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1. Introduction

The maritime sector is of crucial importance in today’s compet-
itive and globalized world. The strategic economic importance of
maritime transport cannot be overemphasized since 80% of global
merchandise trade by volume is carried by sea. The world fleet has
more than doubled since 2001 and new building deliveries reached
historical highs in the last decade (Unctad, 2013). Besides maritime
transport, maritime assets are used in various operations such as
oil and gas terminal services, dredging, fishing, geophysical sur-
veys, and military missions. The availability and reliability of these
assets are crucial since their operations are often critical and high-
value. Maintenance and service logistics support (i.e. after-sales lo-
gistics activities needed to enable capital goods to be maintained
and function properly) are essential to ensure high availability and
reliability during the asset life time.

In the maritime sector, maintenance and service logistics sup-
port are known to be a significant part of the overall operating
costs. Maintenance activities can contribute in the range of 25-
35% to the operating costs according to Turan et al. (2009). Alhouli
et al. (2009) show that maintenance and repair costs for a bulk
carrier represent the largest proportion of operating costs with
about 40%. The annual worldwide maintenance and repair costs
for the Panamax type bulk carriers is estimated to be over $2.2
billion (Germanischer Lloyd and Fraunhofer, 2013; Unctad, 2012).
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Moreover, repair and maintenance expenditures are expected to
rise by at least 2.5% to 3% per annum over the next couple of
years (Drewry Shipping Consultants, 2014). On the other hand,
unexpected downtimes of maritime assets lead to a significant
loss of revenues. For instance, daily shipping operations of tankers
yield a revenue of as much as $20,500 depending on the vessel
size (Unctad, 2013). Breakdown of maritime assets can also affect
health, safety, and environment (Alhouli, 2011). The data analysis
in Pillay and Wang (2003) shows that more than 50% of accidents
on fishing vessels involved machinery failure that is thought to oc-
cur due to the lack of maintenance. Therefore, the issues related to
maintenance and service logistics must be given careful considera-
tion to reduce the related costs and risks for maritime assets.

Our paper presents the literature on maintenance and ser-
vice logistics management from an applicability perspective to
the maritime sector. This was also motivated by a joint univer-
sity — industry research project called “Integrated Maintenance
and Service Logistics Concepts for Maritime Assets” (MaSeLMa).
The MaSeLMa project focuses on developing innovative and smart
concepts to increase the predictability of maintenance, optimize
maintenance and service logistics planning and improve sup-
ply chain coordination and cooperation in the maritime sector
(Dinalog, 2015). Our paper summarizes the characteristics of the
maritime sector derived from the MaSeLMa project. First, we
have identified the key characteristics of the maritime sector
through discussions with practitioners. The characteristics identi-
fied are significant to be considered while making decisions re-
garding maintenance and service logistics management. Second,
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we have reviewed the existing literature by particularly focus-
ing on Operations Research/Management Science and Reliability
Engineering techniques. We have clustered the existing works
into several subdomains such as system design, failure predic-
tion/degradation modelling, maintenance service contract design,
maintenance strategy selection, maintenance planning, and spare
parts inventory management.

In our paper, we present the state-of-the-art in the subdomains
reviewed considering the key characteristics in the maritime sec-
tor as a guideline. This covers various works dealing with the as-
sociated characteristics directly (providing a maritime application)
or indirectly. We discuss the applicability and the shortcomings of
these works and summarize them as lessons learned. In particular,
we discuss to what extent the existing techniques can cope with
the maritime sector characteristics and describe the extensions re-
quired to make them applicable. Finally, we identify the potential
future research directions and suggest a research agenda.

To the best of our knowledge, there is no such literature review
on maintenance and service logistics management with a capital
goods focus. Dekker (1996) gives an overview of the applications
of maintenance optimization models published until 1996 and dis-
cusses the gap between theory and applications. Other reviews in
applications of maintenance optimization models also date from
the late 90’s (see, Scarf, 1997; Dekker and Scarf, 1998). More re-
cent reviews focus on specific maintenance (see, e.g., Garg and
Deshmukh, 2006; Ahmad and Kamaruddin, 2012; Wang, 2012a)
and spare parts inventory models (see, e.g., Kennedy et al., 2002;
Sherbrooke, 2004; Basten and van Houtum, 2014). Maintenance
and service logistics management is an extremely wide area of re-
search containing various problems and sub-problems. Therefore, it
is not feasible to conduct a comprehensive literature review of this
field while keeping the size of the paper within reasonable limits.
In this paper, our scope is limited to the most relevant works from
a maritime sector perspective. Even with this perspective many
important works have not being cited to keep the size of the paper
manageable. Nevertheless, our paper adopts a broader perspective
than previous reviews by focusing on various types of decisions in
maintenance and service logistics management. In addition, it clas-
sifies the literature according to specific sector characteristics and
presents the state-of-the-art, lessons learned, and future research
directions regarding each characteristic. As such, it provides an in-
novative literature review methodology that renders the literature
accessible and comprehensible to both researchers and practition-
ers. We note that most of the maritime sector characteristics pre-
sented is also valid for other capital-intensive industries. In this
sense, a big part of our survey is relevant and functional for other
industries such as aircraft/aerospace, defense, and automotive.

The rest of this paper is organized as follows. Section 2 gives a
description of the maritime sector. Section 3 presents the classifi-
cation scheme proposed for the maintenance and service logistics
management literature. Sections 4-12 are each dedicated to a cer-
tain characteristic of the maritime sector. In each section, first, we
review existing works that directly or indirectly address the associ-
ated characteristic. Second, we discuss the lessons learned adopt-
ing a maritime sector perspective. Third, we summarize the po-
tential research directions associated with the characteristic pre-
sented. Finally, Section 13 provides a priority setting for potential
future research directions identified, highlights the current trends,
and draws some conclusions.

2. Maritime sector
The maritime sector includes companies that are engaged

in the business of designing, constructing, manufacturing, sup-
plying, repairing, maintaining, or operating marine systems

(Monfardini et al, 2012). Original equipment manufacturers
(OEMs) design and manufacture marine systems, components,
or parts such as marine engines, navigation and communication
equipment etc. OEMs can be involved in maintenance and repair
activities and/or provide spare parts and service tools for the sys-
tems that they manufacture. System integrators design and con-
struct maritime assets by assembling the different units provided
by the OEMs. A system integrator can also be the OEM of some
specific systems such as the ship’s hull and electrical equipment. In
maritime vocabulary, a system integrator is often a “shipyard” that
builds the maritime asset. The terms “dockyard” or “repair yard”
refers to a company that performs dock maintenance and repair.
The terms dockyard and shipyard are usually used interchangeably
since they can undertake the tasks of ship building, maintenance,
and repair. In addition, there exist third party service providers,
highly specialized in marine equipment maintenance and service
logistics.

The asset owners deploy their maritime assets for different
types of operations. Maritime assets mostly differ based on their
intended use. For example, they can be used in oil and gas ter-
minal services (e.g., platform supply vessels, pipe-laying ships),
military missions (naval ships, i.e., frigates, aircraft carriers, sub-
marines, etc.), special services (e.g., tugboats, dredgers, fishing ves-
sels, pilot vessels, survey vessels), and transporting heavy goods
(e.g., bulk carriers, cargo liners, and container vessels) or passen-
gers (e.g., cruise ships, yachts) (Eyres and Bruce, 2012). These as-
sets are collections of different systems, including the ship’s hull,
propulsion system (consisting of a marine engine, propeller etc.),
navigation and communication equipment (e.g., search lights and
radar systems), crew equipment (e.g., sewage and air condition-
ing), and ship specific equipment (e.g., weaponry systems for naval
ships, dredging equipment for dredgers).

Marine systems highly differ in terms of maintenance and ser-
vice logistics requirements. For example, maintenance on a ship’s
hull requires a dockyard. Electronic components of navigation sys-
tems are often repaired-by-replacement, i.e., the component is re-
moved from the asset and replaced by a new or as good as new
spare part (Basten et al., 2011). Naval ships have various techno-
logically advanced systems on board. Generally, such systems are
uniquely designed for the naval defense industry (“one-off sys-
tems”) and their spare parts are subject to obsolescence and con-
demnation (Rustenburg et al., 2001; Sood et al., 2013). In addition,
marine systems’ degradation behavior depends on the operation
profile and operating environments (Dekker et al., 2013). There-
fore, even for identical systems maintenance and service logistics
requirements can be different (Mokashi et al., 2002). In this pa-
per, we provide a classification scheme to capture such specific as-
pects in the maritime sector and use it as a guideline to classify
the maintenance and service logistics management literature.

3. Classification

Our classification scheme is derived from our collaboration
with the industrial partners involved in the MaSeLMa project. The
MaSeLMa project aims at increasing the maintenance and service
logistics efficiency for maritime assets by: (1) increasing the pre-
dictability of maintenance, (2) improving maintenance and service
logistics plans considering resource and material requirements, (3)
improving and extending cooperation for service logistics and sup-
ply chain management within and across different maritime com-
panies. The ultimate goal is to reduce the total cost of own-
ership for asset owners and provide the OEMs, system integra-
tors, and service providers with opportunities for new business
(Dinalog, 2015). The MaSeLMa project involves several maritime
companies including the Royal Netherlands Navy (asset owner), Fu-
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gro! (asset owner), Smith Lamnalco? (asset owner), Thales®> (OEM
and service provider), Pon Power? (OEM and service provider),
Damen Schelde Naval Shipbuilding® (OEM, system integrator, and
service provider), RH Marine Group® (system integrator and ser-
vice provider), Alewijnse’ (system integrator and service provider),
and SeaMar Services® (logistics service provider). The knowledge
institutes involved are Eindhoven University of Technology, Univer-
sity of Twente, and Netherlands Defence Academy. As a part of the
MaSeLMa project, we have had regular meetings in which these
industrial partners and research teams came together. These meet-
ings have gathered 30-40 practitioners from the maritime sector.
Our classification scheme is an outcome of these meetings:

- Brainstorming meeting: The maritime sector characteristics and
challenging decisions in maintenance and service logistics man-
agement have been discussed.

Classification and literature survey: As an output of the brain-
storming meeting, we have prepared a two-dimensional classi-
fication scheme consisting of the maritime sector characteristics
and the relevant maintenance and service logistics management
topics (subdomains). We have conducted a literature survey and
positioned existing papers in the classification scheme. We have
identified the lessons learnt from the literature and the open
research topics.

- Feedback meeting: We have presented the classification scheme,
literature survey, lessons learnt, and open research topics to the
practitioners. Our industrial partners provided feedback on our
investigation. They also gave a prioritization considering the
relevance and the potential impacts of these research directions
(cf. Section 13).

Revision and extension: Considering the feedback of the indus-
trial partners and academic peers, we have revised our classi-
fication and extended our literature survey. In particular, some
additional characteristics and subdomains have been considered
and some others have been merged together.

As a part of the above-mentioned investigation, the maritime
sector characteristics are defined as follows:

- Multi-actor setting: Maintenance networks involve several actors
such as asset owners, system integrators, original equipment
manufacturers (OEMs), maintenance service providers, and lo-
gistics service providers.

- Small amount of failure-related data: Failure data is usually lim-
ited due to a small number of similar systems and redundant
execution of preventive maintenance. Moreover, it may be dif-
ficult to use failure data from one asset on another since mar-
itime assets operate in different and continuously changing en-
vironments.

- Mandatory surveys: According to the conventions provided by
the International Maritime Organization and the rules defined

1 Fugro provides offshore survey, offshore geotechnical, and seabed geophysical
services.

2 Smith Lamnalco provides towage and associated marine services to the oil and
gas terminal industry.

3 Thales designs and builds electrical systems and provides services for the
aerospace, defence, transportation, and security markets.

4 Pon Power is the official Caterpillar engine dealer in the Netherlands, Norway,
Sweden, and Denmark.

5 Damen Schelde Naval Shipbuilding is specialized in the design, construction,
and assembly of naval vessels and complex commercial vessels.

6 RH Marine is an integrator and service provider of electrical and automation
systems.

7 Alewijnse designs, integrates, and provides services for electrical engineering
systems.

8 SeaMar Services B.V. provides logistics and management services for the off-
shore and shipping industry.

by Classification Societies, mandatory dry-dock surveys are im-
posed on ships. Major overhauls and repairs of ships practically
take place during these dry-docking periods.
- System specific spare parts: Spare parts in the maritime sector
have some specific characteristics to be considered such as ob-
solescence, condemnation, and criticality.
Multi-echelon structures: There are multi-echelon characteristics
since spare part stocks can be held on the ships itself or on
shore by asset owners, system integrators, service providers, or
OEMs. Maintenance and repair activities can be executed at dif-
ferent locations (e.g., in a harbor, in a dockyard, or offshore).
Multi-indenture systems: Maritime assets can be considered as
a collection of technical systems having multi-indenture struc-
tures.
Moving assets: Maritime assets operate at remote locations and
are moving. They operate under randomly varying environ-
ments in isolation from repair and spare parts storage facilities.
Economic dependency: There exist significant scale effects in
maintenance set-up.
Long life-cycles: Maritime assets have a useful economic life of
about 25 years when they are first acquired.

Considering the challenges faced in the maritime sector and the
scope of Operations Research/Management Science and Reliability
Engineering fields, several subdomains have been identified. Ac-
cording to our discussions with practitioners, the maritime sector
characteristics listed above affect the decisions and models related
to the following subdomains:

- System design: This subdomain studies the impact of different
design options (e.g., redundancy, component reliability, modu-
larity, and commonality) to the total life-cycle-cost (LCC), i.e.,
the total cost to be incurred over the life of an asset. Related
works focus on minimizing the total LCC considering the rela-
tion between the system design and future maintenance and
resource requirements.

Failure prediction / degradation modelling: This subdomain in-
cludes failure prediction, degradation modelling, and condition
monitoring techniques for diagnostic and prognostic purposes.
It includes works that aim at estimating reliability and remain-
ing useful life (RUL) of components (i.e., the useful life left on
a component at a particular time of operation).

Maintenance service contract design: Decisions related to this
subdomain include selecting a particular type of maintenance
service contract, determining contract terms, and setting appro-
priate service level agreements between a supplier and a cus-
tomer. These require investigating maintenance, resource, and
service logistics requirements of customers and defining cir-
cumstances and criteria that influence service levels and the
total LCC. Other related works investigate costing, pricing, and
management issues for maintenance service contracts.
Maintenance strategy selection: This subdomain focuses on se-
lecting the best maintenance strategy for a certain system, part,
or component to find the optimum balance between bene-
fits of maintenance and related costs. Different maintenance
strategies are classified as corrective (failure-based), preven-
tive (scheduled-based), and predictive (condition-based) main-
tenance.

Maintenance planning: This subdomain investigates several de-
cisions related to the planning of maintenance activities and
maintenance related tasks such as inspections, replacements,
repairs, and overhauls. These include: (1) finding the optimal
intervals to execute maintenance related tasks, (2) scheduling
of maintenance related tasks, (3) determining components to
be repaired or to be discarded upon failure, (4) for systems
repaired by replacement of a component (called line replace-
able unit, LRU), determining the appropriate LRU level from a
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maintenance logistics perspective, (5) determining the right lo-
cation to execute maintenance and repair tasks in the main-
tenance network, (6) optimal allocation and dimensioning of
maintenance resources such as service engineers and service
tools (i.e., tools used by service engineers for maintenance and
repair tasks).

Spare parts inventory management: This subdomain covers the
literature related to spare parts classification, demand forecast-
ing, inventory control, and supply chain network design con-
sidering, e.g., emergency shipments, lateral transshipments, and
spare parts pooling.

The studies presented in this survey were found in journals,
conference proceedings, and books using mainly Web of Science,
Scopus, and Google Scholar combining keywords such as “main-
tenance”, “service logistics”, “spare parts inventory”, “maintenance
service contract”, “optimization”, “maritime”, “marine”, “ship” etc.
We have expanded our search considering the references cited in
these studies, performing a citation search to find other publica-
tions that cite them, and reviewing the publication lists of their
authors. We have observed that the number of studies providing
a direct maritime application is very limited, in particular, under
characteristics such as moving assets and economic dependency.
However, these characteristics are not specific to the maritime sec-
tor and are also relevant for many other capital goods such as air-
crafts, trains, trucks, and other commercial vehicles. Some generic
models, methods, and concepts are likely to be applicable to the
maritime sector. That is why, we consider a wide range of main-
tenance and service logistics related studies in our survey and dis-
cuss the applicability of the existing models, methods, and con-
cepts to the maritime sector.

Table 1 presents the positioning of the references according to
the characteristics in the maritime sector and the subdomains con-
sidered. The references that provide a direct maritime application
are depicted by “t” in Table 1. An empty cell in Table 1 represents
a characteristic-subdomain combination that is either irrelevant to
study or corresponds to a potential future research direction. We
note that a high number of references in a certain characteristic-
subdomain combination does not necessarily imply that the rele-
vant research area is saturated. Section 13 provides a link between
Table 1 and the open research topics.

Table 2 shows the problem-solving techniques and methods
that are commonly applied within the subdomains considered.
These include mathematical optimization (e.g., mixed integer, non-
linear, or stochastic programming, multi-objective optimization,
etc.), reliability analysis (e.g., failure mode and effects analysis,
failure diagnostics and prognostics analysis, Bayesian network ap-
proach, fatigues, corrosion, and wear analysis), data analysis (e.g.,
predictive analytics, statistical methods), decision analysis (e.g.,
multi-criteria decision analysis, analytical hierarchy process), game
theory, Markov decision processes, queueing theory, and simula-
tion.

» o« » o«

4. Multi-actor setting

Marine system suppliers (i.e., OEMs and system integrators)
usually offer warranty/support services during a certain period of
time and provide asset owners with deliverables such as mainte-
nance plans, spare parts, training, and test equipment that guide
them to maintaining their asset. The warranty is the most ba-
sic and common type of contracting between the suppliers and
the asset owners. The warranty support mostly concerns the re-
pair of failures by suppliers upon the request of asset owners dur-
ing the warranty period. After the warranty period, asset owners
have the full responsibility on their system, but maintenance, re-
pair, or provision actions can be performed by OEMs, system in-

tegrators, or service providers upon their request. The current sit-
uation in the maritime sector mostly represents an “on-demand”
operational model where the demand of asset owners is highly
uncertain causing difficulties in planning the future maintenance,
repair, overhaul, or provision activities. This results in long lead
times and/or high costs for meeting the requests. Clearly, this op-
erational model is not beneficial for none of the actors involved.
The MaSelMa project has the goal of providing the maritime actors
with opportunities for new business through service level agree-
ments.

4.1. State-of-the-art

The multi-actor characteristic in maintenance and service logis-
tics management raises questions related to maintenance strategy
selection, maintenance planning, maintenance service contract de-
sign, spare parts inventory management, and system design. This
section presents the state-of-the-art that includes the multi-actor
characteristic in these subdomains.

