, Pyke and Peterson (1998§lemand pattern is

termed as intermittenif it is infrequent suchthat the fiaverage timebetween

consecutive transactions is considerably larger than the unit time period, the latter
being the interval Herd mahyotime peackls gonmghout pdat i r
observing any demand instanebereas the demands that do occur are of almost the

same sizand volume

Lumpy: When a demand pattern demonstratasth erratic and interittent
behaviour, it is termed as lumpy. Oftgpare parts observe lumpy demawtiich
implies that they have high variability in the time interval in which they might be
needed and have high variability in the amounts in which they might be required.
Lumpiness is a result of several factors like the number and variety of customers,
their order frguency, heterogeneity of customer requests and correlation between

customer behaviolf

83 Bartezzaghi et al. (1999), p. 499.
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Smooth Demand Pattern Erratic Demand Pattern
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Intermittent Demand Pattern Lumpy Demand Pattern

1 4 5 B 7 B 2 10 11 12 13 14 15 16 17 12 1 # 3 4 5 B 7 B 89 10 11 17 13 14 13 16 17 12

Figure 9: A depiction of four kinds of demand patterns for spare parts

Bartezzaghi et al. (199%dentifiesthefactors that contribute tine unpredictabilityin

demand patterns:

Numerousness of potential customers in the market
Heterogeneity of customers
Frequency of customer requests

Variety of customer requests

o bk~ 0N e

Correlation between customer requests

SubsequentlyBoylan and Syntetos (20p8xplaired how eacliactor plays a role in
rendering the demand pattern lumpye chart can also senas a guiding tool for
rootcause analysis for unpredictable nature of a spare part demand. Spare parts
manager can then aatcordingly. ler exampleto reduce the erratic nature of a spare
part type,it can be suggestatiathomogenous customers with low demand volumes

be consolidatethto oneso thatvariability in the demand sizes can be lowered. Such

tools help managers taldecisions in an accurate and faster manner.
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Numerousness of customers
Intermittence — |

Frequency of individual orders

Correlation between customers’ requests — 1 Lumpiness
Heterogeneity of customers
:’—o Erraticness —|
Variety of customers’ requests

Figure 10: Categorization based on sources of demand characteristic
adapted from Boylan and Syntetos (2008)

It has been explained how complicated the spare parts demand patteenreaiging

from the variety in not only the demand sizes but also in the frequency of demand
instances.Since the decision on inventory policies for spare parts is directly
influenced by the current step of demand forecasthgyeforethe process of spe

parts demand forecasting is a crucial ddteasheim (1992) summariztee existing

techniques for forecasting spare palsnandas follows:

1. Simple averaging methedncluding moving average, weighted average and
double moving average methods.
2. Exponetial smoothing methods termed #ee most widely used technique;

include single exponential smoothinthat allots exponentially decreasing

weights to data points. Other variations are:

a. Doubl e Exponential smoothing: Brownos
used as well while Holtds two par ame
constant value to smooth the trend, is another variation in this category.

Wi nterds t hree par ameter met hod t ake
seasonality.

b. Chowdés adapt i v eandensedtfon nesiatjc time seresh
Ot her wvariations include Brownédés one

Harrisonds harmonic smoothing.
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3. Regression methods that can range frampte linear regression to multiple
and bgisticregression.

4. Decompositionmethod viherein time series consists of four components
trend, seasonal, cychtand random.

5. Box-Jenkins Methodalso known as ARIMA time series method, is one of the
most datantensivetechniques to forecast lumpy demand.

6. Focus Forecasting techniquédy Bernard Smith, involvesvaluation of all
forecasting method®r the immediate part period and selecting the best one

for the next period.

Several metrics to evaluate the various techniquetablaihave also been suggested
by Strasheimwhich includeT hei | 6 s U Watbson ealue abdiForecasiing
| ndex. It was eventually inferred that

results, especially for fast moving items.