The warranty servicing costs directly affect the profit of sup-
pliers. One way to reduce these costs is to make appropriate de-
cisions in selecting maintenance strategies. For instance, carrying
out preventive maintenance (PM) before a failure occurs could re-
duce the degradation and the likelihood of failures during the war-
ranty period. From the asset owner’s perspective, PM actions over
the warranty period can have a significant impact on the main-
tenance costs after the expiration of warranty. The literature deal-
ing with warranty and PM issues simultaneously is significant (see,
e.g., Chen and Chien, 2007; Shafiee and Chukova, 2013; Djamaludin
et al., 2001; Kim et al., 2004). We refer to Shafiee and Chukova
(2013) for a comprehensive literature review on maintenance and
warranty.

Traditional manufacturers tend to offer maintenance and repair
services due to financial drivers (e.g., stability of income and higher
profit margin), strategic drivers (e.g., competitive opportunities and
advantage), and marketing drivers (e.g., customer relationships and
product differentiation) (Baines et al, 2009). For the customer,
the main reasons to contract out maintenance tasks rather than
perform them in-house are focusing on core business, accessing
highly specialized services at competitive costs, and sharing risks
(Godoy et al., 2014). Van Horenbeek et al. (2012) give a thorough
overview of the existing literature on maintenance service con-
tracts and existing business models. Performance-based contracts
focusing on predefined equipment availability targets are shown
to be the most successful type of contracts in capital-intensive in-
dustries such aircraft, defense, automotive, and construction. For
instance, engine manufacturers such as General Electric, Pratt &
Whitney, and Rolls-Royce have implemented performance-based
contracts with commercial airlines in which their compensation is
tied to equipment availability in terms of hours flown (Kim et al.,
2007; Knowledge at Wharton, 2007). A recent review and synthe-
sis of the performance-based contracting literature is provided in
Selviaridis and Wynstra (2015).

The long-term maintenance service contracting brings with it
significant challenges. First, the decision of establishing a certain
type of contract should be made based on well-founded compu-
tations. In this regard, Ashgarizadeh and Murthy (2000) present a
stochastic model to investigate the impact of different factors (such
as contract terms, equipment reliability, the number of customers
being serviced) on the supplier’s expected profit using a game the-
oretical approach. Wang (2010) presents a model for maintenance
service contract design, negotiation and optimization for one cus-
tomer and one supplier considering different contract options.

Second, suppliers need to assess the cost and the price of their
service offerings properly to guarantee their profit and to stay
competitive. Datta and Roy (2010) review existing knowledge in



Table 1

Classification of the literature (characteristics/subdomains matrix).

Characteristics/
Subdomains

System design

Failure prediction/
Degradation modelling

Maintenance service
contract design

Maintenance strategy
selection

Maintenance planning

Spare parts inventory
management

Multi-actor
setting

Wang et al. (1996)%,
Hussain and Murthy
(1998), Turan et al.
(2009)¢&, Ferrer (2010),
Oner et al. (2010),
Guajardo et al. (2012),
Oner et al. (2013), Xie
et al. (2014)

Small amount of
failure-related
data

Mandatory
surveys

Jardine et al. (1987)&,
Kacprzynski et al. (2001)4,
Wang et al. (2001)¢,
Steadman et al. (2002),
Orsagh et al. (2004), Celeux
et al. (2006), Roemer et al.
(2006), Han et al. (2007)%,
Kalgren et al. (2007),
Langseth and Portinale
(2007), Nicolai et al.
(2007)&, Soderholm (2007),
Yamamoto et al. (2007)&,
Gudze and Melchers
(2008)%, Santoro (2008),
Charles et al. (2009)&, Peng
et al. (2010), Rosunally et
al. (2010)&, Tinga (2010), Si
et al. (2011), Hockley and
Phillips (2012), Wang et al.
(2012)&, Weber et al.
(2012), Tinga and Janssen
(2013)&, Sankararaman
(2015)

Ashgarizadeh and Murthy
(2000), Bowman and
Schmee (2001), Tsang
(2002), Veenstra et al.
(2006)&, Baines et al.
(2009), Datta and Roy
(2010), Wang (2010), Van
Horenbeek et al. (2012),
Norden et al. (2013)&,
Keers et al. (2014)%,
Settanni et al. (2014),
Selviaridis and Wynstra
(2015)

Chen and Chien (2007),
Shafiee and Chukova
(2013), Goossens and
Basten (2015)&

Jambulingam and
Jardine (1986)&, Smith

(1993), Moubray (1997),

Mokashi et al. (2002)&.,
Conachey (2006)¢,
Jardine et al. (2006),
Scarf (2007), Lazakis et
al. (2010)&, Niu et al.
(2010), Turan et al.
(2011)&, Zaal and Kuijt
(2013)&, Alabdulkarim
et al. (2014)

Jambulingam and
Jardine (1986)d

Djamaludin et al. (2001), Kim et al.
(2004), Shafiee and Chukova (2013)

Tsang (1995), Christer and Lee
(1997)&, Pillay et al. (2001)&,
Hamada et al. (2002)¢&., Kallen and
van Noortwijk (2005)&, Rizzo et al.
(2007)&, Wang (2008),
Cunningham et al. (2011)&, Elwany
et al. (2011), Wang (2012a), Giorgio
et al. (2015)&

Cho and Parlar (1991), De Boer et

al. (1997)&, Deris et al. (1999)&, De

Waard (1999)&, Artana and Ishida
(2002)&, Inozu and Radovic
(2002)&, Wang (2002), Nicolai and
Dekker (2008), Galante and
Passannanti (2009)&., Joo (2009),
Celik et al. (2009)&, Alhouli

(2011)&, Safaei et al. (2011a), Safaei

et al. (2011b), Samaranayake and
Kiridena (2012), Ab-Samat and
Kamaruddin (2014), Zhu et al.
(2014)

Nowicki et al. (2006), Kim et al.
(2007), Mirzahosseinian and
Piplani (2011), Van der Heijden et
al. (2013), Godoy et al. (2014)

Deshpande et al. (2006)&, Elwany
and Gebraeel (2008), Vliegen
(2009), Rausch and Liao (2010),
Vliegen et al. (2010), Li and Ryan
(2011), Louit et al. (2011a), Wang
and Syntetos (2011), Dekker et al.
(2013)&, Topan et al. (2014),

(continued on next page)
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Table 1 (continued)

Characteristics/
Subdomains

System design Failure prediction/

Degradation modelling

Maintenance service
contract design

Maintenance strategy
selection

Maintenance planning

Spare parts inventory
management

System specific Ferrer (2010), Xie et al.
spare parts (2014)

Armstrong and Atkins (1996), Kabir
and Al-Olayan (1996), Wang
(2012b), Van Horenbeek et al.
(2013)

Fisher and Brennan (1986), Fisher
(1990), Dhakar et al. (1994), Gajpal
et al. (1994), Guide and Srivastava
(1997), Solomon et al. (2000),
Rustenburg (2000)&., Huiskonen
(2001), Rustenburg et al. (2001)%,
Teunter and Klein Haneveld
(2002a), Teunter and Klein
Haneveld (2002b), Sleptchenko et
al. (2003)&, Braglia et al. (2004),
Sleptchenko et al. (2005)&., Salman
et al. (2007), Cavalieri et al. (2008),
Van Kooten and Tan (2009), Louit
et al. (2011b), Pinge and Dekker
(2011), Teunter et al. (2011),
Bacchetti and Saccani (2012),
Mohammaditabar et al. (2012),
Molenaers et al. (2012), Bacchetti
et al. (2013), Driessen et al. (2014),
Holmstrom and Partanen (2014),
Khajavi et al. (2014), Roda et al.
(2014), Behfard et al. (2015)

(continued on next page)
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Table 1 (continued)

Characteristics/
Subdomains

System design Failure prediction/

Degradation modelling

Maintenance service
contract design

Maintenance strategy
selection

Maintenance planning

Spare parts inventory
management

Multi-echelon
structures

Multi-indenture
structures

Moving assets

Economic
dependency

Long life-cycles

Singpurwalla (1995),
Kharoufeh (2003),
Kharoufeh and Mixon
(2009), Kharoufeh et al.
(2010), Chatwattanasiri et
al. (2013)

Collette(2011)&, Walshe
et al. (2011)&, McKenna
et al. (2012)&, Jain et
al. (2015)&

Emblemsvag and Tonning
(2003), Jackson and Pascual
(2008)

Alfredsson (1997), Basten et al.
(2009)&, Basten et al. (2011)d,
Basten et al. (2012)

Jensen(1975), Choand Parlar (1991),
Perakis and Inézii (1991)%, Wang
(2002), Nicolai and Dekker (2008),
Basten et al. (2011)&, Parada Puig
and Basten (2014)&., Basten et al.
(2015)%

Perakis andinozii(1991)&., Ozekici
(1995), Christer and Lee (1997)%,
Gopalan and Talluri (1998), Talluri
(1998), Cekyay and Ozekici (2012),
Ulukus et al. (2012), Xiang et al.
(2012), Tinga and Janssen (2013),
Zhang et al. (2013), Basdere and U.
Bilge (2014), Diaz-Ramirez et al.
(2014), Cekyay and Ozekici (2015)
Cho and Parlar(1991), Dekker et al.
(1997), Nicolai and Dekker (2008),
Galante and Passannanti (2009)%,
Koochaki et al. (2012), Zhu et al.
(2012), Koochaki et al. (2013),
Ab-Samat and Kamaruddin (2014),
Dao and Zuo (2015)%

Kumar and Saranga (2010),
Zambujal-Oliveira and Duque
(2011), Nguyen et al. (2013)

Sherbrooke (1968), Graves (1985),
Lee (1987), Dada (1992), Alfredsson
(1997), Rustenburg et al.

(1998)% ,Alfredsson and Verrijdt
(1999), Rustenburg (2000)&,
Kennedy et al. (2002), Rustenburg
et al. (2003)&, Sherbrooke (2004),
Kilpi and Vepsdldinen (2004),
Muckstadt (2005), Caggiano et al.
(2006), Chen et al. (2006), Wong et
al. (2006), Candas and Kutanoglu
(2007), Jeet et al. (2009), Rappold
and van Roo (2009), Kranenburg
and van Houtum (2009), Wu et al.
(2011), Paterson et al. (2011),
Bijvank and Vis (2011), Basten et al.
(2012), Karsten et al. (2012), Iyoob
and Kutanoglu (2013), Basten and
van Houtum (2014), Karsten and
Basten (2014), Van Houtum and
Kranenburg (2015)

Muckstadt (1973), Sherbrooke
(1986), Rustenburg (2000)&.,
Sleptchenko et al. (2002),
Rustenburg et al. (2003)d., Zijm
and Avsar (2003), Tiemessen and
van Houtum (2010)

Dekker et al. (2013)&

Teunter and Klein Haneveld(2002a),
Teunter and Klein Haneveld
(2002b), Inderfurth and Mukherjee
(2007), Pokharel and Mutha (2009),
Van Kooten and Tan (2009), Pinge
and Dekker (2011), Inderfurth and
Kleber (2013), Behfard et al. (2015)
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Table 2
Problem-solving techniques and methods.

Characteristics/Methods System  Failure prediction/ Maintenance service ~ Maintenance strategy =~ Maintenance  Spare parts inventory
design Degradation modelling  contract design selection planning manag.

Mathematical optimization  x X X X

Reliability analysis X X X

Data analysis X X

Decision analysis X X X

Markov decision processes X X

Queueing theory X

Game theory X X

Simulation X X X X

cost estimation models for costing performance-based service con-
tracts. Among most commonly adopted practices, they cite the use
of expert opinion and analogy-based cost estimation. The litera-
ture also provides some examples of simulation models (see, e.g.,
Veenstra et al., 2006; Bowman and Schmee, 2001; Settanni et al.,
2014).

Third, suppliers should determine how to fulfill the pre-defined
performance requirements by taking sound decisions in spare parts
inventory planning. In this regard, there exist a few works that
can provide guidance to the suppliers. For instance, Nowicki et al.
(2006) develop a multi-echelon, multi-item model that produces
the optimal mix of spare parts maximizing the profit of a supplier
under a performance-based contract. Kim et al. (2007) combine
the classical problem of managing the inventory of repairable parts
with a multitask principal-agent model and analyze incentives pro-
vided by different contracting arrangements. Mirzahosseinian and
Piplani (2011) provide a repairable parts inventory model for a
system operating under a performance-based service contract and
analyze the interaction between inventory management, compo-
nent reliability, and repair facility efficiency. Van der Heijden et
al. (2013) study the trade-off between repairable parts inventory
level and repair and transportation time reductions. Godoy et al.
(2014) provide a decision-making framework to profitably integrate
the contractual conditions with critical spare parts management.

Finally, suppliers should start considering the future mainte-
nance and logistics requirements early in the design phase of the
systems (Dekker and Scarf, 1998). The literature shows that differ-
ent design options strongly affect the future maintenance and lo-
gistics requirements of customers. Turan et al. (2009) discuss the
effect of different design variables of ship structures on the to-
tal LCC. They develop a life-cycle costing model for structural op-
timization during conceptual design phase of ships. Wang et al.
(1996) present a multi-objective model for safety-based design and
maintenance optimization of large marine engineering systems. In
other capital-intensive industries, several works consider the im-
plementation of build-in redundancy for critical components (i.e.,
having a number of identical parts in parallel) and investigate the
trade-off between the increase in the initial system cost and the
decrease in maintenance and downtime costs during the life-cycle
(see, e.g., Oner et al., 2013; Xie et al., 2014; Hussain and Murthy,
1998). Some other works consider the impact of different compo-
nent reliability levels on the total system LCC (see, e.g., Oner et
al., 2010; Guajardo et al.,, 2012; Mirzahosseinian and Piplani, 2011).
Modularity and commonality options are shown as other poten-
tial cost-effective alternatives due to the benefits resulting from
spare parts pooling (Ferrer, 2010). From the supplier’s perspective,
it could be beneficial to invest in these design options to fulfill the
performance requirements of long-term performance-based con-
tracts at the lowest total LCC.

4.2. Lessons learned

The outcomes in other capital-intensive industries such as air-
craft, defense, automotive and construction illustrate the good po-
tential of performance-based service contracting in terms of higher
profits, system availability and reliability (see, e.g., Guajardo et al.,
2012; Knowledge at Wharton, 2007). The lessons learned from the
existing literature can be summarized as follows:

- In general, the choice of implementing a particular mainte-
nance service contract between a supplier and a customer
should be based on well-founded decisions (Van Horenbeek
et al,, 2012; Wang, 2010). The maritime sector is not an ex-
ception. Asset owners should decide on what should be out-
sourced, what kind of relationship with the supplier should be
adopted and how should the risks of outsourcing be managed
(Tsang, 2002). Suppliers should consider the possibility of re-
alizing higher system availabilities by collecting more statistics
on failure behavior and by sharing spare parts and other main-
tenance resources with multiple asset owners (Basten and van
Houtum, 2014).

- Companies recognize that delivering services is more complex
than manufacturing products (Baines et al., 2009). Traditional
manufacturers who would like to provide integrated mainte-
nance services should make important transformations in their
processes and structures. In particular, they should design the
maintenance services to be provided, redesign their organiza-
tional strategy, and deal with organizational transformation is-
sues (due to the necessary shift from a product-centric strategy
to a customer-centric strategy). In the Dutch maritime sector,
Keers et al. (2014) observe that both asset owners and OEMs
experience considerable problems in establishing successful ser-
vice alliances. For the OEMs, there is lack of knowledge, skill,
and experience in controlling and planning the service pro-
cesses. For asset owners an organizational transformation is
necessary in order to assess and control the service perfor-
mance (Keers et al., 2014).

- In performance-based maintenance contracting, determining
the right performance indicator is crucial (Nowicki et al., 2006).
In addition, an extensive performance measurement system
should be in place to effectively asses the current equipment
performance. It would be helpful to use condition monitoring
technologies to monitor the key performance indicators. In ad-
dition, data gathered through condition monitoring can be used
by the supplier to schedule maintenance tasks according to the
actual condition of the equipment (i.e., to execute condition-
based maintenance). This may reduce the risks and increase the
benefits in terms of cost, availability, and reliability (Veenstra
et al,, 2006; Norden et al., 2013). Besides, monitoring informa-
tion can provide valuable operational feedback to the supplier.
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- Performance-based service contracts are either standard or the
outcome of negotiations (Van Horenbeek et al., 2012). Deter-
mining the right performance level for a chosen performance
indicator requires defining all circumstances and criteria that
influence the performance. From the suppliers’ perspective, sev-
eral issues are to be dealt with. First, the supplier should de-
termine how to fulfill the performance requirements by finding
new and improved ways to manage the resources required. In
the long run, the supplier may find it in its best interest to in-
vest in more efficient repair and logistics capabilities (Kim et
al.,, 2007). Second, the suppliers should consider how to man-
age their relationships with their own suppliers. In the mar-
itime sector, this can be a big issue especially for system inte-
grators working with various OEMs.

- Some other challenges are related to the costing of
performance-based service contracts by the suppliers. These
include reliability of data supplied by the asset owners, consid-
eration of uncertainties at different stages of service life-cycle,
uncertainties of the asset owners’ contribution to availability
performance, and prediction of future maintenance activities.
It is necessary to increase the cooperation and information
sharing between the suppliers and the asset owners to remedy
these issues.

- The consideration of maintenance and logistics requirements
should start early in the design phase of systems (Dekker
and Scarf, 1998). In a performance-based contracting context,
Mirzahosseinian and Piplani (2011) argue that in order to im-
prove the system availability, suppliers should primarily work
to improve the components reliability by revising system de-
sign. Moreover, OEMs that provide similar systems to other in-
dustries beside the maritime sector (e.g., engine manufacturers)
should take a closer look into the marine circumstances and us-
age characteristics to adapt the system design accordingly.

4.3. Future research directions

Regarding the multi-actor characteristic in the maritime sector,
some unsolved issues remain for future consideration:

In order for the traditional manufacturers to extend their role
in providing integrated maintenance services, they should make
the necessary changes in their processes and organizational
structures (service design, performance control system, organi-
zational transformation, etc.) (Baines et al, 2009). In this re-
gard, the best practices that can help marine system manufac-
turers are limited (Keers et al., 2014).

One should analyze the impact of shifting from on-demand ser-
vice contracts to performance-based service contracts in terms
of asset availability, reliability, and the total LCC through study-
ing the associated maintenance and resource requirements.

It is worthwhile to study how to determine appropriate service
level agreements in maintenance service contracts by taking
all maintenance resource requirements into account and differ-
ent cost-effective options such as resource sharing, pooling, and
maintenance tasks coordination for several customers.

How a system integrator can align service levels guaranteed to
asset owners with the service levels quoted by its own suppli-
ers (i.e. OEMs) remains an open research question.

- Additional research is needed to study the relation between
the system design, operating environment, usage characteris-
tics, and the future maintenance and resource requirements
considering the total LCC.

5. Small amount of failure-related data

In the maritime sector, reliability information is usually not
available to the degree needed for the prediction of failure times.

Little historical data is available to perform forecasts from failures.
The so-called “one-off systems” are very common in certain types
of maritime assets (naval ships, survey vessels, etc.). These systems
are designed to fulfill the specific needs of the asset owners, they
are unique and non-standard. Moreover, maritime assets operate
in different and inherently variable conditions that influence the
failure rates (Dekker et al., 2013). This makes the use of failure
data from one system on another difficult even for identical stan-
dard systems (Mokashi et al., 2002). Asset owners usually follow
the recommendations of OEMs and system integrators which often
results in too much preventive maintenance (Coupe, 2015). Non-
compliance with the recommendations during the guarantee pe-
riod could remove the supplier from any obligations in case of a
claim. Besides, asset owners would not permit occurrences of fail-
ures so as to get the failure data (Mokashi et al., 2002). This leads
to the contradiction stated by Moubray (1997): “successful preven-
tive maintenance entails preventing the collection of the historical
data which we think we need in order to decide what preventive
maintenance we ought to be doing”.