Single Exponential SmoothingSES is the most simplistic and widely used
technique to forecast demand, but unfortunatélyworks without any special
consideration to intermittent (or lumpy) demand patterns. Croston proved that SES
method is biased in cases of intermittent demandpaoplosed a new methodology,
now known as t h%co@moalsreferredotes aSROe whithoisl also
the most relied upon and extersi used method in the industand in software
packages like Forecast Pro, SAP Adeed Planning & Optimisatioin APO 4.0 It
uses two separate estimatestf@ size of demand and frequency of demdimbugh

it was later proved that CRO is positively biaSedt the same timeéyillemain et al.
(1994) found distributions and correlat®oim data from the realorld that defied
Crost ono0s TEheresaftem BynteteBoytan Approximation (SBA) method
was introduced which adjtex] the positive bias in CR®esearch reveathat using

SBA methodresultsin significant reductions in the stock levels while achieving the

64 Croston (1972).
8 Syntetos and Boylan (2001).
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specified service level targeéis.Lateron, areas where SBA or CRO perform better in
the Intermittence.umpiness Matrix were establish@egure 8).6” As depicted in the
figure, intermitterce is captured by squared coefficient of variation of demand sizes

(6 w) and lumpiness by the average indemand interal ().

Hierarchical Forecastings another technique that has rendered useful models to
predict spare parts dema&fdnd has foundpplication in the Naw&.The hierarchical
structure can be in multiple levels and analysis can be carried edbvap bottorm

up or combinational. Hierarchical Forecasting has been found to be relevant
especially in caseof long forecasting horizdf, high degree of substitutabilityof a
partand seasonalityrends.Significant work has also be@arried outin developing
Forecasting Support SysterfisSS that take care of the intermittent, erratic demand
paterns of spare parts. The FSS divides the entire procedure ofadtirey into 3
major sections: m@-processing, processing and ppsbcessing wherein special
importance has been given to judgemental adjustmeifitse paper also explains the

relevance oBootstrapping methot.

Boylan and Syntetos (2008 broadly divide spare parts forecasting into two

categories:

1. Dependent on explanatory variables, also known as causal methods;

2. Dependent only on the history of demand, also defined asstnies method.

The paper also suggests that the choice of a forecasting approach depends upon data
availability, like demand history which is determined by the-diele stage of the

service partKigure 11).

¢ Eaves and Kingsman (2004).

57 Syntetos and Boylan (2005).

%8 Fliedner (2001), Zotteri et al. (2005).
%9 Moon et al. (2013).

70 Shliferand Wolff (1979).

TWidiarta et al. (2008a).

2Boylan and Syntetos (2008).
Willemain et al. (2004).
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Figure 11: Forecasting approach ttife-cycle stage of a spare part
suggested by Boylan and Syntetos (2008)

Forecasting methods can also be allotted based on demand characteristics. Fast
moving parts areisuallyforecasted using the tirseries methods wherein for parts

with nonrintermitent demand pattern, exponential smoothing methods are used.
Ghodrati (2011) suggestvarious models that exigor spare parts forecasting,
ranging from the most prevalent Poisson process model to the normal distribution
model and constant interval modehch accompanied by the criteria and conditions

for use. The paper also clearly states that the use of any of the models depends upon
the conditions of an individual case and it is extremely difficult to derives-nile

thumb for spare parts demand forgtaag. Although, all the methods utilize the basic
concept o f 60f ai | uGhebbar and ¢rfend d20pZaempare BB part s
different forecasting methods for management of spare parts in the aviation industry.
Diallo et al. (2009) suggest a sparetpdorecasting method selection guide based on

the demand characteristic.
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Demand Suggested forecasting models

Simple moving average
Weighted moving average
Fast moving Exponential smoothing

items . Movi

Stationary OVINg average .
. Two parameters exponential smoothing
(constant failure rate) . .
Linear regression