5.1. State-of-the-art

The lack of failure data in the maritime sector requires the ap-
plication of some specific techniques to deal with data related is-
sues. In this section, we summarize existing works that can cope
with data related issues in failure prediction/degradation mod-
elling, maintenance strategy selection, maintenance planning, and
spare parts inventory management.

When the failure data is limited, one can resort to methods that
can transform the data from experts’ judgement, feedback experi-
ence, and observations into a suitable format for failure prediction
and degradation modelling. The Bayesian Network (BN) approach
is shown to be useful for this purpose. For instance, Celeux et al.
(2006) use the BN approach in describing a causal representation
of the phenomena involved in the degradation process of a nuclear
plant mechanical system. Langseth and Portinale (2007) discuss the
applicability of BNs for reliability analysis. They conclude that the
BN approach is preferable since it facilitates the interaction with
experts and is computationally efficient. Weber et al. (2012) an-
alyze the evolution of the literature about the BN approach and
summarize the applications on maintenance and reliability fields. A
maritime application of the BN approach is provided in Rosunally
et al. (2010) for improving remaining life predictions of a ship’s
iron structures.

In the maritime sector, a shift from preventive (scheduled-
based) maintenance towards predictive (condition-based) mainte-
nance is observable (see, e.g., Coupe, 2015; Hunt, 2014). This is
consistent with the deliverables of reliability-centered maintenance
(RCM) that was first applied in the aircraft industry (Smith, 1993;
Tsang, 1995). RCM is a structured approach that is used to de-
termine a cost-effective maintenance strategy by focusing on the
items that affect the system reliability. Basically, it consists of pri-
oritizing function need, considering all applicable forms of main-
tenance and employing the most appropriate and cost-effective
maintenance tasks in preserving system function. In RCM, all forms
of maintenance and even the need for maintenance are consid-
ered (Mokashi et al., 2002). Since 1980s, RCM has found several
applications in the maritime sector. First, Jambulingam and Jar-
dine (1986) demonstrate the integration of RCM and LCC con-
cepts on a part of an air conditioning system of the Canadian
naval ships. They show that a considerable amount of savings can
be obtained with the implementation of this approach. Mokashi
et al. (2002) discuss the specific problems likely to be encoun-
tered in implementing RCM on maritime assets. In the absence of
sufficient failure data imposed by the traditional RCM approach,
they propose a subjective qualitative approach. They show that the
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guideline principles of RCM can help to plan a maintenance strat-
egy. The requirements to improve reliability of maritime systems
based on RCM is listed by the American Bureau of Shipping (2003).
Conachey (2006) discusses the technical background of this study
and provides additional information related to maintenance and
risk analysis of maritime systems. Lazakis et al. (2010) propose a
criticality and reliability assessment methodology by using opera-
tional data and expert judgments. Their methodology was demon-
strated on a diesel generator system of a cruise ship. A similar
methodology is also considered by Turan et al. (2011) and illus-
trated on the main systems of a diving support vessel. Recently,
Zaal and Kuijt (2013) have presented a methodology that stream-
lines the RCM approach by assessing only the functional critical
failure modes. A propulsion gearbox has been used as a test case
to demonstrate the proposed RCM approach.

Given a choice RCM often prefers condition-based maintenance
(CBM) to scheduled-based maintenance (Mokashi et al., 2002; Niu
et al, 2010). CBM is a maintenance program that recommends
maintenance decisions based on the information collected through
condition monitoring (Jardine et al., 2006). It becomes a feasible
option when a measurable condition indicator has been identi-
fied and it is possible to set warning limits using this indicator.
Scarf (2007) presents a framework for determining an appropri-
ate CBM policy for a given system and provides practitioners with
guidelines for CBM. Three steps can be distinguished for a CBM
program: data acquisition (information collecting), data processing
(information handling) and maintenance decision making (Jardine
et al., 2006).

There exist two main types of data collected in a CBM program:
event data and condition monitoring data. Event data include the
information on previous breakdowns, overhauls, and maintenance
practices. Condition monitoring data contain measurements related
to the health condition of the asset under consideration. So far,
various sensor technologies have been designed to collect differ-
ent types of condition monitoring data. These technologies have al-
ready found applications in the maritime sector for ship hulls (see,
e.g., Yamamoto et al.,, 2007; Wang et al., 2001) and marine engines
(see, e.g., Han et al,, 2007; Wang et al., 2012).

The condition of the equipment under consideration can be
monitored either continuously or at specified periods. If the equip-
ment condition is not monitored continuously, the interval be-
tween inspections has to be determined so that actions can be
taken in time, either to prevent failures or to minimize the con-
sequences of those (Tsang, 1995). Delay-time-based modelling is
one of the techniques for optimizing inspection planning. It has
attracted significant attention and widely applied by researchers
in the maintenance field. Some successful applications are also
presented for maritime assets (see, e.g., Christer and Lee, 1997;
Cunningham et al., 2011; Pillay et al., 2001; Giorgio et al., 2015).
A recent comprehensive review on the applications and develop-
ments regarding delay-time concept is provided by Wang (2012a).
Risk-based inspection (RBI) is another concept used for inspection
planning. RBI planning aims at optimizing inspection by focusing
on equipment with high risk which are more likely to fail, caus-
ing damage to people and environment and resulting in high costs
in case of failure. We refer to Hamada et al. (2002), Kallen and
van Noortwijk (2005) and Rizzo et al. (2007) for more information
about the applications of this concept in the maritime sector.

Data processing is an essential step in a CBM program. Differ-
ent methods and models are available in the literature for better
understanding and interpretation of data. These are used to ac-
complish fault diagnostics and/or prognostics and constitute the
basis of maintenance decision support. Diagnostics refer to fault
detection, isolation and identification when it occurs. Prognostics
deal with fault prediction before it occurs and focus on RUL esti-
mations. A comprehensive literature review on machinery diagnos-

tics and prognostics implementing CBM can be found in Jardine et
al. (2006). Recent literature reviews on machinery prognostics and
RUL estimation techniques are provided by Peng et al. (2010) and
Si et al. (2011), respectively.

The literature on machinery diagnostics is huge and diverse
(Jardine et al., 2006). There exists a large and growing variety
of condition monitoring techniques for fault diagnosis. A particu-
larly popular one for rotating and reciprocal machinery is vibra-
tion analysis (see e.g., Elwany et al., 2011; Wang, 2008). This tech-
nique is also found effective for marine machinery (see, e.g., Han et
al.,, 2007; Charles et al., 2009). Prognostics is still a relatively new
but very active research area in aircraft, automotive, nuclear, pro-
cess controls, and defense industries (Peng et al., 2010). Analyses
of maritime machinery such as marine engines (see, e.g., Jardine et
al., 1987; Wang et al., 2012), compressors (see, e.g., Kacprzynski et
al., 2001, and ship hulls (see, e.g., Nicolai et al., 2007; Gudze and
Melchers, 2008) are also available in the literature.

Prognostic methods that are based on historical failure data are
called experience-based methods. These methods rely on the col-
lection of a sufficiently large set of failure data and require a nu-
merical relation describing the data (Tinga, 2010). An alternative
approach is to use model-based methods, in which physical models
are used to describe the degradation process of the component and
its failure mechanism. Although model-based methods has a big
potential in maintenance modeling and prognostics, applications in
this field is limited (Tinga and Janssen, 2013). Tinga (2010) pro-
poses a framework for model-based maintenance, in which physi-
cal models are applied to predict failures of different components.
He demonstrates that when the failure mechanisms are known and
the usage or loading of the components is monitored, the uncer-
tainty in the prediction of failures can be significantly reduced.
Roemer and co-authors provide several studies in which they apply
physical models to systems such as bearings, gear tooth, and elec-
tronic systems (see, e.g., Kalgren et al., 2007; Roemer et al., 2006;
Orsagh et al.,, 2004).

Maritime assets are composed of technical systems that may
comprise electronic units for which diagnostics and prognostics
require additional challenges. The no failure found (NFF) phe-
nomenon is a major problem when dealing with fault diagnosis
of electronic units. A NFF event occurs when an electronic unit has
been removed from a technical system due to a fault but the ex-
ternal test does not discover any fault on it. Within the aircraft
industry, about 50% of electronic units removed during the utiliza-
tion and support stages are classified as NFF (Soderholm, 2007).
NFF events may be manifested in decreased safety and availability
and increased life-cycle costs for maritime assets. It is the aircraft
industry that has done most of the work in this area (Hockley and
Phillips, 2012). The methods presented in the literature (see, e.g.,
Steadman et al., 2002; Santoro, 2008) can also be considered to
reduce or eliminate NFF events in the maritime sector.

Spare parts inventories exist for serving the needs of mainte-
nance. Their unavailability results in higher downtimes. In gen-
eral, demand for spare parts is difficult to forecast using historical
data only (Dekker et al., 2013). In the maritime sector, little data
is available to perform forecasts based on time series forecasting.
Wang and Syntetos (2011) present a generic method that can be
used to make accurate predictions of spare parts demand. They
provide a spare parts demand forecasting method by looking at
the maintenance processes that generate the relevant demand pat-
terns. Under certain conditions, this maintenance-based forecast-
ing method is associated with a better performance in comparison
with a well-known time series method.

By using the information on the physical condition of the
equipment, it is also possible to update replacement and inven-
tory decisions dynamically. For instance, Elwany and Gebraeel
(2008) integrate prognostics (by referring to RUL estimations) into
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replacement and spare parts decision models. Similarly, Louit et al.
(2011a) present a model directed to the determination of the or-
dering decision for a spare part when the component in opera-
tion is subject to a condition monitoring program. Other related
works incorporating condition monitoring information into spare
parts inventory decisions can be found in Deshpande et al. (2006),
Li and Ryan (2011), Rausch and Liao (2010) and Topan et al. (2014).

5.2. Lessons learned

In the maritime sector, there is a trend to shift from scheduled-
based maintenance towards CBM (see, e.g., Coupe, 2015, Hunt,
2014). Indeed, the rapid development of advanced sensor tech-
nologies is making the implementation of CBM more affordable
and feasible for the maritime sector. However, the following points
should be considered while adopting a CBM strategy:

- The importance of event data should not be underestimated
since event data and condition monitoring data are equally im-
portant in CBM (Jardine et al., 2006). For an already existing
and old vessel, obtaining event data can be difficult. Ideally,
event data shall be recorded starting from the early stages of
the vessel life and data collection and reporting should be au-
tomated through a maintenance information system.

- Information on the operational environment should also be
taken into account for an effective maintenance decision mak-
ing. Since environmental influences can largely affect the failure
behavior of maritime assets, models and methods that enable
the consideration of environmental variables are more appro-
priate for the maritime sector (see, e.g., Gudze and Melchers,
2008; Dekker et al., 2013).
Peng et al. (2010) summarize some general weaknesses of prog-
nostics. These include the difficulties and high cost of collecting
abundant data and the lack of a judgment criterion for the ac-
curacy of existing prognostic techniques. These weaknesses lead
to a long learning and implementation time of maintenance
techniques based on prognostics.

- In model-based prognostics, much less failure data is needed
compared with experience-based models since the physi-
cal mechanisms characterize the failure behavior. Moreover,
changes in usage of the system can easily be incorporated
into model-based methods by using the quantitative relation
between usage and degradation. However, this requires a de-
tailed understanding of the system. Considerable effort is gener-
ally needed to develop the physical models (Tinga and Janssen,
2013).

- Jardine et al. (2006) argue that prognostics is much more effi-
cient than diagnostics to achieve zero-downtime performance.
However, asset availability also depends on the availability of
maintenance resources such as spare parts, maintenance engi-
neers, service tools, and maintenance facilities (Vliegen, 2009;
Vliegen et al., 2010). Alabdulkarim et al. (2014) provide numer-
ical evidence about the fact that a higher asset monitoring level
does not always guarantee a higher asset availability. If mainte-
nance resources are not managed efficiently, investing in high
cost technologies may be useless as a higher performance of
the assets is not guaranteed.

5.3. Future research directions

- While implementing prognostics and CBM, the error between
predicted RUL and real RUL can be significant if the influ-
ence of environmental variables are not properly quantified and
taken into account (Peng et al., 2010). It is worthwhile to study
how to incorporate the error and uncertainties in RUL estima-
tions into maintenance and resource planning (Si et al., 2011;
Sankararaman, 2015).

- A comprehensive analysis to quantify the impact of using dif-
ferent monitoring levels by taking resource constraints and lo-
gistics capabilities of the companies into account is lacking.
This would enable the determination of conditions under which
higher monitoring levels result in higher system availability.

- More research is required to effectively integrate prognostics
with maintenance and resource planning.

6. Mandatory surveys

The vast majority of ships are built to and periodically surveyed
for compliance with the rules defined by Classification Societies. A
Classification Society is an organization that provides classification
and statutory services and assistance to the maritime sector to-
gether with the requirements set down by the International Mar-
itime Organization. After the assignment of a class (usually reflect-
ing the ship’s tonnage and intended use), each ship is subject to
a specified program of periodic surveys. These are typically based
on a five-year cycle and consist of annual surveys, an intermediate
survey, and a class renewal/special survey held every 5 years (IACS,
2011). These surveys may include out-water examinations that re-
quire the ship to be dry-docked to verify whether the ship contin-
ues to meet the relevant requirements. The length of mandatory
dry-docking intervals depends on the ship’s class and age. For in-
stance, general commercial ships are dry-docked on average every
2.5 years (Landon, 2014). Major overhaul, repair, and maintenance
of ships often take place during dry-docking.

6.1. State-of-the-art

In the period between mandatory surveys, it is usually the as-
set owner’s responsibility to properly maintain their ships (IACS,
2011). For each system, selecting an appropriate maintenance strat-
egy between major overhauls (accompanied by mandatory surveys)
is crucial to meet the pre-specified technical and safety require-
ments at a fair cost. Jambulingam and Jardine (1986) analyze this
problem for a marine system. The objective of their work is to de-
termine whether the system requires preventive maintenance (PM)
between two major overhauls, if so to find the optimal PM interval.
In a similar vein, Artana and Ishida (2002) investigate the optimal
maintenance interval between two dock replacements for the com-
ponents used in a ship’s ballast system.

Mandatory dry-dockings and overhauls pose both a restric-
tion for availability and an opportunity for clustering maintenance
tasks. In a holistic way, it can be less expensive and more conve-
nient to perform preventive maintenance for a certain component
during dry-docking of the ship rather than at the optimum preven-
tive maintenance time for that component. This has a strong rela-
tion with the problem of establishing group maintenance and op-
portunistic maintenance policies considering economic and struc-
tural dependence of different components. This research area has
received considerable attention in the literature (see, e.g., Cho and
Parlar, 1991; Wang, 2002; Nicolai and Dekker, 2008; Ab-Samat and
Kamaruddin, 2014). Galante and Passannanti (2009) consider the
maintenance of marine systems (e.g., propulsion or steering sys-
tems) whose major components can be maintained only during
a planned system downtime, i.e. the major overhaul. Focusing on
an opportunistic maintenance policy, they propose an algorithm
to determine the set of components that must be maintained to
guarantee a required reliability level up to the next major overhaul
with the minimum cost.

The literature on aircraft maintenance planning and schedul-
ing would be helpful to cope with some problems related to mar-
itime assets maintenance. During the major overhaul of an aircraft
(termed heavy maintenance), the aircraft is temporarily taken out
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of service and inspections of various system components, struc-
tural modifications, and/or alternations are performed. This is sim-
ilar to what happens during the major overhaul of maritime as-
sets. The majority of research in this area focuses on the resource-
constrained maintenance scheduling of a fleet of aircraft (see, e.g.,
Safaei et al, 2011a,b). We refer to Samaranayake and Kiridena
(2012) and the references therein for further information on this
research area. Similar applications in the maritime sector can be
found in Alhouli (2011) and Deris et al. (1999).

Maintenance tasks that have not been planned and identified
before the dry-docking starts, result in significant additional costs
to asset owners (Inozu and Radovic, 2002). Similarly, about 50% of
the total work involved in heavy maintenance of aircrafts are un-
planned maintenance activities arising out of inspections carried
out during an aircraft lay-up (Samaranayake and Kiridena, 2012).
A framework that facilitates a proactive response that mitigates
the impact of such unpredictable maintenance activities in aircraft
maintenance can be found in Samaranayake and Kiridena (2012).

From the viewpoint of dockyards, efficient management of ca-
pacity and time limits is a critical issue. De Waard (1999) develops
a process-oriented organization model applied to the Royal Nether-
lands Navy Dockyard through pilot tests, to cope with high degree
of uncertainties associated with customer demand and mainte-
nance execution time, and tight requirements regarding due dates,
cost, quality, and flexibility. His model includes elements regard-
ing the design of production, control, and information structures.
De Boer et al. (1997) provide a decision making support in pro-
cess planning, aggregate capacity planning, and scheduling also for
the Royal Netherlands Navy Dockyard. A necessary condition in or-
der to complete maintenance, overhaul, and modification projects
in time is the availability of materials and spare parts. This issue
is studied by Joo (2009) in the aircraft industry. He focuses on the
problem of scheduling overhauls for a small fleet of aircrafts when
available spare parts are limited and overhauls may not be delayed
beyond a due time. The dynamic programming approach proposed
in this study is also applicable to maritime assets.

For asset owners, selecting the dockyard where periodic dry-
dockings are to be performed is crucial since the relevant processes
are critical. Several criteria such as quality of service, capacity lim-
itations, geographical advantages, relevant costs, and time limits
should be taken into account. A multi-criteria approach for selec-
tion among dockyards is developed in Celik et al. (2009). A real
case application is presented where the capacity of the dockyard
is shown to be the most important criteria for asset owners.

6.2. Lessons learned

- The majority of the literature on heavy maintenance in the air-
craft industry can address the problems encountered in plan-
ning and scheduling of major overhauls/mandatory surveys in
the maritime sector.

- In practice, asset owners generally work with dockyards situ-
ated in the geographical area where their assets are operating.
It is shown that dry-dock availability can be an issue, leading to
the use of other yards on an ad hoc basis (Landon, 2014). Major
overhauls should be planned in advance to make appropriate
dry-docking appointments. However, accurately estimating ac-
tivities and resources to be required before dry-docking is a big
challenge for maritime assets (Inozu and Radovic, 2002).

6.3. Future research directions

- The integration of different maintenance strategies such as
failure-based, age/usage-based, and condition-based with the
fixed maintenance interval concept stemming from the periodic

surveys has received little attention in the literature, the only
exception that we are aware of is Zhu et al. (2014).

- The research on maintenance scheduling for a fleet of ships
under limited resource capacity including spare parts, mainte-
nance engineers and dockyard space has been scarce.

- Limited number of works takes into account imperfect predic-
tions made before dry-docking regarding maintenance activi-
ties to be performed and resources to be required. De Waard
(1999) describes a qualitative approach to cope with such un-
certainties by re-designing the organizational structure. Future
research is required to develop quantitative approaches in this
respect.

7. System specific spare parts

Insufficient spare part stocks may affect the overall performance
of maritime companies, as lack of spare parts results in longer
downtimes, lower availability and/or increased operational risks
(Louit et al., 2011b). Several aspects such as criticality, condemna-
tion, obsolescence, and cannibalization should be considered while
making spare parts inventory and maintenance planning decisions
in the maritime sector.

7.1. State-of-the-art

The spare parts classification is a crucial step in spare parts
management since it enables a better management of differ-
ent items by taking into account their characteristics (see, e.g.,
Cavalieri et al., 2008; Driessen et al., 2014; Roda et al.,, 2014).
Distinctive characteristics include parts’ criticality (economic, en-
vironmental, and safety consequences of a part failure), usage
(demand volume, demand variability, and redundancy), inventory
(price, space required, and obsolescence rate) and supply charac-
teristics (replenishment lead time, supplier availability, risk of non-
supply, and part specificity) (Roda et al., 2014). For spare parts that
possess distinctive characteristics, using several criteria as a basis
for classification is particularly useful. This has led researchers to
suggest different types of multi-criteria approaches for spare part
inventory classification (Muckstadt, 2005). A well-known method
used as a tool for classifying spare parts is the analytical hierarchy
process (AHP) (see, e.g., Gajpal et al., 1994; Braglia et al., 2004;
Molenaers et al., 2012). We refer to Roda et al. (2014) for advan-
tages and disadvantages of various multi-criteria spare parts clas-
sification approaches proposed in the literature.

In spare parts management, adopting an integrated view in
spare parts classification, demand forecasting and inventory man-
agement improves the overall effectiveness. To the best of our
knowledge, Braglia et al. (2004) provide the first paper in this di-
rection by relating the classification of spare parts and inventory
management policies. Mohammaditabar et al. (2012) propose an
integrated model to classify the parts and find the best inventory
policy simultaneously. Bacchetti et al. (2013) propose differentiated
forecasting and inventory policies for different categories of spare
parts. For a case study organization, their simulation results show
that a total logistics cost reduction of about 20% can be achieved.
A literature review on theoretical contributions of spare parts clas-
sification and demand forecasting can be found in Bacchetti and
Saccani (2012).

In capital-intensive industries spare parts stock is often com-
posed of repairable and non-repairable parts. Repairable parts are
the ones which are repaired and returned to use rather than dis-
carded. These are usually expensive and/or specific parts with a
long life. Typical problems are concerned with their optimal stock-
ing levels, the location of these stocks, and the effective use of lim-
ited resource capacity for repair tasks. Dhakar et al. (1994) present
an approach to find optimal stock levels for repairable parts which
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are critical to operations and having low demand. Louit et al.
(2011b) concentrate on relatively expensive and critical parts for
which they present various approaches for the determination of
the optimal stock levels, when the stock is composed of re-
pairable and non-repairable parts. Sleptchenko et al. (2003) study
the trade-off between inventory and repair capacity by present-
ing a simultaneous optimization for both decisions. Sleptchenko et
al. (2005) show that assigning repair priorities to repairable parts
can reduce stock investment. In both studies, the methods pro-
posed are used for naval ships. A complicating factor regarding re-
pairable parts is the condemnation aspect which refers to the fact
that not all failed repairable parts can be repaired; some may be
condemned and have to be replaced by new procurements. We re-
fer to Basten and van Houtum (2014), Rustenburg et al. (2001) and
Van Kooten and Tan (2009) for discussions on the incorporation
of condemnation from a modelling point of view. A review of re-
pairable spare parts models and applications can be found in Guide
and Srivastava (1997).

Obsolescence is a crucial problem in many sectors including the
maritime sector. From the suppliers’ perspective, parts become ob-
solete when there is no demand for them. It is often possible to
know in advance or to estimate reasonably accurately when the
equipment in use will be retired (see also Teunter et al., 2011) for
link between demand forecasting and obsolescence). In such a set-
ting, Pince and Dekker (2011) propose an approximate solution to
the problem of when to change the inventory control policy to
reduce obsolete inventories while balancing availability. From the
users’ perspective, it will be difficult to procure the parts if the
supplier discontinues the production. Several studies focus on find-
ing the optimal final order quantity to be placed at the supplier, so
that it covers the demand for parts until the equipment retirement
(see, e.g., Van Kooten and Tan, 2009; Teunter and Klein Haneveld,
2002a,b; Behfard et al.,, 2015 and the references therein).

In practice, the demand of spare parts can be met through can-
nibalism of a functioning part in another system when other pro-
curement options are very costly. Fisher and Brennan (1986) ex-
amine various cannibalization policies using a simulation approach
to answer the question whether cannibalization should be done
and when. Fisher (1990) presents a continuous Markov process
model for evaluating the performance of a maintenance system
with spares, repair, cannibalization, and manpower constraints and
identify desirable cannibalization policies under various parame-
ters. Sherbrooke (2004) evaluates the increase in availability that
could be achieved under cannibalization. Numerical examples of
Salman et al. (2007) demonstrate that investments in spare parts
inventories can reduce the need for and the value of cannibaliza-
tion. These studies represent initial efforts in modelling the effect
of cannibalization on the overall performance.

Maintenance models often rely on the assumption that spare
parts are always available in stock (Van Horenbeek et al., 2013).
As such, one can optimize maintenance and spare parts inventory
decisions independently. However, this approach may lead to poor
solutions since it ignores the interdependencies between mainte-
nance and inventory decisions. The literature shows that the joint
optimization provides remarkable improvement in terms of cost
and service levels compared to separate optimization (see, e.g.,
Armstrong and Atkins, 1996; Kabir and Al-Olayan, 1996; Wang,
2012b). In the last decades, several joint maintenance and inven-
tory optimization models have been developed. We refer to Van
Horenbeek et al. (2013) for a literature review on these models.

Additive manufacturing (AM), also known as 3D printing, has
rapidly advanced and evolved over the last decade. In the mar-
itime sector, AM can be used in manufacturing spare parts and
conducting repairs (Kieviet, 2015). Since this technology enables
to locally print the spare parts on demand, it would reduce re-
plenishment lead times and the costs associated with transporta-

tion, inventory holding, and obsolescence. The literature that con-
siders AM in service logistics is limited since the field is recent.
Khajavi et al. (2014) evaluate the potential impact of AM improve-
ments on the configuration of spare parts supply chains through
scenario modelling of a real-life system in the aeronautics indus-
try. Holmstrom and Partanen (2014) explore how the AM may af-
fect the relationship among logistics service providers (LSPs), users,
and manufacturers.

7.2. Lessons learned

- The literature disclosed the need for a multi-criteria perspective
for classifying spare parts. The most common criteria used in
the literature is the stock-out cost and replenishment lead time
(Roda et al., 2014). According to our company interviews, those
are also amongst the most popular criteria currently in use by
the asset owners involved in the MaSeLMa project. Other im-
portant criteria revealed are criticality in terms of environmen-
tal and safety consequence of a part failure, redundancy level,
and part specificity emanating from one-off systems. The lit-
erature emphasizes the need of differentiating the policies be-
tween different classes of spare parts (Huiskonen, 2001). How-
ever, this requires more data collection and induces further
computational complexity compared to existing approaches.

Repairable inventory systems are common in the maritime sec-

tor. The literature shows that these systems are considerably

more complicated than traditional non-repairable ones since
there are a number of complicating factors to consider. These
include: imbalance between demand and returns of repairable
parts and the risk of condemnation (Guide and Srivastava,

1997). As pointed out by Rustenburg et al. (2001), the condem-

nation rates can be as high as 30% in the naval defense in-

dustry. This important aspect should be incorporated into re-
pairable inventory models explicitly.

Maintenance and spare parts management are strongly inter-

connected since maintenance relies on the availability of spare

parts. Assuming that spare parts are always available in stock is
unrealistic in a maritime environment where the lead times can
be very long and the spare parts can be too expensive to invest
in. Therefore, such an assumption may result in poor decisions
in terms of cost and service levels. In this setting, maintenance
and spare parts inventory optimization should be considered si-
multaneously to take the trade-off between the two decisions

into account (Van Horenbeek et al., 2013).

- The AM can decrease supply chain complexity through simpler
and more effective solutions. Logistics service providers have
been given an opportunity to consolidate demand and incre-
mentally deploy AM capacity close to asset owners (Holmstrom
and Partanen, 2014). Currently, the prices of 3D printed spare
parts are significant but, they are expected to fall substantially
over the coming years (Kieviet, 2015).

7.3. Future research directions

- There is a small amount of research in integrated decision
making of spare parts classification and inventory control (see
Bacchetti and Saccani, 2012; Roda et al., 2014). For repairable
parts, optimal planning and scheduling of repair tasks is an-
other dimension to be considered in the integrated decision-
making such as finding the best prioritization rules of part re-
pairs and optimal inventory levels simultaneously.

- The cannibalization of functioning parts is one of the coun-
termeasures used in practice to deal with spare parts unavail-
ability and extra-long replenishment lead times. Although this
practice is present in many capital-intensive industries includ-
ing the maritime sector, its incorporation into the mathemati-
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cal models is rare in the scientific literature. In particular, the
questions of whether cannibalization of parts should be done
and what factors affect cannibalization have received little at-
tention.

There are several open aspects related to joint maintenance
and inventory decision making. Under performance-based ser-
vice contracts, maintenance and inventory control responsibil-
ities shift to the suppliers (cf. Section 4). In future research,
one can consider the arising structure and environment (Van
Horenbeek et al., 2013). Moreover, the literature shows that ob-
solescence has substantial impacts on optimal policies. It is also
worthwhile to incorporate this aspect into the related models.
Other extensions can focus on investigating the value of condi-
tion monitoring information in joint maintenance and inventory
decision making.

- From a service logistics perspective, the AM has important im-

plications that are open to investigation.

8. Multi-echelon structures

In the maritime sector, the service logistics network has a
multi-echelon structure since maintenance and repair activities can
be executed and spare part stocks can be held on board of the
ships or on shore by asset owners, system integrators, OEMs, or
service providers. For example, the related network can be charac-
terized as a three-echelon repair and inventory system including
the ships, on shore bases of the asset owners, and on shore depots
of system integrators/OEMs (see, e.g., Basten et al, 2011, 2015).
The questions arising from this characteristic relate to maintenance
planning and spare parts inventory management subdomains. In
particular, questions such as how to allocate spare parts and main-
tenance resources, where to execute maintenance and repair activ-
ities and how to configure multi-echelon maintenance network are
of interest.

8.1. State-of-the-art

The question of how to allocate repairable spare parts in
a multi-echelon network has been addressed by numerous re-
searchers. The work of Sherbrooke (1968) is certainly the seminal
paper in this field. He develops the Multi-Echelon Technique for
Recoverable Item Control (METRIC) model for a two-echelon distri-
bution system. He proposes an approximate evaluation of number
of backorders and a heuristic approach to optimize the base sock
levels. A well-known variant of METRIC is VARI-METRIC studied
by Graves (1985) to provide a simple and accurate approximation
for the variance of the number of parts in repair. For two exten-
sive overviews of the variants of METRIC models, we refer to the
books of Sherbrooke (2004), Muckstadt (2005), and Van Houtum
and Kranenburg (2015).

The variants of the METRIC model use the system approach in
which all components are considered jointly. Under this approach,
target service levels are set, for example, considering system avail-
ability and the expected number of backorders over all spare parts.
This is the key difference from the traditional item-approach, in
which item-oriented service measures, such as the fill rate are
used. The literature shows that great savings can be achieved with
the system approach. For instance, at the Royal Netherlands Navy,
a particular system approach based on VARI-METRIC model en-
ables to achieve high availability under tight budget constraints
(Rustenburg et al., 2001). A recent overview of the large body of
literature on the system approach is given by Basten and van Hou-
tum (2014).

Determining whether a component should be discarded or re-
paired upon failure and at which location in the multi-echelon net-
work to execute these repairs is called the level of repair analy-

sis (LORA) (Basten et al., 2009, 2011). Since these decisions sig-
nificantly impact the spare parts investment cost, solving multi-
echelon spare parts inventory problem in conjunction with LORA
is worthwhile. Alfredsson (1997) is the first who considers the two
problems simultaneously but under certain simplifying assump-
tions for tractability. Based on the method of Alfredsson (1997),
Basten et al. (2012) present an algorithm that finds efficient so-
lutions. They show that significant cost savings can be achieved
compared to the sequential approach that first solves LORA and
then the spare parts inventory problem.

Some researchers consider the trade-offs among service levels
and cost components related to the network design such as instal-
lation, transportation, procurement, and inventory costs. In partic-
ular, the design factors considered in the literature include logistic
network design, capacity investment, part supplier selection, and
transportation modes selection (see, e.g., Candas and Kutanoglu,
2007; Jeet et al., 2009; Wu et al., 2011; Iyoob and Kutanoglu, 2013;
Rappold and van Roo, 2009). The literature shows that a compre-
hensive inclusion of such design factors with the spare parts inven-
tory optimization problem requires significant computational ef-
forts.

In order to reduce holding and downtime costs, certain flexi-
bility options such as lateral transshipment, inventory pooling, or
emergency shipments can be considered in the design of spare
parts inventory systems. The traditional inventory networks are
hierarchical, with transportation flows from upstream to down-
stream echelons. In practice, vessels operating within the same re-
gion can resupply each other to cover spare parts demand. This
is equivalent to allowing lateral transshipments within an echelon.
Optimal control of lateral transshipments has been researched in
many different settings (see, e.g., Lee, 1987; Dada, 1992; Alfredsson
and Verrijdt, 1999; Wong et al., 2006; Kranenburg and van Hou-
tum, 2009). Moreover, pooling common spare parts between mul-
tiple companies operating in the same region is also an alterna-
tive to reduce spare parts holding and downtime related costs.
Kilpi and Vepsdldinen (2004) demonstrate the savings potential
of inventory pooling arrangements among various companies in
the airline industry. Karsten et al. (2012) and Karsten and Bas-
ten (2014) study the cost allocation problem in spare parts pools
with multiple companies. In general, the literature on lateral trans-
shipment and inventory pooling research can be found in Paterson
et al. (2011). The case of emergency shipments is shown to be
equivalent to the lost sales setting for which literature reviews can
be found in Basten and van Houtum (2014) and Bijvank and Vis
(2011).

8.2. Lessons learned

- Variants of the METRIC model are in use at various organiza-
tions. Military organizations such as the US military forces have
been the first to adopt such models (see Sherbrooke, 2004;
Basten and van Houtum, 2014). Multiple authors have shown
that for real-life problems, these models result in savings up to
50% (see, e.g., Sherbrooke, 2004; Rustenburg et al., 2001). How-
ever, as discussed by Rustenburg et al. (2001), a direct appli-
cation of VARI-METRIC model has several shortcoming since it
cannot cope with specific issues faced in the maritime sector
regarding parts criticality and specificity.

- Allocating spare parts stock should be determined by taking
both spare parts and multi-actor characteristics into account.
For spare parts with high specificity, the basic alternatives for
the user are either to accept the stock-out situation or to rely
on their own safety stock (Huiskonen, 2001). This is also a com-
mon practice in the maritime sector since OEMs and system in-
tegrators are not willing to hold any stock for one-off systems.
However, for parts with low specificity and low criticality, it is
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possible to push the spare parts to the upstream echelons, i.e.,
to the OEMs or system integrators.

- In the maritime sector, resources such as spare parts and la-
bor tend to be expensive. For such systems, repairs are typically
performed at the upstream of the repair network (Basten et al.,
2011). However, depending on the operating regions of vessels,
a central repair strategy may result in significant transportation
and downtime costs. The associated trade-off should be care-
fully taken into account while making decisions on where to
deploy the maintenance resources and perform repair activities.

8.3. Future research directions

- Parts criticality and specificity can largely affect the multi-
echelon inventory decisions. More research is required to incor-
porate these characteristics into the existing models.

- In the maritime sector, the allocation of maintenance tasks and
spare parts inventories should be made considering the con-
flict of interest of different actors. Future research can consider
the issues related to systems with both multi-actor and multi-
echelon characteristics.

- To the best of our knowledge, Chen et al. (2006) are the only
authors that consider a multi-echelon spare part network in a
joint maintenance and inventory decision problem. This topic
can be further investigated in future research.

9. Multi-indenture systems

Maritime assets can be considered as a collection of techni-
cal systems. Due to high availability requirements, it is a common
practice to repair a defective system by the replacement of a com-
ponent with a functioning spare part. The components that are re-
placed are called line replaceable units (LRUs). The repair of LRUs
is typically done by replacement of subcomponents, called shop re-
placeable units (SRUs). Such a SRU may itself consist of subcom-
ponents. This means that spare parts need to be stocked to enable
quick repairs of the technical systems, LRUs and SRUs (Basten et al.,
2011). This corresponds to a multi-indenture structure for which
the number of spare parts to stock at each indenture level should
be decided. Furthermore, what, when and where to replace are
challenging questions under such structures. In particular, these
problems are highly relevant for radar and weaponry systems of
naval ships (Basten et al., 2011; Rustenburg, 2000). The associated
decisions relate to maintenance planning and spare parts inventory
management subdomains.

9.1. State-of-the-art

Several researchers considered multi-indenture systems in
spare parts inventory optimization problem. Muckstadt (1973) ex-
tends the METRIC model of Sherbrooke (1968) to a two-echelon,
two-indenture system and develops the model referred to as MOD-
METRIC. Sherbrooke (1986) extends the original VARI-METRIC
method to a version for two-indenture, two-echelon systems with
a fairly accurate approximation. Rustenburg et al. (2003) general-
ize the VARI-METRIC model of Sherbrooke (1986) by considering
a general pure distribution system and a general multi-indenture
system with commonality, in which the same parts are assumed to
be installed in different systems. Rustenburg et al. (2003) present
both an exact and an approximate method for the evaluation of
base stock policies under this setting.

The above-mentioned models assume ample repair capacities.
Sleptchenko et al. (2002) modify the VARI-METRIC model to al-
locate repairable spare part stocks in a multi-echelon, multi-
indenture system under finite repair capacity. Sleptchenko et al.

(2003) present a procedure for simultaneous optimization of in-
ventory levels and repair capacity in a multi-echelon, multi-
indenture system. Van der Heijden et al. (2013) provide a method
for the joint optimization of spare parts inventories and through-
put times of repair and transportation for multi-echelon, multi-
indenture spare part networks. Additional related papers with fi-
nite repair capacity considerations can be found in Sleptchenko et
al. (2005), Zijm and Avsar (2003) and Tiemessen and van Houtum
(2010).

For multi-indenture systems, a challenging question is where in
the repair network to carry out repairs (cf. Section 8.1 for the level
of repair analysis, LORA). The model and solution method provided
by Basten et al. (2011) is able to address this question. Recently,
Basten et al. (2015) have extended this model to consider spare
parts stocking decisions for multi-indenture systems.