Moving average
Exponential smoothing

Croston method
Intermittent Bootstrap method
Moving average

Stationary
(constant failure rate)

Non-intermittent

Slow moving
items

Figure 12: Spares parts forecasting techniques selection guide as proposed by Diallo et al. (2009)
A number of other methodsfor demand forecastinghat utilize the knowledge
developed and experience gained by people over tikee Delphi technique,
structured analogies, expert systents ate very prevalent in praaticUnfortunately,
since these methods are usually based on intuition and araci@doby data, they
are difficult to completely reply upon, especially when complex parts portfolios have
to be worked with or when stakes are very high, sometimes ramgimglions of
Euros.

3.3 Spare p@rts inventory managementmodels

The main aim of ayinventory management system is to achieve targeted service
levels with minimum inventory holding and administrative costs. A large amount of
research has been done on developing inventory models in various sé&tie@OQ
model is the most weknown anongst all.Here, the minimization of total costs is

targeted to determ@rthe optimalreplenishment order quantiby

0 orE0Q —

where,

0 = fixed cost component
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'O =demand & of the item
U = unit variable cost atem
1 = carrying cost of item

The drawback of this model is the large number of assumptionaréhegquired to be
fulfilled, like a constant deterministic demand rate,backordering, zero lead time,
etc/* When demand is uncertaibackorders increase arlden arises the need to
introduce a buffer or safety stock to provide a cushion against stockout. This, along
with service level measures has resulted in the following invemésigw policies,

generallycategorized intéwo areas:

a. Continuous review systesi Within a continuous review system, the g&abf
the stock igypically known, hence, stock levels are continuously monitored.
b. Periodic review systems In such systems, stock status is determined after

every“Yunits of time.

Although more expensivi® implement, the major advantatiet continuous review
system has over periodic review system is that it guarantees the same service level
but with lesser safety stockhe various models within each of these two categories
are explained belowlt mustbe clarified that while oinand inventory denotes the
actual units of stock in the warehouse, inventory position, on the other hand, is on
hand inventory plus the pipeline inventory (ordered items that have still not arrived)
minus the backordersThe terminventory level and oiand inventory are used

interchangeablyThe three major policies withiithe continuous review system are:

1. Order-Point, Order-Quantity (s,Q)model

The (s,Q) policy works as follows: whenever the inventgrysitiondrops to or

below the predefined reorder leved, a replenishment order with constant lot size

4 Silver et al(1998), p. 150.
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of Q units is triggered which arrives after a lead tim® Since it is a continuous
review policy, inventorylevel is monitored at all timesThis model works very
well in cases of low demand variabilithut in the cases of spare parts, where
demand variability is usually high, the applicability(sfQ)needs to begerified.

2. (s,S)model

In this case,inventory is continuously reviewed to cled the position has
dropped below the préefined reorder leved. In that case, a replenishment order
will be placed such that the inventgppsitionreaches a prdefined value ofS

after lead timek.”® (s,S)model is relatively difficult to apply in redife situations

since each time, the replenishment order is of a different size and convincing a
supplier to agree on it g prove to be a daunting task. Anyhadw the case of
spare parts, this model caarrt out to be more robust thas,Q) since the
constraint of definite lesize does not exist here and herlagge variabilities in

demand sizes can be absorbed by varying the replenishment quantity.
3. (S1, S)model

In this case, an ordempto levelSis pre-defined and the attempt is to bring the
inventorypositionto S. Hence, whenever a demand occses; even if for 1 unit
and the inventoryposition drops down toS1, a replenishment order of the
quantity that brings the inventoppsitionback toSis triggered.Therefore, it can
also be said thg&-1,S)is a special case ¢§,S)model whereirs has been set to
S1. This model is often used in cases of slawving products or products with
very high backorder costs. Hence, it has been termedskeanehers agrobably

the most appropriate model for handling spare parts.