For multi-indenture systems, a structural dependence between
items may exist as a result of interactions within the indenture
structure. For example, some operating components may have to
be replaced, or at least dismantled, before failed components can
be replaced or repaired. In the literature, only a few papers are
published on structural dependence. In general, opportunistic poli-
cies are promising candidates to investigate such systems (Nicolai
and Dekker, 2008). The core idea of opportunistic maintenance is
to take advantage of maintenance opportunities arising from an
event at which the component can be replaced preventively with-
out requiring an additional set-up or preparatory task. For exam-
ple, component failures can be regarded as opportunities for pre-
ventive replacement of non-failed components. Most of the related
papers focus on defining the best decision on when to replace a
particular item and very few papers focus on optimally determin-
ing LRUs. The key decision for the LRU definition problem is at
what level within the indenture structure of a physical asset to de-
fine the LRU, i.e., the decision on what to replace (Parada Puig and
Basten, 2014). Jensen (1975) gives an explicit definition of which
item is replaced directly from the asset, and which items are used
to repair the failed LRU. In a recent paper, Parada Puig and Basten
(2014) develop a model for the optimal selection of replacement
level within the indenture structure of a technical system.

9.2. Lessons learned

- In maritime assets, technical systems may consist of more than
six indenture levels with high component commonality (e.g.,
the radar system in naval vessels Rustenburg, 2000). The ex-
istence of component commonality may give rise to certain
complications when there are three or more indenture lev-
els (Rustenburg et al, 2001). When the commonality aspect
is taken into account by making the necessary modelling ad-
justments, significant saving can be obtained in terms of spare
parts investment. The literature shows that commonality of
components is of significant value, especially when common
components are expensive (Rustenburg et al., 2003). Hence, this
aspect should be taken into account during system design by
adopting a total LCC perspective.

In practice, LRU definitions are often made based only on engi-
neering/technical criteria and not by analyzing economic trade-
offs from a total LCC perspective (Parada Puig and Basten,
2014). Since improving LRU definitions would require the re-
design of the system and the involvement of different actors
this decision should be considered as a strategic decision.

9.3. Future research directions

- The field of opportunistic maintenance planning under struc-
tural dependence has so far received little attention (see also
Nicolai and Dekker, 2008).
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- The LRU definition research has still many open directions.
These include the incorporation of limited labor capacity and
the combination of LRU definition with LORA and spare part
stocking decisions.

10. Moving assets

The failure of a critical item at sea can cause a costly event with
potentially high environmental, safety, and/or health related effect.
Some important aspects need to be considered for maritime assets
which are operating at remote locations and moving during their
operations:

(i) Maritime assets operate in isolation from repair and spare
parts storage facilities. Some preventive maintenance tasks
are very costly or not permitted during operations (e.g.,
main components of the propulsion system Kallen and van
Noortwijk, 2005),

Environmental conditions which influence the failure behav-
ior might depend on the location and change during oper-
ations (e.g., for steel vessels, the driving forces behind cor-
rosion are temperature and humidity (Gudze and Melchers,
2008), for dredgers, the degradation rate of certain parts is
a function of the soil to be dredged (Dekker et al., 2013)),
Service offerings of the specialized service providers, related
costs, and supply lead times might depend on the location
where the asset is operating.

(ii

-

(iii

—

Decisions on maintenance and service logistics management
should be made by giving special attention to these aspects.

10.1. State-of-the-art

Aircrafts, trains, trucks and other commercial vehicles are also
moving assets for which certain maintenance tasks can only be ex-
ecuted at designated maintenance bases and not permitted and/or
feasible during operations. This is similar to what we have stated
in aspect (i) for maritime assets. The so-called aircraft maintenance
routing problem is widely studied in the literature, with the aim of
routing aircrafts while satisfying short-term routine maintenance
requirements. These studies focus on finding maintenance feasi-
ble routes for each aircraft in a fleet (see, e.g., Gopalan and Tal-
luri, 1998; Talluri, 1998; Basdere and Bilge, 2014; Diaz-Ramirez et
al., 2014). To the best of our knowledge, only two studies consider
the restrictions regarding preventive maintenance tasks during the
operations of maritime assets. Perakis and Inézii (1991) propose a
reliability-based replacement model for marine diesel engines for
which preventive replacements are not permitted while the system
is in operation off-shore. They evaluate whether to replace or not
each system component before the operating season starts based
on an expected cost analysis. Christer and Lee (1997) investigate
how the delay-time concept (cf. Section 5) can be used to explore
the consequences of inspection maintenance practice on operation
periods of ships. They give the expressions for the expected num-
ber of preventive and failure returns over an operation, and illus-
trate an example of cost based balance to select an optimal inspec-
tion period.

As for aspect (ii), in the literature, modelling of the degrada-
tion process of systems operating in randomly varying environ-
ments has received large interest (see, e.g., Singpurwalla, 1995;
Kharoufeh, 2003; Kharoufeh and Mixon, 2009; Kharoufeh et al.,
2010; Chatwattanasiri et al., 2013). These models assume that the
deterioration status of systems under consideration evolves as a
Markov chain and aim at deriving and computing reliability or
availability of systems. As also stated by Ulukus et al. (2012), de-
spite extensive literature on this topic, relatively few studies con-
sider the problem of determining optimal maintenance and re-

placement policies for systems under randomly varying environ-
ments. Xiang et al. (2012) consider a single-component system
subject to a Markovian operating environment such that the sys-
tem’s instantaneous deterioration rate depends on the state of the
environment. Using a simulation model, they assess the cost bene-
fit resulting from condition-based maintenance policy, and also the
impact of the random prognostic error in estimating system con-
dition on the cost benefit. We refer to Ulukus et al. (2012) and
the references therein for the studies that analyze optimal re-
placement policy structures for single-component systems subject
to stochastic deterioration in a random environment. Zhang et al.
(2013) study multi-component systems and optimize the mainte-
nance decision under a state-dependent opportunistic maintenance
policy. Dekker et al. (2013) show that the information on the oper-
ational environment of a ship can be very relevant for forecasting
spare parts demand since it influences the degradation rates.

Aspect (iii) brings additional complexity in modelling and anal-
ysis of maintenance and service logistics problems. To the best of
our knowledge, the incorporation of this aspect is barely addressed
in the literature. Ozekici (1995) studies the maintenance problem
of a system operating in a random environment by considering en-
vironmental state dependent cost structures. Cekyay and Ozekici
(2015) provide an extension of Ozekici (1995) by considering the
multi-component case with non-identical components. Cekyay and
Ozekici (2012) study the maintenance problem of a mission-based
system that is designed to perform missions consisting of a ran-
dom sequence of phases with random durations. The cost structure
considered in Cekyay and Ozekici (2012) includes phase dependent
maintenance costs.

10.2. Lessons learned

- The literature that deals with aspect (i) have mostly focused on
aircraft maintenance and routing problems. To the best of our
knowledge, the additional complications that arise in the mar-
itime sector are not investigated. In particular, maritime assets
are not subject to a repetitive operation plan like for aircrafts
since they are used for specific operations such as oil and gas
terminal services, dredging, geophysical surveys, and military
missions. The duration of such operations is much longer than
those of aircrafts. For example, military missions can last from
three to seven months during which certain maintenance ac-
tions cannot be performed. Despite the existence of the moving
asset characteristic in the airline industry, the associated liter-
ature cannot directly address the specific features in the mar-
itime sector. To take these specific features into account, uncer-
tainties regarding mission times, durations, and requirements
associated with missions should be incorporated into the ex-
isting models.

- As for aspect (ii), the condition-based information provided by
sensors can be especially useful for critical systems operating
in environments that vary randomly over time. The changes in
environmental conditions can be related to the rate at which
degradation accumulates (Ulukus et al., 2012). This would be
useful to compute accurate reliability and availability measures
for such systems. As such, appropriate maintenance strategies
can be developed and spare parts demand forecasting can be
improved.

- Due to aspect (iii), the costs associated with spare parts pro-
curement can be significant when a moving asset is operat-
ing at a remote location. Lateral transshipments within an ech-
elon are shown to be suitable when transshipment costs are
relatively low compared to the costs associated with holding
additional inventory and stock-out (cf. Section 7.1). Since mar-
itime assets can be dispersed around the world and change lo-
cation during operations the benefit of lateral transshipments
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should be analyzed considering some specific factors. These in-
clude distance, accessibility and possibility of information shar-
ing during operations.

10.3. Future research directions

- In the maintenance planning literature, the consideration of
moving assets under uncertainties regarding mission time, type,
and duration is not elaborately addressed. For example, one can
focus on models enabling dynamic pre-mission decisions such
as whether to execute preventive maintenance tasks before the
mission starts or to put spare parts on board of the ship to be
prepared for corrective actions during missions. In this topic,
the only exception that we are aware of is the work of Tinga
and Janssen (2013), in which the focus is the optimization of
maintenance intervals considering the variation in the deploy-
ment of a maritime asset.

- The research on maintenance planning for systems facing ran-
domly varying environments is limited. In addition, the cost,
the quality, and the lead time associated with inspection, sup-
ply, maintenance and repair actions might depend on the envi-
ronment and the location where the assets operate. These as-
pects are worthy of consideration for future research.

- A specific fact to be considered in a maritime sector environ-
ment is the last minute changes in maintenance schedules due
to weather conditions. Indeed, during bad weather times where
the assets cannot operate, an opportunity to perform preventive
maintenance arises. This requires the incorporation of environ-
mental uncertainties regarding maintenance opportunities into
maintenance planning and scheduling models.

- There are several open aspects related to the design of how
emergency lateral transshipment should be used and how dif-
ferent bases should be grouped considering the possibility of
spare parts pooling for moving assets.

11. Economic dependency

In technical systems on-board of the maritime assets, compo-
nents are usually economically dependent, i.e., costs can be saved
when several components are jointly maintained. This is the case
for systems in which the maintenance of each component requires
preparatory or set-up work that can be shared when several com-
ponents are maintained simultaneously. In the maritime sector, the
set-up cost may consist of the preparation cost associated with dis-
mantling and opening the system (including man-hours) and the
downtime cost since certain systems cannot be maintained during
operations, i.e., the ship should return to the harbor and the sys-
tem should be shut down for maintenance.

11.1. State-of-the-art

The literature on multi-component maintenance models un-
der economic dependence has received great attention to date.
The review article of Cho and Parlar (1991) gives an overview of
multi-component maintenance literature. Dekker et al. (1997) re-
view multi-component maintenance models with economic depen-
dence. They distinguish between stationary models, where a long-
term stable situation is assumed, and dynamic models, which can
take the information that becomes available on the short term into
account. Within the stationary models, they classify the models
based on the options of grouping maintenance activities: group-
ing corrective maintenance, grouping preventive maintenance, and
combining preventive and corrective maintenance (also referred to
as opportunistic maintenance). Nicolai and Dekker (2008) sum-
marize the multi-component maintenance literature by provid-
ing a classification based on the dependence/interaction between

components in the system considered: economic, structural and
stochastic dependence.

Within the multi-component maintenance literature with eco-
nomic dependence, a growing interest to the opportunistic main-
tenance is observed. A recent review and discussion on this ap-
proach is provided by Ab-Samat and Kamaruddin (2014). After
reviewing various descriptions and definitions, they describe the
opportunistic maintenance as: “the planning and scheduling of
maintenance activities to repair a component, whilst at the same
time opportunistically repair/replace other components in the sys-
tem, with the aim to avoid future failures and reduce the amount
of machine downtime”. Galante and Passannanti (2009) and Dao
and Zuo (2015) provide maritime applications of the opportunistic
maintenance concept.

Some recent papers combine the opportunistic maintenance
concept with CBM. Zhu et al. (2012) develop a mathematical model
to optimize the CBM policy for systems with a large number of
components subject to a high joint setup cost. To reduce the to-
tal setup cost, their model opportunistically coordinates the main-
tenance tasks by introducing a static joint maintenance interval.
Their approach provides a large cost-saving potential, comparing
with the corrective maintenance policy. Koochaki et al. (2012) ex-
amine the impact of opportunistic maintenance on the effective-
ness of CBM. Koochaki et al. (2013) analyze this problem by tak-
ing the planning of maintenance engineers into account. Both pa-
pers conclude that under certain settings, age-based replacement
results in smoother maintenance plan while CBM remains cost ef-
fective.

11.2. Lessons learned

- Existing opportunistic maintenance models are theoretical
rather than practical. Despite an abundance of papers con-
ducting theoretical research on opportunistic maintenance, a
few real-world applications have been done (Ab-Samat and Ka-
maruddin, 2014). Many maintenance policies are not analyt-
ically tractable for real-world problems (Nicolai and Dekker,
2008).

By conducting corrective and preventive maintenance simul-
taneously, more failures can be avoided and the number of
times equipment needs to be shut down for maintenance can
be reduced. Sound decisions should be made while forming the
groups of components to be replaced simultaneously. The main
concern with certain static policies (like the block replacement
policy) is replacing newly replaced components again to respect
the predefined rules. This would increase maintenance costs by
wasting the components lifetime (Ab-Samat and Kamaruddin,
2014). Therefore, it is worthwhile to take the short term in-
formation into account while making maintenance/replacement
decisions for such systems.

The main advantage of preventive maintenance is that it is
plannable. Although opportunistic maintenance provides cost
effective solutions it takes this advantage away, when it com-
bines preventive maintenance with random failure occasions.
This may raise issues related to spare parts and resource plan-
ning due to the uncertainties involved.

11.3. Future research directions

- Regarding mathematical models developed for opportunistic
maintenance, some adjustment with the assumptions and lim-
itations should be made for their successful implementation
in industry. Further research is needed to render opportunistic
maintenance models more practical and easy to implement.

- There exist many open aspects regarding the combination of
CBM and opportunistic maintenance concepts.
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12. Long life-cycles

The useful life of maritime assets is more than two decades.
This raises several issues including the risk of obsolete technolo-
gies, unplanned usage requirements, and unavailability of mainte-
nance skills and spare parts. The characteristic of long life-cycles
should be considered while making decisions on system design,
maintenance service contract design, maintenance planning, and
spare parts inventory management.

12.1. State-of-the-art

For assets with long life-cycle, the future system requirements
and usage can largely be unknown during the design phase.
Collette (2011) states that the degradation of difficult-to-upgrade
hull structures is one of the key drivers of vessel retirement and
life cycle maintenance costing. The author reviews existing struc-
tural design approaches and recent developments in this field and
gives an example of the type of approach that could be taken in
a more system-oriented view. Walshe et al. (2011) develop a to-
tal LCC model for maritime assets by taking into account differ-
ent aspects such as maintenance intervals, life extension, equip-
ment modifications, obsolescence, and upgrades. Their model aims
to reduce design and construction time as well as identify positive
effects prevalent throughout the lifetime of a vessel.

There are several challenges related to selecting a satisfactory
maintenance organization to support technologically advanced as-
sets with long life-cycle. These include on the one hand failure,
cost, and usage related uncertainties and on the other hand the
conflict of interest between the different actors involved. Consid-
ering a multi-dimensional decision criteria, Emblemsvag and Ton-
ning (2003) apply the AHP to select an appropriate maintenance
organization for the radar systems of the Norwegian Army. Jackson
and Pascual (2008) develop a non-cooperative game formulation to
negotiate pricing in maintenance service contracts. They consider
aging equipment with a long life-cycle and focus on a case with
increased failure intensity over time.

Managers may decide to replace one asset with another at sev-
eral stages of the asset life considering newly obtained informa-
tion and the mitigation of uncertainties regarding future resources
and costs. Zambujal-Oliveira and Duque (2011) analyze the prob-
lem of asset replacement by investigating the optimal moment
of replacement. They apply an operation and maintenance cost
minimization model, based on the equivalent annual cost analy-
sis. Asset replacement often occurs in the form of a new technol-
ogy that renders existing spare parts inventories obsolete. Nguyen
et al. (2013) study the impact of spare parts inventory on equip-
ment maintenance and replacement decisions under technological
change. Kumar and Saranga (2010) present mathematical models
that can be used to calculate the impact of various obsolescence
mitigation options on the total LCC of a system. In particular, they
focus on three options: final order, redesign (upgrade), and their
combination.

Ship recycling marks the end-of-life of a ship (Jain et al.,, 2015).
Approximately 96% of an average ship by weight is currently
reused or recycled (McKenna et al, 2012). From a maintenance
and service logistics perspective, the used parts can be remanu-
factured to gain spare parts. This is useful in particular when it is
difficult to procure these parts from the suppliers after they dis-
continue the production. The procurement of spare parts can also
be done by requesting occasional extra-production from the sup-
pliers. For this option, the production cost can exceed regular pro-
duction cost by 100% or more and often considerable lead times
apply (Inderfurth and Kleber, 2013). Considering the uncertainty
of demands for spare parts and that of the returns of used prod-
ucts, Inderfurth and Mukherjee (2007) develop a model and so-

lution method to determine the optimal combination of final or-
der (cf. Section 7.1), extra production, and remanufacturing options.
Inderfurth and Kleber (2013) present a model formulation to coor-
dinate these three procurement options. They show that a restric-
tion to a final order strategy may be more costly than using the ad-
ditional options of extra-production and remanufacturing. We refer
the reader to Section 7.1 for other related works focusing on in-
ventory control of spare parts in the final phase of their life time.
Pokharel and Mutha (2009) provides a general literature review fo-
cusing on all aspects of reverse logistics from collection of used
products, their processing and finally to the outputs of processing,
namely, recycled materials, spare parts, remanufactured products
and waste material disposal.

12.2. Lessons learned

- For many complex systems (especially, defense systems such
as battleship, fighter aircraft, tanks etc.), obsolescence manage-
ment is the key issue. This is because such systems are sub-
ject to continuous technological changes during their long life-
time. Especially, obsolescence of electronic parts is shown to be
a major reason for the high LCC of such systems (Solomon et
al,, 2000).

For systems with long life-cycles, system knowledge may dete-
riorate in time rendering repairs more difficult and costly. For
instance, with the retirement of expert maintenance engineers,
the maintenance knowledge in old equipment may be lost. This
aspect may have a significant impact in practice. Therefore,
maintenance and event information should be well recorded
and documented during the asset life-time. Information sys-
tems should be efficiently used to prevent the knowledge de-
terioration.

12.3. Future research directions

- There is scope for future research to develop mathematical
models for choosing optimal obsolescence mitigation strategies
(Kumar and Saranga, 2010). This includes determining the best
decision among life extension, cannibalization, redesign, spare
parts final order, and asset replacement.

- Future research can focus on how to mitigate maintenance
knowledge deterioration for aging systems.

13. Concluding remarks and open research topics

In this paper, we have reviewed the literature on maintenance
and service logistics management. The literature is classified and
the lessons learned are highlighted from a maritime sector per-
spective. The maritime sector characteristics used for classification
are derived from our observations from the maritime sector. These
characteristics are also relevant for various capital-intensive indus-
tries such as aircraft/aerospace, defense, and automotive. Therefore,
this review is relevant for a much broader range of capital goods
than maritime assets.

We listed a number of open research directions in the previous
sections. Nevertheless, based on our discussions with practitioners
from the maritime sector (i.e. the MaSeLMa project partners) and
our overall literature review, we conclude that the following open
research topics deserve a higher priority than the rest presented in
our paper, when their relevance and potential impacts are consid-
ered:

(a) In practice, collecting information related to system condition,
usage, and operating environment might be very costly. One
should investigate appropriate maintenance and resource plan-
ning decisions under different information levels in order to as-
sess the value of information and to identify the settings under
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Table 3
Positioning of open research topics.

Characteristics/Subdomains Failure prediction/ Maintenance service ~ Maintenance strategy =~ Maintenance  Spare parts inventory
Degradation modelling  contract design selection planning management
Multi-actor setting (c, e) (c) (c, e) (c, e)
Small amount of failure-related data  (a) (a) (a)
Mandatory surveys (d) (d)
Multi-echelon structures (c) (c) (c)
Multi-indenture structures (b) (b)
Moving assets (e) (e) (e) (e)
Economic dependency (b) (b)
which higher monitoring levels result in higher system avail- Acknowledgement

ability and/or lower system costs.

(b) For systems with economically and/or structurally dependent
components, investigating an efficient combination of CBM
and opportunistic maintenance concepts is worthwhile for the
development of dynamic maintenance and resource planning
models.

(c) Future research should focus on how to optimize service lev-

els in maintenance service contracts by considering all of the

maintenance resources required (including spare parts, mainte-
nance engineers, service tools, and infrastructure) in the multi-
echelon maintenance network.

More research is needed to take the requirements arising from

the mandatory surveys into account while making maintenance

strategy selection and maintenance planning decisions.

How to incorporate the specific features resulting from the

moving asset characteristic, e.g., uncertainties in operation

plans (affecting the preventive maintenance opportunities), ran-
domly varying environments (affecting the failure behaviors),
and changes in operating locations (affecting service offerings
of the suppliers, related costs, and lead times) into maintenance
and resource planning decisions should be further investigated.

—~
o
ey

(e

~—

Table 3 positions these open research topics in a sub-matrix of
the classification provided in Section 3. This positioning reflects a
significant need of joint maintenance and resource planning mod-
els incorporating specific aspects such as multi-actor setting, small
amount of failure-related data, and moving assets.

Our selection of suggested future research topics stems from
the current needs and prominent trends in the maritime sector.
First of all, we observe significant issues related to data availability.
Failure-related historical data is limited due to excessive preventive
maintenance practices and the existence of one-off systems. More-
over, event data is not routinely recorded starting from the early
stages of the vessel life and data collection/reporting are not al-
ways automated through a maintenance information system.

Second, there is a trend to shift from time-scheduled preven-
tive maintenance towards CBM. The development of online sen-
sor technologies motivates this trend. However, the current con-
servative maintenance strategies are partly due to the strict rules
imposed by Classification Societies. In order to fully benefit from
CBM concept in the maritime sector, Classification Societies may
also consider changing some of their rules regarding the periodic
survey intervals and the associated requirements (Hunt, 2014).

Finally, as we observe from the MaSeLMa project, the level of
collaboration and information sharing is currently very low among
different actors. Nevertheless, there is a growing interest in im-
proving collaboration between asset owners and system suppliers
who intent to extend their role in the maintenance network. A way
of facilitating this is to establish performance-based service con-
tracts. The benefit of increased collaboration through means such
as performance-based service contracts needs to be investigated
before taking concrete actions.

The authors thank the anonymous referees for their suggestions
which led to considerable improvement on the contents and the
presentation of the article. This research is funded by Dutch Insti-
tute for Advanced Logistics (Dinalog, 2011-4-085-R).

References

Ab-Samat, H., Kamaruddin, S., 2014. Opportunistic maintenance (OM) as a new ad-
vancement in maintenance approaches. J. Qual. Maint. Eng. 20 (2), 98-121.
Ahmad, R., Kamaruddin, S., 2012. An overview of time-based and condition-based

maintenance in industrial application. Comput. Ind. Eng. 63 (1), 135-149.

Alabdulkarim, A.A., Ball, P.D., Tiwari, A., 2014. Influence of resources on maintenance
operations with different asset monitoring levels. Bus. Process Manag. J. 20 (2),
195-212.

Alfredsson, P, 1997. Optimization of multi-echelon repairable item inventory sys-
tems with simultaneous location of repair facilities. Eur. J. Oper. Res. 99 (3),
584-595.

Alfredsson, P.,, Verrijdt, J., 1999. Modeling emergency supply flexibility in a two-ech-
elon inventory system. Manage. Sci. 45 (10), 1416-1431.

Alhouli, Y., 2011. Development of Ship Maintenance Performance Measurement
Framework to Assess the Decision Making Process to Optimise in Ship Main-
tenance Planning PhD Thesis. University of Manchester, Faculty of Engineering
and Physical Sciences, Manchester, United Kingdom.

Alhouli, Y., Ling, D., Kirkham, R., ELhag, T., 2009. On the factors afflicting mainte-
nance planning in mercantile industry. In: Proc. of 22nd COMADEM Interna-
tional Congress. San Sebastian, Spain, pp. 543-546.

American Bureau of Shipping, 2003. Guide for Surveys based on Reliability-Centered
Maintenance. Houston, Texas, USA.

Armstrong, M.J., Atkins, D.R., 1996. Joint optimization of maintenance and inventory
policies for a simple system. IIE Trans. 28 (5), 415-424.

Artana, K.B., Ishida, K., 2002. Spreadsheet modeling of optimal maintenance sched-
ule for components in wear-out phase. Reliab. Eng. Syst. Safe. 77 (1), 81-91.
Ashgarizadeh, E., Murthy, D.N.P., 2000. Service contracts: a stochastic model. Math.

Comput. Model 31 (10-12), 11-20.

Bacchetti, A., Plebani, F, Saccani, N., Syntetos, A.A., 2013. Empirically-driven hierar-
chical classification of stock keeping units. Int. J. Prod. Econ. 143 (2), 263-274.

Bacchetti, A., Saccani, N., 2012. Spare parts classification and demand forecasting
for stock control: investigating the gap between research and practice. Omega
40 (6), 722-737.

Baines, T., Lightfoot, H.W., Benedettini, O., Kay, J.M., 2009. The servitization of man-
ufacturing: a review of literature and reflection on future challenges. ]. Manuf.
Technol. Manag. 20 (5), 547-567.

Bagdere, M., Bilge, U., 2014. Operational aircraft maintenance routing problem with
remaining time consideration. Eur. J. Oper. Res. 235 (1), 315-328.

Basten, RJ.I, Schutten, J.M.J,, van der Heijden, M.C., 2009. An efficient model formu-
lation for level of repair analysis. Ann Oper Res 172 (1), 119-142.

Basten, RJ.I, van der Heijden, M.C,, Schutten, J.M]., 2011. A minimum cost flow
model for level of repair analysis. Int. J. Prod. Econ. 133 (1), 233-242.

Basten, RJ.I, van der Heijden, M.C., Schutten, J.M.J., 2012. Joint optimization of level
of repair analysis and spare parts stocks. Eur. J. Oper. Res. 222 (3), 474-483.
Basten, RJ.I, van der Heijden, M.C., Schutten, J.M.J., Kutanoglu, E., 2015. An approx-
imate approach for the joint problem of level of repair analysis and spare parts

stocking. Ann. Oper. Res. 1-25.

Basten, RJ.I, van Houtum, G.J., 2014. System-oriented inventory models for spare
parts. Surv. Oper. Res. Manag. Sci. 19 (1), 34-55.

Behfard, S., van der Heijden, M.C,, Al Hanbali, A., Zijm, W.H.M., 2015. Last time buy
and repair decisions for spare parts. Eur. ]. Oper. Res. 244 (2), 498-510.

Bijvank, M., Vis, LEA., 2011. Lost-sales inventory theory: a review. Eur. ]. Oper. Res.
215 (1), 1-13.

Bowman, R.A., Schmee, ]., 2001. Pricing and managing a maintenance contract for a
fleet of aircraft engines. Simulation 76, 69-77.

Braglia, M., Grassi, A., Montanari, R., 2004. Multi-attribute classification method for
spare parts inventory management. J. Qual. Maint. Eng. 10 (1), 55-65.

Caggiano, K.E., Muckstadet, J.A., Rappold, J.A., 2006. Integrated real-time capacity and
inventory allocation for reparable service parts in a two-echelon supply system.
Manuf. Serv. Oper. Manag. 8 (3), 292-319.


http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0001
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0001
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0001
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0002
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0002
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0002
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0003
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0003
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0003
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0003
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0004
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0004
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0005
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0005
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0005
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0006
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0006
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0007
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0007
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0007
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0007
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0007
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0008
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0009
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0009
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0009
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0010
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0010
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0010
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0011
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0011
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0011
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0012
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0012
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0012
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0012
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0012
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0013
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0013
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0013
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0014
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0014
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0014
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0014
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0014
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0015
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0015
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0015
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0016
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0016
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0016
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0016
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0017
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0017
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0017
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0017
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0018
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0018
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0018
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0018
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0019
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0019
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0019
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0019
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0019
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0020
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0020
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0020
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0021
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0021
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0021
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0021
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0021
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0022
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0022
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0022
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0023
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0023
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0023
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0024
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0024
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0024
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0024
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0025
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0025
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0025
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0025

A.S. Eruguz et al./ Computers and Operations Research 85 (2017) 184-205 203

Candas, M.F, Kutanoglu, E., 2007. Benefits of considering inventory in service
parts logistics network design problems with time-based service constraints. I[I[E
Trans. 39 (2), 159-176.

Cavalieri, S., Garetti, M., Macchi, M., Pinto, R., 2008. A decision-making framework
for managing maintenance spare parts. Prod. Plan. Control 19 (4), 379-396.
Gekyay, B., Ozekici, S., 2012. Optimal maintenance of systems with Markovian mis-

sion and deterioration. Eur. J. Oper. Res. 219 (1), 123-133.

Cekyay, B., Ozekici, S., 2015. Optimal maintenance of semi-Markov missions. Probab.
Eng. Inform. Sci. 29 (01), 77-98.

Celeux, G., Corset, F, Lannoy, A., Ricard, B., 2006. Designing a Bayesian network for
preventive maintenance from expert opinions in a rapid and reliable way. Re-
liab. Eng. Syst. Saf. 91 (7), 849-856.

Celik, M., Kahraman, C., Cebi, S., Er, LD., 2009. Fuzzy axiomatic design-based perfor-
mance evaluation model for docking facilities in shipbuilding industry: the case
of Turkish shipyards. Expert Syst. Appl. 36 (1), 599-615.

Charles, P, Sinha, J.K,, Gu, F, Lidstone, L., Ball, A.D., 2009. Detecting the crankshaft
torsional vibration of diesel engines for combustion related diagnosis. ]. Sound
Vib. 321 (3-5), 1171-1185.

Chatwattanasiri, N., Song, S., Coit, D.W., Feng, Q., 2013. Expected reliability for sys-
tems under uncertain usage environment with multiple dependent competing
failure processes. In: Proc. of ISERC 2013. San Juan, Puerto Rico.

Chen, J.A., Chien, Y.H., 2007. Renewing warranty and preventive maintenance for
products with failure penalty post-warranty. Qual. Reliab. Eng. Int. 23 (1),
107-121.

Chen, M.C,, Hsu, C.M., Chen, S.W., 2006. Optimizing joint maintenance and stock
provisioning policy for a multi-echelon spare part logistics network. J. Chin. Ins.
Ind. Eng. 23 (4), 289-302.

Cho, D.I., Parlar, M., 1991. A survey of maintenance models for multi-unit systems.
Eur. ]. Oper. Res. 51 (1), 1-23.

Christer, A.H., Lee, S.K, 1997. Modelling ship operational reliability over a mission
under regular inspections. J. Oper. Res. Soc. 48 (7), 688-699.

Collette, M., 2011. Hull structures as a system: supporting lifecycle analysis. Nav.
Eng. J. 123 (3), 45-55.

Conachey, RM., 2006. Development of machinery survey requirements based on
reliability-centered maintenance. Presented at the SNAME Marine Technology
Conference & Expo and Ship Production Symposium. USA, Houston, Texas.

Coupe, G., 2015. Interview: Caterpillar marine. Mar. Maint. Technol. Int. 10-14.

Cunningham, A., Wang, W., Zio, E., Allanson, D., Wall, A., Wang, J., 2011. Application
of delay-time analysis via Monte Carlo simulation. J. Mar. Eng. Technol. 10 (3),
57-72.

Dada, M., 1992. A two-echelon inventory system with priority shipments. Manage.
Sci. 38 (8), 1140-1153.

Dao, C.D., Zuo, M., 2015. Selective maintenance for multi-state systems consider-
ing the benefits of repairing multiple components simultaneously. In: Tse, PW.,
Mathew, J.,, Wong, K., Lam, R., Ko, C.N. (Eds.), Engineering Asset Management
- Systems, Professional Practices and Certification. Springer-Verlag, BerlinBerlin,
pp. 413-425.

Datta, P.P, Roy, R., 2010. Cost modelling techniques for availability type service sup-
port contracts: A literature review and empirical study. CIRP ]J. Manuf. Sci. Tech-
nol. 3 (2), 142-157.

De Boer, R., Schutten, J.MJ., Zijm, W.H.M., 1997. A decision support system for ship
maintenance capacity planning. CIRP Ann.-Manuf. Tech. 46 (1), 391-396.

De Waard, AJ., 1999. Re-engineering Large Scale Maintenance Organizations PhD
Thesis. University of Twente, Department of Mechanical Engineering, Enschede,
The Netherlands.

Dekker, R., 1996. Applications of maintenance optimization models: a review and
analysis. Reliab. Eng. Syst. Safe. 51 (3), 229-240.

Dekker, R., Pinge, C., Zuidwijk, R, Jalil, M.N., 2013. On the use of installed base in-
formation for spare parts logistics: a review of ideas and industry practice. Int.
J. Prod. Econ. 143 (2), 536-545.

Dekker, R., Scarf, PA., 1998. On the impact of optimisation models in maintenance
decision making: the state of the art. Reliab. Eng. Syst. Safe. 60 (2), 111-119.
Dekker, R., Wildeman, R.E., van der Duyn Schouten, FA., 1997. A review of mul-
ti-component maintenance models with economic dependence. Math. Method

Oper. Res. 45 (3), 411-435.

Deris, S., Omatu, S., Ohta, H., Shaharudin Kutar, L.C., Abd Samat, P.,, 1999. Ship main-
tenance scheduling by genetic algorithm and constraint-based reasoning. Eur. J.
Oper. Res. 112 (3), 489-502.

Deshpande, V., lyer, A.V., Cho, R., 2006. Efficient supply chain management at the
U.S. coast guard using part-age dependent supply replenishment policies. Oper.
Res. 54 (6), 1028-1040.

Dhakar, T.S., Schmidt, C.P., Miller, D.M., 1994. Base stock level determination for high
cost low demand critical repairable spares. Comput. Oper. Res. 21 (4), 411-420.

Diaz-Ramirez, J., Ignacio Huertas, J., Trigos, F., 2014. Aircraft maintenance, routing,
and crew scheduling planning for airlines with a single fleet and a single main-
tenance and crew base. Comput. Ind. Eng. 75, 68-78.

Dinalog, 2015. MaSeLMa (Integrated maintenance and service logistics concepts for
maritime assets). Dinalog. [Online]. Available: http://www.dinalog.nl/en/project/
maselma/.

Djamaludin, I., Murthy, D.N.P., Kim, C.S., 2001. Warranty and preventive mainte-
nance. Int. J. Reliab. Qual. Safe. Eng. 08 (02), 89-107.

Drewry Shipping Consultants, 2014. Ship Operating Costs Under Sustained Pressure.
London, UK.

Driessen, M., Arts, ]., van Houtum, G.J., Rustenburg, JW., Huisman, B., 2014. Main-
tenance spare parts planning and control: a framework for control and agenda
for future research. Prod. Plan. Control 1-20.

Elwany, A.H., Gebraeel, N.Z., 2008. Sensor-driven prognostic models for equipment
replacement and spare parts inventory. IIE Trans. 40 (7), 629-639.

Elwany, A.H., Gebraeel, N.Z., Maillart, L.M., 2011. Structured replacement policies for
components with complex degradation processes and dedicated sensors. Oper.
Res. 59 (3), 684-695.

Emblemsvag, ]., Tonning, L., 2003. Decision support in selecting maintenance orga-
nization. J. Qual. Maint. Eng. 9 (1), 11-24.

Eyres, D.J., Bruce, G.J., 2012. Development of ship types. In: Ship Construction. But-
terworth-Heinemann, Oxford, pp. 17-33.

Ferrer, G., 2010. Open architecture, inventory pooling and maintenance modules. Int.
J. Prod. Econ. 128 (1), 393-403.

Fisher, W.W., 1990. Markov process modelling of a maintenance system with spares,
repair, cannibalization and manpower constraints. Math. Comput. Model 13 (7),
119-125.

Fisher, WW., Brennan, ].J., 1986. The performance of cannibalization policies in a
maintenance system with spares, repair, and resource constraints. Nav. Res. Log.
Q. 33 (1), 1-15.

Gajpal, P.P, Ganesh, LS., Rajendran, C., 1994. Criticality analysis of spare parts using
the analytic hierarchy process. Int. J. Prod. Econ. 35 (1-3), 293-297.

Galante, G., Passannanti, G., 2009. An exact algorithm for preventive maintenance
planning of series-parallel systems. Reliab. Eng. Syst. Safe. 94 (10), 1517-1525.

Garg, A., Deshmukh, S.G., 2006. Maintenance management: literature review and
directions. J. Qual. Maint. Eng. 12 (3), 205-238.

Germanischer Lloyd and Fraunhofer, 2013. Best Practice Ship Management Study
2013. Hamburg, Germany.

Giorgio, M., Guida, M., Pulcini, G., May 2015. A condition-based maintenance policy
for deteriorating units. An application to the cylinder liners of marine engine.
Appl. Stochastic Models Bus. Ind. 31 (3), 339-348.

Godoy, D.R,, Pascual, R., Knights, P., 2014. A decision-making framework to integrate
maintenance contract conditions with critical spares management. Reliab. Eng.
Syst. Safe. 131, 102-108.

Goossens, A.J.M., Basten, RJ.I, 2015. Exploring maintenance policy selection using
the Analytic Hierarchy Process; an application for naval ships. Reliab. Eng. Syst.
Safe. 142, 31-41.

Gopalan, R., Talluri, K.T., 1998. The aircraft maintenance routing problem. Oper. Res.
46 (2), 260-271.

Graves, S.C., 1985. A multi-echelon inventory model for a repairable item with one-
for-one replenishment. Manage. Sci. 31 (10), 1247-1256.

Guajardo, J.A.,, Cohen, M.A., Kim, S.H., Netessine, S., 2012. Impact of perfor-
mance-based contracting on product reliability: an empirical analysis. Manage.
Sci. 58 (5), 961-979.

Gudze, M.T,, Melchers, R.E., 2008. Operational based corrosion analysis in naval
ships. Corros. Sci. 50 (12), 3296-3307.

Guide, V.D.R,, Srivastava, R., 1997. Repairable inventory theory: models and applica-
tions. Eur. J. Oper. Res. 102 (1), 1-20.

Hamada, K., Fujimoto, Y., Shintaku, E., 2002. Ship inspection support system using a
product model. J. Mar. Sci. Technol. 6 (4), 205-215.