In the case of periodic review systems, inventory level is monitored after every pre

defined time periodl. Hence, it requires lesser effort on the part of the inventory

s Agrawal and Sheshadri (2000), Melchiors e2000).
6 Zheng and Federgruen (1991).
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manager tomplement such a system, even though overall it might prove to be more
costly as compared to continuous review systems (due to stockouts, emergency

shipments etc.)There are two major periodic review systems:
1. (T,Q) model

Here, inventory is monitored aftewvery T time periods andrespective to the
inventory position replenishment order of quantity Q units is plaegdry time
This system is usuallgbservedvhen companies order from the same supplier for
a long period of time.Again, similar to the(s,Q) model, it has a major
disadvantage in cases where demand variabslibygh.

2. (T,S)model

In this review system, after evefyunits of time, a replenishment order is placed
such that the inventorgositionreaches the prdefined value ofS’’ Therefae,

the size of the replenishment order vagesry time.

Another model that combines the concepts of periodic and continuous review systems
has been introduceth the(T,s,S)review model, inventory is monitoredter everyTl

time periods. If the inventorpositionis below the pralefined reorder poing, a
replenishmenbrder is placed that brings it bats level S In case the inventory
positionis aboves, no action is taken and aft€értime periods, inventory is reviewed

again.

This purpose of such a replenishment control system is to answer the following three

major issueg?

1. How often should the inventory status be determined
2. When should a replenishment order be placed
3. How largemust this order be.

7Chen and Krass (2001), Silver et al. (1998).
"8 Silver et al. (1998), p. 235.
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Spare partsnventory management is often considered as a special case of general
inventory management with some special features like lumpy demand patterns and
high service level$? Because of the typical nature of spare parts, traditional models
like EOQ and MRPsystems cannot be utilized since these models run with the
assumption of constant demand or normal distributionNR& works with fixed lot
sizes?® Another disadvantage is thataditional inventory controltheories deal
primarily with consumable items, that is, once having satisfied the demand, the
inventoried items leave the system fore¥e@n the other hand, spare parts are often
repairable in nature and may be returned to a repair centre and aftebn@rdbt

back to the supply chaiiKennedy et al. (2002) provide an interesting overview of the
recent literature in spare parts inventory management but the proposed models are
mostly either traditional inventory management models or their extensions.
Therefore, unfortunately, until very recenththe inventory management practice of

spare parts has mostly relied on very basic thedties.

Repairable spare parts inventory research was started in 1968ebRAND
Corporation for the United States Air Force SAF) with the introduction of
METRIC (Multi-Echelon Technique for Recoverable Item Conffd[This model
considers compound Poisson iterdemand with mean value determined by a
Bayesian approach thin a basalepot supply system which tries to optimite
Expected Backorders (EB at the base subjected to cost constraikt®D-
METRIC® and VARFMETRIC? techniques evolved from his work. A variety of
research followed, ranging from Markovian approach to limited repair capacity
approachmultiple stocking centres etc. Tao and Wen (2009) provide a neat summary

®Huiskonen (2001), p. 126.

80 Smith and Babai (2011), p. 129.
81 Matta (1985), p.395.

82 Cohen et al(1997), p. 62%639.

83 Sherbrooke (1968).

84 Muckstadt (1973).

85 Sherbrooke (198).
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of the related works and propose a simulation rhtmtea closedoop multiechelon

repairable inventory system.