Han, T, Yang, B, Yin, Z., 2007. Feature-based fault diagnosis system of induction
motors using vibration signal. J. Qual. Maint. Eng. 13 (2), 163-175.

Hockley, C., Phillips, P., 2012. The impact of no fault found on through-life engineer-
ing services. J. Qual. Maint. Eng. 18 (2), 141-153.

Holmstrom, J., Partanen, J., 2014. Digital manufacturing-driven transformations of
service supply chains for complex products. Supply Chain Manag. 19 (4),
421-430.

Huiskonen, J., 2001. Maintenance spare parts logistics: special characteristics and
strategic choices. Int. J. Prod. Econ. 71 (1-3), 125-133.

Hunt, J., 2014. Condition monitoring. Mar. Maint. Technol. Int. 18-22.

Hussain, A., Murthy, D.N.P., 1998. Warranty and redundancy design with uncertain
quality. IIE Trans. 30 (12), 1191-1199.

IACS, 2011. Classification Societies -What, Why and How?. International Association
of Classification Societies, London, UK.

Inderfurth, K., Kleber, R, 2013. An advanced heuristic for multiple-option spare
parts procurement after end-of-production. Prod. Oper. Manag. 22 (1), 54-70.

Inderfurth, K., Mukherjee, K., 2007. Decision support for spare parts acquisition in
post product life cycle. Cent. Eur. J. Oper. Res. 16 (1), 17-42.

Inozu, B., Radovic, 1., 2002. Six sigma implementation for ship maintenance and
safety management. Presented at the Annual Conference and Meeting of the
International Association of Maritime Economists. IAME, Panama.

Iyoob, .M., Kutanoglu, E., 2013. Inventory sharing in integrated network design
and inventory optimization with low-demand parts. Eur. ]J. Oper. Res. 224 (3),
497-506.

Jackson, C., Pascual, R., 2008. Optimal maintenance service contract negotiation with
aging equipment. Eur. ]. Oper. Res. 189 (2), 387-398.

Jain, K.P,, Pruyn, J.EJ., Hopman, ].J., 2015. Influence of ship design on ship recycling.
In: Guedes Soares, C., Santos, T.A. (Eds.), Maritime Technology and Engineering.
CRC Press, pp. 269-276.

Jambulingam, N., Jardine, A.K.S., 1986. Life cycle costing considerations in reliability
centered maintenance: an application to maritime equipment. Reliab. Eng. 15
(4), 307-317.

Jardine, A.K.S., Anderson, P.M., Mann, D.S., 1987. Application of the Weibull propor-
tional hazards model to aircraft and marine engine failure data. Qual. Reliab.
Eng. Int. 3 (2), 77-82.

Jardine, AK.S., Lin, D., Banjevic, D., 2006. A review on machinery diagnostics and
prognostics implementing condition-based maintenance. Mech. Syst. Signal Pro-
cess. 20 (7), 1483-1510.


http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0026
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0026
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0026
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0027
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0027
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0027
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0027
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0027
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0028
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0028
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0028
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0029
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0029
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0029
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0030
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0030
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0030
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0030
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0030
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0031
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0031
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0031
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0031
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0031
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0032
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0032
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0032
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0032
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0032
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0032
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0033
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0033
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0033
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0033
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0033
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0034
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0034
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0034
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0035
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0035
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0035
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0035
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0036
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0036
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0036
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0037
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0037
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0037
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0038
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0038
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0039
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0039
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0040
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0040
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0041
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0041
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0041
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0041
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0041
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0041
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0041
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0042
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0042
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0043
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0043
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0043
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0044
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0044
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0044
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0045
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0045
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0045
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0045
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0046
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0046
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0047
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0047
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0048
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0048
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0048
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0048
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0048
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0049
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0049
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0049
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0050
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0050
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0050
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0050
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0051
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0051
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0051
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0051
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0051
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0051
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0052
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0052
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0052
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0052
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0053
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0053
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0053
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0053
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0054
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0054
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0054
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0054
http://www.dinalog.nl/en/project/maselma/
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0056
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0056
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0056
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0056
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0057
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0058
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0058
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0058
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0058
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0058
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0058
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0059
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0059
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0059
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0060
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0060
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0060
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0060
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0061
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0061
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0061
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0062
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0062
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0062
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0063
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0063
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0064
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0064
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0065
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0065
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0065
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0066
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0066
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0066
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0066
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0067
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0067
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0067
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0068
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0068
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0068
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0069
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0070
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0070
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0070
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0070
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0071
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0071
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0071
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0071
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0072
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0072
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0072
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0073
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0073
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0073
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0074
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0074
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0075
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0075
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0075
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0075
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0075
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0076
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0076
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0076
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0077
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0077
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0077
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0078
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0078
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0078
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0078
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0079
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0079
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0079
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0079
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0080
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0080
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0080
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0081
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0081
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0081
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0082
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0082
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0083
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0083
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0084
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0084
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0084
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0085
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0086
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0086
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0086
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0087
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0087
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0087
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0088
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0088
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0088
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0089
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0089
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0089
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0090
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0090
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0090
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0091
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0091
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0091
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0091
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0092
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0092
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0092
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0093
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0093
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0093
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0093
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0094
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0094
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0094
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0094

204 A.S. Eruguz et al./ Computers and Operations Research 85 (2017) 184-205

Jeet, V., Kutanoglu, E., Partani, A., 2009. Logistics network design with inventory
stocking for low-demand parts: modeling and optimization. IIE Trans. 41 (5),
389-407.

Jensen, P.A., 1975. Optimum repair level analysis: some extensions. In: Geisler, M.A
(Ed.), Logistics. American Elsevier, Amsterdam: North- Holland, pp. 87-104.
Joo, SJ., 2009. Scheduling preventive maintenance for modular designed compo-

nents: a dynamic approach. Eur. J. Oper. Res. 192 (2), 512-520.

Kabir, A.B.M.Z., Al-Olayan, A.S., 1996. A stocking policy for spare part provisioning
under age based preventive replacement. Eur. J. Oper. Res. 90 (1), 171-181.
Kacprzynski, GJ., Gumina, M., Roemer, M.J., Caguiat, D.E., Galie, T.R., McGroarty, JJ.,

2001. A prognostic modeling approach for predicting recurring maintenance
for shipboard propulsion systems. In: Proc. of Aircraft Engine; Marine; Tur-
bomachinery; Microturbines and Small Turbomachinery, vol. 1. New Orleans,

Louisiana, USA.

Kalgren, PW., Baybutt, M., Ginart, A., Minnella, C., Roemer, M.]., Dabney, T., 2007.
Application of prognostic health management in digital electronic systems. In:
Proc. of 2007 IEEE Aerospace Conference, pp. 1-9.

Kallen, M.J., van Noortwijk, J.M., 2005. Optimal maintenance decisions under imper-
fect inspection. Reliab. Eng. Syst. Safe. 90 (2-3), 177-185.

Karsten, F., Basten, RJ.I, 2014. Pooling of spare parts between multiple users: how
to share the benefits? Eur. J. Oper. Res. 233 (1), 94-104.

Karsten, F., Slikker, M., van Houtum, G.J., 2012. Inventory pooling games for expen-
sive, low-demand spare parts. Nav. Res. Log. 59 (5), 311-324.

Keers, B., van Fenema, P.C,, Zijm, W.H.M., 2014. Managing Organizational Fit for
Successful Service Alliances Towards a Dynamic View on Structure. University
of Twente, and Dutch Institute for Advanced Logistics (DINALOG), Netherlands
Working Paper.

Kennedy, W.J., Wayne Patterson, J., Fredendall, L.D., 2002. An overview of recent
literature on spare parts inventories. Int. J. Prod. Econ. 76 (2), 201-215.

Khajavi, S.H., Partanen, J., Holmstrom, J., 2014. Additive manufacturing in the spare
parts supply chain. Comput. Indus. 65 (1), 50-63.

Kharoufeh, J.P, 2003. Explicit results for wear processes in a Markovian environ-
ment. Oper. Res. Lett. 31 (3), 237-244.

Kharoufeh, J.P,, Mixon, D.G., 2009. On a Markov-modulated shock and wear process.
Nav. Res. Log. 56 (6), 563-576.

Kharoufeh, J.P, Solo, CJ., Ulukus, M.Y., 2010. Semi-Markov models for degrada-
tion-based reliability. IIE Trans. 42 (8), 599-612.

Kieviet, A., 2015. Spare parts. Mar. Maint. Technol. Int. 16-22.

Kilpi, J., Vepsdldinen, A.PJ., 2004. Pooling of spare components between airlines. J.
Air Transp. Manag. 10 (2), 137-146.

Kim, C.S., Djamaludin, I., Murthy, D.N.P., 2004. Warranty and discrete preventive
maintenance. Reliab. Eng. Syst. Safe. 84 (3), 301-309.

Kim, S.H., Cohen, M.A., Netessine, S., 2007. Performance contracting in after-sales
service supply chains. Manage. Sci. 53 (12), 1843-1858.

Knowledge at Wharton, 2007. ‘Power by the hour’: can paying only for performance
redefine how products are sold and serviced? Knowledge@Wharton [Online].
Available: http://knowledge.wharton.upenn.edu/.

Koochaki, J., Bokhorst, ].A.C., Wortmann, H., Klingenberg, W., 2012. Condition based
maintenance in the context of opportunistic maintenance. Int. J. Prod. Res. 50
(23), 6918-6929.

Koochaki, ]J., Bokhorst, J.A.C., Wortmann, H., Klingenberg, W., 2013. The influence of
condition-based maintenance on workforce planning and maintenance schedul-
ing. Int. ]. Prod. Res. 51 (8), 2339-2351.

Kranenburg, A.A., van Houtum, G.J., 2009. A new partial pooling structure for spare
parts networks. Eur. J. Oper. Res. 199 (3), 908-921.

Kumar, U.D., Saranga, H., 2010. Optimal selection of obsolescence mitigation strate-
gies using a restless bandit model. Eur. J. Oper. Res. 200 (1), 170-180.

Landon, E, 2014. Cover story: tug boat focus. In: The Official Publication of Ma-
rine Maintenance World Expo - Marine Maintenance Technology International,
pp. 40-44.

Langseth, H., Portinale, L., 2007. Bayesian networks in reliability. Reliab. Eng. Syst.
Safe. 92 (1), 92-108.

Lazakis, I., Turan, O., Aksu, S., 2010. Increasing ship operational reliability through
the implementation of a holistic maintenance management strategy. Ships Off-
shore Struc. 5 (4), 337-357.

Lee, H.L, 1987. A multi-echelon inventory model for repairable items with emer-
gency lateral transshipments. Manage. Sci. 33 (10), 1302-1316.

Li, R, Ryan, J.K, 2011. A Bayesian inventory model using real-time condition moni-
toring information. Prod. Oper. Manag. 20 (5), 754-771.

Louit, D., Pascual, R., Banjevic, D., Jardine, A.K.S., 2011b. Optimization models for
critical spare parts inventories—a reliability approach. J. Oper. Res. Soc. 62 (6),
992-1004.

Louit, D., Pascual, R., Banjevic, D., Jardine, A.K.S., 2011a. Condition-based spares or-
dering for critical components. Mech. Syst. Signal Process. 25 (5), 1837-1848.

McKenna, S.A., Kurt, R.E., Turan, O., 2012. A methodology for a ‘design for ship re-
cycling’. In: Presented at the RINA, Royal Institution of Naval Architects - inter-
national conference on the environmentally friendly ship, papers, pp. 37-44.

Mirzahosseinian, H., Piplani, R., 2011. A study of repairable parts inventory sys-
tem operating under performance-based contract. Eur. J. Oper. Res. 214 (2),
256-261.

Mohammaditabar, D., Hassan Ghodsypour, S., O'Brien, C., 2012. Inventory control
system design by integrating inventory classification and policy selection. Int.
J. Prod. Econ. 140 (2), 655-659.

Mokashi, AJ., Wang, ]., Vermar, AK,, 2002. A study of reliability-centred mainte-
nance in maritime operations. Mar. Policy 26 (5), 325-335.

Molenaers, A., Baets, H., Pintelon, L., Waeyenbergh, G., 2012. Criticality classification
of spare parts: a case study. Int. ]. Prod. Econ. 140 (2), 570-578.

Monfardini, E., Probst, L., Szenci, K., Cambier, B., Frideres, L., 2012. Emerg-
ing Industries: Report on the Methodology for their Classification and on
the Most Active, Significant and Relevant New Emerging Industrial Sectors.
European Cluster Observatory, PwC Luxembourg, Luxembourg Contract N°
71/PP/ENT/CIP/11/N04C031.

Moubray, J., 1997. Reliability-Centered Maintenance. Industrial Press.

Muckstadt, J.A., 1973. A model for a multi-item, multi-echelon, multi-indenture in-
ventory system. Manage. Sci. 20 (4-part-i), 472-481.

Muckstadt, J.A., 2005. Analysis and Algorithms for Service Parts Supply Chains.
Springer, New York, NY.

Nguyen, T.PK., Yeung, T.G., Castanier, B., 2013. Optimal maintenance and replace-
ment decisions under technological change with consideration of spare parts
inventories. Int. J. Prod. Econ. 143 (2), 472-477.

Nicolai, R.P., Dekker, R, 2008. Optimal maintenance of multi-component sys-
tems: a review. In: Complex System Maintenance Handbook. Springer, London,
pp. 263-286.

Nicolai, R.P,, Dekker, R., van Noortwijk, ].M., 2007. A comparison of models for mea-
surable deterioration: An application to coatings on steel structures. Reliab. Eng.
Syst. Safe. 92 (12), 1635-1650.

Niu, G., Yang, B.S., Pecht, M., 2010. Development of an optimized condition-based
maintenance system by data fusion and reliability-centered maintenance. Re-
liab. Eng. Syst. Safe. 95 (7), 786-796.

Norden, C., Hribernik, K., Ghrairi, Z., Thoben, K.D., Fuggini, C., 2013. New approaches
to through-life asset management in the maritime industry. In: Procedia CIRP,
vol. 11, pp. 219-224.

Nowicki, D., Kumar, U.D., Steudel, HJ., Verma, D., 2006. Spares provisioning under
performance-based logistics contract: profit-centric approach. J. Oper. Res. Soc.
59 (3), 342-352.

Oner, K.B., Kiesmiiller, G.P., van Houtum, G.J., 2010. Optimization of component reli-
ability in the design phase of capital goods. Eur. ]. Oper. Res. 205 (3), 615-624.

Oner, K.B., Scheller-Wolf, A., van Houtum, G.J., 2013. Redundancy optimization for
critical components in high-availability technical systems. Oper. Res. 61 (1),
244-264.

Orsagh, R., Roemer, M., Sheldon, J., Klenke, CJ., 2004. A comprehensive prognostics
approach for predicting gas turbine engine bearing life. In: Proc. of ASME Turbo
Expo 2004: Power for Land, Sea, and Air. Vienna, Austria, pp. 777-785.

Ozekici, S., 1995. Optimal maintenance policies in random environments. Eur. .
Oper. Res. 82 (2), 283-294.

Parada Puig, J.E., Basten, RJ.I, 2014. Defining Line Replaceable Units, vol. 459 Beta
Working Paper.

Paterson, C., Kiesmiiller, G., Teunter, R., Glazebrook, K., 2011. Inventory models with
lateral transshipments: a review. Eur. J. Oper. Res. 210 (2), 125-136.

Peng, Y., Dong, M., Zuo, MJ., 2010. Current status of machine prognostics in con-
dition-based maintenance: a review. Int. J. Adv. Manuf. Technol. 50 (1-4),
297-313.

Perakis, AN., inozii, B, 1991. Optimal maintenance, repair, and replacement for
Great Lakes marine diesels. Eur. ]. Oper. Res. 55 (2), 165-182.

Chapter 8 Pillay, A., Wang, ]., 2003. Maintenance modelling. In: Bhattacharyya, R.,
McCormick, M.E. (Eds.). In: Elsevier Ocean Engineering Series, vol. 7. Elsevier,
pp. 179-211.

Pillay, A., Wang, J., Wall, A.D., Ruxton, T., 2001. A maintenance study of fishing vessel
equipment using delay-time analysis. J. Qual. Maint. Eng. 7 (2), 118-128.

Pinge, C., Dekker, R., 2011. An inventory model for slow moving items subject to
obsolescence. Eur. J. Oper. Res. 213 (1), 83-95.

Pokharel, S., Mutha, A., 2009. Perspectives in reverse logistics: a review. Resour.
Conserv. Recycl. 53 (4), 175-182.

Rappold, J.A., van Roo, B.D., 2009. Designing multi-echelon service parts networks
with finite repair capacity. Eur. J. Oper. Res. 199 (3), 781-792.

Rausch, M., Liao, H., 2010. Joint production and spare part inventory control strategy
driven by condition based maintenance. IEEE T. Reliab. 59 (3), 507-516.

Rizzo, C.M.,, Paik, ].K,, Brennan, F,, Carlsen, C.A., Daley, C., Garbatov, Y., Ivanov, L., Si-
monsen, B.C., Yamamoto, N., Zhuang, H.Z., 2007. Current practices and recent
advances in condition assessment of aged ships. Ships Offshore Struc. 2 (3),
261-271.

Roda, L., Macchi, M., Fumagalli, L., Viveros, P., 2014. A review of multi-criteria classi-
fication of spare parts: from literature analysis to industrial evidences. ]. Manuf.
Technol. Manag. 25 (4), 528-549.

Roemer, M.J., Byington, C.S., Kacprzynski, G.J., Vachtsevanos, G., 2006. An overview
of selected prognostic technologies with application to engine health manage-
ment. In: Proc. of ASME Turbo Expo 2006: Power for Land, Sea, and Air, vol. 2.
Barcelona, Spain, pp. 707-715.

Rosunally, Y., Stoyanov, S., Bailey, C., Mason, P, Campbell, S., Monger, G., Bell, I,
2010. Bayesian networks for predicting remaining life. Int. ]J. Perform. Eng. 6
(5), 499-512.

Rustenburg, J.W., 2000. A System Approach to Budget-Constrained Spare Parts Man-
agement. Technische Universiteit Eindhoven, Eindhoven: The Netherlands.

Rustenburg, J.W., van Houtum, GJ., . Zijm, W.H., 1998. Spare Parts Management at
the Royal Netherlands Navy: Vari-Metric and Beyond. BETA, Institute for Busi-
ness Engineering and Technology Application, Enschede.

Rustenburg, J.W., van Houtum, GJ., Zijm, W.H.M., 2003. Exact and approximate
analysis of multi-echelon, multi-indenture spare parts systems with common-
ality. In: Shanthikumar, J.G., Yao, D.D., Zijm, W.H.M. (Eds.), Stochastic Modeling
and Optimization of Manufacturing Systems and Supply Chains. Springer US,
pp. 143-176.


http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0095
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0095
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0095
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0095
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0096
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0096
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0097
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0097
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0098
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0098
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0098
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0099
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0099
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0099
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0099
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0099
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0099
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0099
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0100
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0100
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0100
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0100
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0100
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0100
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0100
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0101
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0101
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0101
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0102
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0102
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0102
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0103
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0103
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0103
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0103
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0104
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0104
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0104
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0104
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0105
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0105
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0105
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0105
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0106
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0106
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0106
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0106
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0107
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0107
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0108
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0108
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0108
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0109
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0109
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0109
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0109
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0110
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0110
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0111
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0111
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0111
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0112
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0112
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0112
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0112
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0113
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0113
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0113
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0113
http://knowledge.wharton.upenn.edu/
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0115
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0115
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0115
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0115
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0115
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0116
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0116
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0116
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0116
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0116
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0117
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0117
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0117
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0118
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0118
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0118
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0119
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0119
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0120
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0120
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0120
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0121
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0121
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0121
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0121
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0122
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0122
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0123
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0123
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0123
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0124
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0124
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0124
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0124
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0124
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0125
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0125
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0125
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0125
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0125
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0126
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0126
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0126
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0126
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0127
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0127
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0127
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0128
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0128
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0128
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0128
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0129
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0129
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0129
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0129
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0130
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0130
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0130
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0130
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0130
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0131
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0131
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0131
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0131
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0131
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0131
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0132
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0132
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0133
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0133
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0134
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0134
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0135
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0135
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0135
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0135
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0136
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0136
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0136
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0137
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0137
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0137
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0137
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0138
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0138
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0138
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0138
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0139
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0139
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0139
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0139
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0139
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0139
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0140
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0140
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0140
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0140
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0140
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0141
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0141
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0141
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0141
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0142
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0142
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0142
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0142
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0143
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0143
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0143
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0143
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0143
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0144
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0144
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0145
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0145
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0145
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0146
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0146
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0146
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0146
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0146
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0147
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0147
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0147
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0147
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0148
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0148
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0148
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0149
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0149
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0149
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0149
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0150
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0150
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0150
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0150
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0150
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0151
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0151
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0151
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0152
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0152
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0152
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0153
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0153
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0153
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0154
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0154
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0154
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0155
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0155
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0155
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0155
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0155
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0155
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0155
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0155
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0155
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0155
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0155
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0156
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0156
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0156
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0156
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0156
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0157
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0157
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0157
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0157
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0157
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0158
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0158
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0158
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0158
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0158
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0158
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0158
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0158
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0159
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0159
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0160
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0160
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0160
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0160
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0161
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0161
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0161
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0161

A.S. Eruguz et al./ Computers and Operations Research 85 (2017) 184-205 205

Rustenburg, W.D., van Houtum, GJ., Zijm, W.H.M,, 2001. Spare parts management
at complex technology-based organizations: an agenda for research. Int. J. Prod.
Econ. 71 (1-3), 177-193.

Safaei, N., Banjevic, D., Jardine, A.K.S., 2011b. Workforce-constrained maintenance
scheduling for military aircraft fleet: a case study. Ann. Oper. Res. 186 (1),
295-316.

Safaei, N., Banjevic, D., Jardine, A.K.S., 2011a. Bi-objective workforce-constrained
maintenance scheduling: a case study. J. Oper. Res. Soc. 62 (6), 1005-1018.
Salman, S., Cassady, C.R., Pohl, E.A., Ormon, S.W., 2007. Evaluating the impact of

cannibalization on fleet performance. Qual. Reliab. Engng. Int. 23 (4), 445-457.

Samaranayake, P, Kiridena, S., 2012. Aircraft maintenance planning and scheduling:
an integrated framework. J. Qual. Maint. Eng. 18 (4), 432-453.

Sankararaman, S., 2015. Significance, interpretation, and quantification of uncer-
tainty in prognostics and remaining useful life prediction. Mech. Syst. Signal
Process. 52-53, 228-247.

Santoro, M., 2008. New methodologies for eliminating No Trouble Found, No Fault
Found and other non repeatable failures in depot settings. In: Proc. of IEEE AU-
TOTESTCON 2008, pp. 336-340.

Scarf, P.A., 1997. On the application of mathematical models in maintenance. Eur. J.
Oper. Res. 99 (3), 493-506.

Scarf, P.A., 2007. A framework for condition monitoring and condition based main-
tenance. Qual. Technol. Quant. Manag. 4 (2), 301-312.

Selviaridis, K., Wynstra, F.,, 2015. Performance-based contracting: a literature review
and future research directions. Int. J. Prod. Res. 53 (12), 3505-3540.

Settanni, E., Newnes, L.B., Thenent, N.E., Parry, G., Goh, Y.M.,, 2014. A through-life
costing methodology for use in product-service-systems. Int. J. Prod. Econ.
Shafiee, M., Chukova, S., 2013. Maintenance models in warranty: a literature review.

Eur. J. Oper. Res. 229 (3), 561-572.

Sherbrooke, C.C., 1968. Metric: a multi-echelon technique for recoverable item con-
trol. Oper. Res. 16 (January(1)), 122-141.

Sherbrooke, C.C., 1986. VARI-METRIC: improved approximations for multi-indenture,
multi-echelon availability models. Oper. Res. 34 (2), 311-319.

Sherbrooke, C.C., 2004. Optimal Inventory Modeling of Systems - Multi-Echelon
Techniques, second ed. Kluwer Academic Publishers.

Si, X.S., Wang, W., Hu, C.H., Zhou, D.H., 2011. Remaining useful life estimation - a
review on the statistical data driven approaches. Eur. J. Oper. Res. 213 (1), 1-14.

Singpurwalla, N.D., 1995. Survival in dynamic environments. Stat. Sci. 10 (1),
86-103.

Sleptchenko, A., van der Heijden, M.C,, van Harten, A., 2002. Effects of finite repair
capacity in multi-echelon, multi-indenture service part supply systems. Int. ].
Prod. Econ. 79 (3), 209-230.

Sleptchenko, A., van der Heijden, M.C., van Harten, A., 2003. Trade-off between in-
ventory and repair capacity in spare part networks. J. Oper. Res. Soc. 54 (3),
263-272.

Sleptchenko, A., van der Heijden, M.C., van Harten, A., 2005. Using repair priorities
to reduce stock investment in spare part networks. Eur. ]. Oper. Res. 163 (3),
733-750.

Smith, A.M., 1993. Reliability-Centered Maintenance. Mcgraw-Hill, New York.

Soderholm, P., 2007. A system view of the No Fault Found (NFF) phenomenon. Re-
liab. Eng. Syst. Safe. 92 (1), 1-14.

Solomon, R., Sandborn, P, Pecht, M., 2000. Electronic part life cycle concepts and
obsolescence forecasting. IEEE Trans. Compon. Pack. Technol. 23 (4), 707-717.

Sood, V., Sant, S., Parmar, C.S., 2013. Design considerations and selection of equip-
ment for assured life cycle support. J. Inst. Eng. India Ser. C 94 (1), 99-104.

Steadman, B., Pombo, T., Madison, I., Shively, ]., Kirkland, L., 2002. Reducing No Fault
Found using statistical processing and an expert system. In: Proc. of AUTOTEST-
CON 2002, pp. 872-878.

Talluri, K.T., 1998. The four-day aircraft maintenance routing problem. Transport. Sci.
32 (1), 43-53.

Teunter, R.H., Klein Haneveld, W.K., 2002b. Inventory control of service parts in the
final phase: a central depot and repair kits. Eur. J. Oper. Res. 138 (1), 76-86.
Teunter, R.H., Klein Haneveld, W.K,, 2002a. Inventory control of service parts in the

final phase. Eur. J. Oper. Res. 137 (3), 497-511.

Teunter, R.H., Syntetos, A.A., Zied Babai, M., 2011. Intermittent demand: linking fore-
casting to inventory obsolescence. Eur. ]. Oper. Res. 214 (3), 606-615.

Tiemessen, H.G.H., van Houtum, G.J., 2010. Reducing costs of repairable spare parts
supply systems via dynamic scheduling. . Phys. D-Appl. Phys.

Tinga, T., 2010. Application of physical failure models to enable usage and load
based maintenance. Reliab. Eng. Syst. Safe. 95 (10), 1061-1075.

Tinga, T., Janssen, R., 2013. The interplay between deployment and optimal main-
tenance intervals for complex multi-component systems. In: Proceedings of the
Institution of Mechanical Engineers, Part O: Journal of Risk and Reliability, vol.
227, pp. 227-240.

Topan, E., Dekker, R, van Houtum, G.J., Tan, T, 2014. Using Imperfect Advance
Demand Information in Lost-Sales Inventory Systems. Technische Universiteit
Eindhoven, Eindhoven: The Netherlands Working Paper.

Tsang, A.H.C., 1995. Condition-based maintenance: tools and decision making. J.
Qual. Maint Eng. 1 (3), 3-17.

Tsang, A.H.C., 2002. Strategic dimensions of maintenance management. ]. Qual.
Maint. Eng. 8 (1), 7-39.

Turan, 0., Lazakis, 1., Judah, S., Incecik, A., 2011. Investigating the reliability and criti-
cality of the maintenance characteristics of a diving support vessel. Qual. Reliab.
Eng. Int. 27 (7), 931-946.

Turan, 0., Olger, AL, Lazakis, I, Rigo, P, Caprace, ].D., 2009. Maintenance/repair and
production-oriented life cycle cost/earning model for ship structural optimisa-
tion during conceptual design stage. Ships Offshore Struc. 4 (2), 107-125.

Ulukus, M.Y., Kharoufeh, ].P., Maillart, L.M., 2012. Optimal replacement policies un-
der environment-driven degradation. Probab. Eng. Inform. Sc. 26 (03), 405-424.

Unctad, 2012. Review of the maritime transport 2012. United Nations Conference on
Trade and Development. Geneva.

Unctad, 2013. Review of the maritime transport 2013. United Nations Conference on
Trade and Development.

Van der Heijden, M.C., Alvarez, E.M., Schutten, J.M.J., 2013. Inventory reduction in
spare part networks by selective throughput time reduction. Int. J. Prod. Econ.
143 (2), 509-517.

Van Horenbeek, A., Buré, J., Cattrysse, D., Pintelon, L., Vansteenwegen, P., 2013. Joint
maintenance and inventory optimization systems: A review. Int. J. Prod. Econ.
143 (2), 499-508.

Van Horenbeek, A., van Ostaeyen, J., Pintelon, L., 2012. Maintenance service con-
tracts and business models: a review. In: Proc. of the 17th International Work-
ing Seminar on Production Economics. Innsbruck, Austria.

Van Houtum, G.J., Kranenburg, A.A., 2015. Spare Parts Inventory Control under Sys-
tem Availability Constraints. Springer, New York.

Van Kooten, ].PJ.,, Tan, T., 2009. The final order problem for repairable spare parts
under condemnation. J. Oper. Res. Soc. 60 (10), 1449-1461.

Veenstra, A.W., Zuidwijk, R, Geerling, B., 2006. Maintenance logistics in the Dutch
Dredging Industry. In: IEEE International Conference SOLI 2006, pp. 436-441.

Vliegen, I.M.H., 2009. Integrated Planning for Service Tools and Spare Parts for
Capital Goods PhD Thesis. Eindhoven University of Technology, Eindhoven, The
Netherlands.

Vliegen, LM.H., Kleingeld, PA.M., van Houtum, GJ., 2010. Separate tools or tool
kits: an exploratory study of engineers’ preferences. Int. J. Prod. Econ. 125 (1),
173-184.

Walshe, J.H., Watson, D.A., Tate, AJ., Austen, S.J., Macbeth, D.K, Nguyen, T.D.,
Blake, J.LR., 2011. Integrated and concurrent, engineering and cost modelling, for
through-life asset management within the RNLI Rina, Royal Institution of Naval
Architects - International Conference On Computer Applications in Shipbuilding.

Wang, G., Pran, K, Sagvolden, G. Havsgard, G.B., Jensen, A.E., Johnson, G.A.,
Vohra, S.T., 2001. Ship hull structure monitoring using fibre optic sensors. Smart
Mater. Struct. 10 (3), 472.

Wang, H., 2002. A survey of maintenance policies of deteriorating systems. Eur. ].
Oper. Res. 139 (3), 469-489.

Wang, J., Yang, ].B., Sen, P., Ruxton, T., 1996. Safety based design and maintenance
optimisation of large marine engineering systems. Appl. Ocean Res. 18 (1),
13-27.

Wang, W., 2008. Condition-based maintenance modelling. In: Complex System
Maintenance Handbook. Springer, London, pp. 111-131.

Wang, W., 2010. A model for maintenance service contract design, negotiation and
optimization. Eur. ]. Oper. Res. 201 (1), 239-246.

Wang, W., 2012b. A stochastic model for joint spare parts inventory and planned
maintenance optimisation. Eur. J. Oper. Res. 216 (1), 127-139.

Wang, W., 2012a. An overview of the recent advances in delay-time-based mainte-
nance modelling. Reliab. Eng. Syst. Safe. 106, 165-178.

Wang, W., Hussin, B., Jefferis, T., 2012. A case study of condition based mainte-
nance modelling based upon the oil analysis data of marine diesel engines using
stochastic filtering. Int. J. Prod. Econ. 136 (1), 84-92.

Wang, W., Syntetos, A.A., 2011. Spare parts demand: linking forecasting to equip-
ment maintenance. Transp. Res. E-log. 47 (6), 1194-1209.

Weber, P, Medina-Oliva, G., Simon, C., Iung, B., 2012. Overview on Bayesian net-
works applications for dependability, risk analysis and maintenance areas. Eng.
Appl. Artif. Intell. 25 (4), 671-682.

Wong, H., van Houtum, G.J., Cattrysse, D., Oudheusden, D.V., 2006. Multi-item spare
parts systems with lateral transshipments and waiting time constraints. Eur. ].
Oper. Res. 171 (3), 1071-1093.

Wu, M.C,, Hsu, Y.K, Huang, L.C,, 2011. An integrated approach to the design and
operation for spare parts logistic systems. Expert Syst. Appl. 38 (4), 2990-2997.

Xiang, Y., Cassady, C.R., Pohl, E.A. 2012. Optimal maintenance policies for sys-
tems subject to a Markovian operating environment. Comput. Ind. Eng. 62 (1),
190-197.

Xie, W., Liao, H., Jin, T., 2014. Maximizing system availability through joint deci-
sion on component redundancy and spares inventory. Eur. ]J. Oper. Res. 237 (1),
164-176.

Yamamoto, N., Koiwa, T., Dobashi, H., Muragishi, O., Takaoka, Y., 2007. A study of a
fatigue management system for long LNG carriers using a new fatigue damage
sensor. Ships Offshore Struc. 2 (4), 361-370.

Zaal, T., Kuijt, D., 2013. Optimizing maintenance in a maritime environment. Maint-
World 1, 34-36.

Zambujal-Oliveira, ]., Duque, J., 2011. Operational asset replacement strategy: a real
options approach. Eur. J. Oper. Res. 210 (2), 318-325.

Zhang, Z., Wu, S., Li, B., Lee, S., 2013. Optimal maintenance policy for multi-compo-
nent systems under Markovian environment changes. Expert Syst. Appl. 40 (18),
7391-7399.

Zhu, Q., Hao, P,, van Houtum, G.J., 2014. Opportunistic maintenance optimization for
multi-component systems under a mixture of different types of maintenance
policies. In: Proc. of CASE 2014. Taipei, Taiwan.

Zhu, Q., Peng, H., van Houtum, G.J., 2012. A Condition-Based Maintenance Policy
for Multi-Component Systems with a High Maintenance Setup Cost. Technische
Universiteit Eindhoven, Eindhoven: The Netherlands Working Paper.

Zijm, W.H., Avsar, Z.M., 2003. Capacitated two-indenture models for repairable item
systems. Int. J. Prod. Econ. 81-82, 573-588.


http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0162
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0162
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0162
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0162
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0163
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0163
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0163
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0163
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0164
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0164
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0164
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0164
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0165
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0165
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0165
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0165
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0165
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0166
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0166
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0166
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0167
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0167
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0168
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0168
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0169
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0169
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0170
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0170
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0171
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0171
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0171
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0172
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0172
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0172
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0172
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0172
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0172
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0173
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0173
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0173
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0174
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0174
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0175
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0175
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0176
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0176
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0177
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0177
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0177
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0177
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0177
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0178
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0178
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0179
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0179
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0179
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0179
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0180
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0180
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0180
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0180
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0181
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0181
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0181
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0181
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0182
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0182
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0183
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0183
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0184
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0184
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0184
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0184
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0185
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0185
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0185
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0185
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0186
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0186
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0186
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0186
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0186
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0186
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0187
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0187
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0188
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0188
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0188
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0189
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0189
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0189
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0190
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0190
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0190
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0190
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0191
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0191
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0191
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0192
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0192
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0193
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0193
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0193
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0194
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0194
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0194
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0194
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0194
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0195
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0195
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0196
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0196
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0197
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0197
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0197
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0197
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0197
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0198
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0198
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0198
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0198
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0198
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0198
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0199
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0199
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0199
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0199
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0200
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0200
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0201
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0201
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0202
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0202
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0202
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0202
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0203
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0203
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0203
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0203
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0203
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0203
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0204
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0204
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0204
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0204
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0205
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0205
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0205
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0206
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0206
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0206
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0207
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0207
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0207
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0207
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0208
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0208
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0209
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0209
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0209
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0209
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0210
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0210
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0210
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0210
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0210
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0210
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0210
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0210
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0211
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0211
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0211
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0211
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0211
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0211
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0211
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0211
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0212
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0212
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0213
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0213
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0213
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0213
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0213
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0214
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0214
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0215
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0215
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0216
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0216
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0217
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0217
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0218
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0218
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0218
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0218
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0219
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0219
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0219
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0220
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0220
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0220
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0220
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0220
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0221
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0221
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0221
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0221
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0221
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0222
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0222
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0222
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0222
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0223
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0223
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0223
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0223
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0224
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0224
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0224
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0224
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0225
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0225
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0225
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0225
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0225
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0225
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0226
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0226
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0226
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0227
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0227
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0227
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0228
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0228
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0228
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0228
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0228
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0229
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0229
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0229
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0229
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0230
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0230
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0230
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0230
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0231
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0231
http://refhub.elsevier.com/S0305-0548(17)30062-X/sbref0231

	A survey of maintenance and service logistics management: Classification and research agenda from a maritime sector perspective
	1 Introduction
	2 Maritime sector
	3 Classification
	4 Multi-actor setting
	4.1 State-of-the-art
	4.2 Lessons learned
	4.3 Future research directions

	5 Small amount of failure-related data
	5.1 State-of-the-art
	5.2 Lessons learned
	5.3 Future research directions

	6 Mandatory surveys
	6.1 State-of-the-art
	6.2 Lessons learned
	6.3 Future research directions

	7 System specific spare parts
	7.1 State-of-the-art
	7.2 Lessons learned
	7.3 Future research directions

	8 Multi-echelon structures
	8.1 State-of-the-art
	8.2 Lessons learned
	8.3 Future research directions

	9 Multi-indenture systems
	9.1 State-of-the-art
	9.2 Lessons learned
	9.3 Future research directions

	10 Moving assets
	10.1 State-of-the-art
	10.2 Lessons learned
	10.3 Future research directions

	11 Economic dependency
	11.1 State-of-the-art
	11.2 Lessons learned
	11.3 Future research directions

	12 Long life-cycles
	12.1 State-of-the-art
	12.2 Lessons learned
	12.3 Future research directions

	13 Concluding remarks and open research topics
	 Acknowledgement
	 References