One of the earliest works in muklichelon inventory management for spare parts is
Muckstadt and Thomasl980. Reasonable amounts of work was carried out by
Silver @ al. (1998) and Muckstadil973. Hopp et al. (199Pproposea simplified
heuristicto calculated the inventory control policiésr a two-echelon spare parts
distribution systemThonemann et al.2002) presenta system approach to control
spare parts inventory instead of the alsitem approachHoward et al. (2010)
consider a tweechelon inventory system consisting of a central warehouse and
multiple local warehouses and demonstréte effect of utilization of pipeline
information. The information on outstanding orders is usedetermine whether an
emergency shipment should be requested orKleber et al. (2012) suggest buy
back strategies for broken products from the customers to improve control demand
for spare parts and supply for recoverable iteAss et al. (2014)formulate a
decision ool for find out the best expediting policy and tamound stock of
repairable parts with uncertain demaBeéhfard et al. (2015) introduce the Last Time
Buy (LTB) concept for parts required to serviget-of-production machines during

the promised service period and develop a heuristic mdthaétermine the LTB
quanttyBast en and Arts (2017) ofltmhsassominge t he
continuous review and baseock controland develop a geely algorithmfor joint

optimization of spare parts inventories and fleet size.

Within multi-echelonparts inventory management, research has also been done to
suggest inventory policies byninimizing costs. Candas and Kutanoglu (2p07
suggest an integed approach to logistics network design and inventory decisions.
Their model achieved the same service level at lower costs as compared to the
sequential, decoupled approach. Porras and Dekker (2008) carry out an empirical
study on various inventory modalsing actual data to determine the approach with
minimum holding costsTiemessen and van Houtum (2010) consider a system with

one repair shop and one stockpoint and determine scheduling policy and initial stock
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levels for parts with the objective of mmizing holding and backder costs. Aisyati
et al. (2013 usecontinuousreview model to find out the optimal policy for aircraft

spare parts.

A very interesting article by Digiesi, Mossa and Rubj@014) argues that the main
goal of spare parts logistic is to design an efficient distribution network and to
manage the stock level that ensures a given target servicé.leMgs cannot be
achieved sustainably unless environmental factors of new jpartsiction and old
parts disposal are incorporated into the overall calculation of optimal inventory
levels. The authors went on to expand Sustainable Order Quantit$$QQ model

in place of the traditionallysed EOQnodel and tested it with industrial field results.
Cohen et al. (1997) carried out a study for benchmarking the-safies logistic
system and reported interesting trends and best practices in this Timed was
followed by another benchmarking study, @il and Ester (1999), that analysed the
German mechanical industry and createdjuality matrix that can be used by

companies to evaluatbeir status quo anecognise areas of improvement.

An extremely interesting concept has been introduced recently n&eedrmance
Based Logistics (PBEY where thecustomer does not pay for the spare parts but for
the number of hours the customer obtains power from the effgirlee customer
communicates his specific requirements to the supplier, but not the means of
achieving it. The supplier on the other hand gets more flexibility. The key goal of

PBL isPerformance

It can be clearly deduced that inventory management foe gjzats has been carried

out with a variety of objectives and under various sets of conditions, even though
research in this area is relatively new. There have been some works that concentrate
on suggesting appropriate inventory policies under certainitcmmsl that can serve

as guideline for spare parts managérterature suggests that even though class B

88 Digiesi et al(2014), p. 186.
87 Mirzahosseinian and Piplani (2011)
88 Ng et al. (2009)
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inventory items like screws, springs, coils, disks, valves, bearings, bushings etc.
require less frequent attention, it is recommended to aisgnaals review systems

with (s,S)inventory policy?® Also, fast moving items are generally dispersed closer

to the customer, hence it has been suggested to store them in the local wafhouses.
At the same time, for spare pamseéntory control, Compound Poissmodel8! have
traditionally proven to be effective, especially for larger transactions. Otherwise, the
(S-1, S)and(s,S)model$? with Poisson distributiohave beemsed as a nornse of
modified EOQ model for fast moving parts with a risk of unexpected obsolescence
has beersuggested in literature as w&lIThe feasibility of such suggestions existing

in literature shall be tested using the proposed simulation optimization model.

3.4 Classificaton for effective inventory management

The previous sections gave an overview on the various research work within spare
parts classification, demand and its forecasting and -stdtee-art inventory
management methods. All these three research topicsusaa#ly been dealt with in

a standalone manner resulting in a dearth of research in fields that look into, say for
example, spare parts classification to determine forecasting techniques. An important
work in this areavas done byHeinecke et al. (2013) lich highlighted regions of
superior performance between two major intermittlathand estimation techniques:
Crost onbds me t-Roglah Approximaton (BBAenetiood.

Intensive literature review furth@evealed that classifying spare parts with inventory
management in perspective is a concept that has not been thoroughly researched
upon. On broadening the scope, it was found that the earliest efforts in this direction,
but for SKUs and not spare pantgere made by Williams (1984) who focused on a
public utility in United Kingdom (UK) and developed a classification methodology

for identifying the most appropriate forecasting and inventory control methods for the

8 Sarker and Haque (2000), p.752.

% Cohen et al. (1997), p. 631.

91 Schultz (1987).

92 Feeney and Sherbrooke (1966).

9 Cobbaert and Van Oudheusd&rD96).
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resulting groups Eaves and Kingsman (200 modi fi ed Wil l i ams?o
applied it in the Royal Air Force, UKAlthough lateron their arbitrary assignment of
cut-off values differentiating differentpare parts groups faced sevecakbllenges

from other researchers.

The casébased research by Bacchetti and Saccani (d0a§fratedthat only 2 out of

the 10 companies adopted an integrated approach to demand forecasting a inventory
management* Not surprisingly, both these companies were operating in the
automotive industry which highlights the fact that this industry is more advanced than
others in terms of wunderstanding and appl
parts managenmé. Optimization of multiechelon inventory systeftswas also
introduced in theory. But the concepts of forecasting and inventory control of spare
parts were still alien to each othéried bridging this gapThe limited amount of
research that considespare parts classification for effective inventory management
includesStrijbosch et al(2000) andWang and Kang (2007). The papstates that

spare parts inventory management till now has been mostly looked at from the
economics point of viewe The authors suggest AHP method using 3 critéria
MTBF, repair TATand price of spares to classify spare parts into Vital, Essential and

Desirable groups and go on to suggestftilowing:

Type of spares Storage policy

Vital (s, S) system
Continuous review

Essential (s, Q) system

Continuous review

Desirable (R, s, S) system
Periodic review

Figure 13: Storage policy based on spare type (Wang a
Kang, 2007)

9 Bacchetti and Saccani (2010), p. 16.
%Van der Heijden et a{1997).
% Wang and Kang (2007), p. 2037.
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Botter and Fortuin clady the entire spare parts portfolio based on price, response
time and usage and suggest stocking strategies for each gfaineformed. For
example, inFigure 14 they suggest stocking parts in large quantities in local
warehouses for Group 1 whereas for Group 8, they suggest centralized stocking due

to their long response tinfé.
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Figure 14: Framework suggested by Botter and Fortt
(2000)

Braglia et al (2004) develop an inventory management policy matrix. They classify
spare parts into four groups using 17 different attributes and provide a qualitative

suggestion for each of tlggoup.

Spare part classification
Inventory policy A B C D
No stock X X
Single item inventory X X
Just-in-time policy X X
Multi item inventory X

Figure 15: Inventorymanagement policy matrix; adaptec
from Braglia et al. (2004)

97 Botter and Fortuin (2000), p. 66&66.
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Persson and Saccani (2009) present alcased simulation research to allocate spare

parts inventory. The paper groups spare parts based on lifecycle phase, volumes,
criticality and competition into 26 different classes and allot these groueie it

warehouses in the logistics netwdfkMleanwhile,literaturesuggest primarily AHP

and matrixclassification methods respectively to classify parts for inventory
managementGor di an pr-orgepassesde sanetnd 6 f or i mpl e me
rulesfor fast to mediurmoving and low to mediurpriced parts and carried out a

pilot at the Royal Netherlands Na®.Unfortunately, there does not exist a
quantitative, industindependent model for spare parts classification and inventory

management.

3.5Simulation methods for spare parts management

Simulation is the operation of a model of the system, which means that when
reconfiguration and experimentation of a system is too expensive or too impractical
to be carried out in real life, a model of tkgstem is simulated to study and
understand the behaviour of the actual syst¥t.is a strong tool to analyse system
behaviourwithout touching the actual system. This providée user flexibility to
induce and understand changes and their implicatona system and at the same
time not suffer any losses or alterations in it. Infinite scenarios can be built and
simulated on a model giving the user the upper hand of predicting the future or in

many cases understanding the past.

Supply Chain SimulatiolSCS is the use of simulation methodolqgyostlydiscrete
event simulation, to analyse and solve problems pertaining to supply chain
management®® Not only is there a material floin SCS but alsoan information

flow.1%2 The major advantages of using simulation in this field are the possibility to

% Persson and Saccani (2009)

9 Geertjes (unpublished, 2014),2.
100 Maria (1997), p. 7.

101 persson and Saccgi@i007), p. 316.
102Banks et al(2002), p. 1653
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include dynamics and the ease of modellitigdt the same time, simulation has the
capability of capturing the uncertainty and complexitgttare common in sy
chains!® It is already a popular methodology for defining intrinsic complexities in

largescale supply chains.

A considerable amount cfpare parts supply chain research has been carried out
using simulation modellingWilliams (1984)uses simulatiorassuming continuous
demand tocompareforecasting and inventory control methoids the three parts
categoriesi smooth, slowmoving and sporadicSyntetos et al. (2005) compare
various forecasting techniques for the four-gedined demand categoriéssmooth,
erratic, intermittent and lumpy, by means of simulatibieinecke et al. (2013)
highlighted regions of superior performance between two nia@rmittentdemand
estimation techni ques: -B&aroAppraximdtien (S3BAt hod ar
method also using simulation metho@&lders and Van Looy (201&sed simulation
methodology tonveightheir proposed inventory modelainstthe existing model for
normal and fasioving parts in a large petrochemical compaAll. the above

mentioned works have concentrated on using simulation to validate results.

Optimization, on the other handims at eithemaximising or minimising a function

that relates to a set that offexslefiniterange of options. The function compares the
range of ogbns to find out which one providéke desbresults. The most common
applications of optimization methodology are to maximise profit, minimize cost,
minimize error etc. Whenever the range of options for the variables, known as
decision variables, lies within a finite set of real values, the proidetarmed as
finite-dimensional optimization. The function igenerally known as objective
function and is accompanied by a set of constraints that limit the range of the decision
variables. Researh also suggests carrying ouwptimization using simulatm

Simulation optimization refers to the optimization of an objective function subject to

103 persson and Saccani (2009), p. 127.
104 Jain et al. (2001)
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constraints, both of which can be evaluated through a simulation Madéging
simulationbased optimization provides flexibility in designing a system. While
mathemécal optimization techniques mostly incorporateny assumptions which
drifts the model further away from reality, simulation optimization helps in finding
the optimal solutions in real life circumstanc®ghile traditionally, simulation has
been used tonainly experiment with a system and test various scenarios, linking a
simulation model to an optimisation engine results in faster and better results. In a
simulation optimization system, the optimization engine feeds decision variables into
the simulationmodel which in turn evaluates the functions utilized in objective
function and allows the optimization engine to return a solution. Since it is an
iterative process, the feed feedout process goes on until a satisfactory solution is

reached or is termated due to prescribed conditidfi$.

Figure 16: Simulation optimization approach

Porras and Dekker (2008arry out a case study in a large oil refinery and compare
different reorder point methods so as to minimize stocits. They utlize simulation
optimization methodology to evaluate different inventory paramefers(s, nQ)

review policy, based on single target service level for all parts that belong to a single

105 Amaran et al(2016), p. 351.
106 Amaran et al. (2016)
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